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Abstract
Prostate cancer stands as the most prevalent cancer globally, constituting 21% of all cancer diagnoses in male
patients. Urgent optimization of prostate cancer care is essential, given that this disease claims 345,000 lives
every year. These innovative approaches hold substantial promise for both researchers and patients, representing a
beacon of hope in the inhibitory act against prostate cancer. Prostate cancer's gradual advancement deems it
suitable for immune therapy, but trials in metastatic cases show limited effectiveness, likely due to compromised
immunity. Hindered by defective cellular responses, an immune-suppressive microenvironment, emerging
evidence and breakthroughs, such as CAR-T therapy, inspire cautious optimism for advanced prostate cancer
immunotherapy. Tumors utilize tactics to escape immune recognition, promoting the proliferation of MDSCs, Treg
cells, and TAMs. Immunotherapy targets prostate cancer by mostly expressed target proteins and overexpressed
target proteins. Immune cells play a role in tumor development and metastasis in advanced prostate cancer.
Modulating the tumor microenvironment presents therapeutic possibilities. Certain prostate cancer types exhibit
potential responses to immune checkpoint inhibitors, yet obstacles remain, necessitating additional research for
enhanced efficacy. Immunotherapy faces hurdles in prostate cancer - limited inflammation, scarce antigens, and a
resistant microenvironment. Grasping resistance intricacies is pivotal. The identification of DNA's helical structure
propelled global progress in disease treatment through gene therapy. Choosing gene therapy vectors is critical;
viruses are potent but toxic, while nonviral options, though less toxic, encounter barriers affecting transfection. In
the realm of prostate cancer treatment, immunotherapy and gene therapy are emerging as increasingly viable
options.
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INTRODUCTION
Prostate cancer ranks as the second most common type of human cancer globally, and in the United States 
alone, there were 288,300 new active cases and 34,700 deaths recorded in 2023. Prostate cancer constituted 
around 21% of male cancer cases that year[1]. While surgery, chemotherapy, and/or radiotherapy remain 
primary treatments for many solid tumors, combining immunotherapy with other medications is enhancing 
patient survival rates. Research advancements in immunotherapy for various solid tumors, including 
prostate cancer, show promising results. Prostate cancer studies indicate the significant role of inflammation 
in its growth and increment, with molecular heterogeneity defining the disease stages[2-5]. Capturing and 
knowing how immunity reacts to immunomodulatory drugs in prostate cancer can aid in developing 
innovative combination therapies. Typically, localized cases are managed with procedures such as radical 
prostatectomy or radiotherapy, followed by ongoing monitoring through PSA tests. There is a well-
documented overall survival benefit of adding ADT to radiotherapy in localized prostate cancer. To date, 
prospective randomized trials have not investigated the use of ADT alongside stereotactic ablative 
radiotherapy (SABR). As such, there is no consensus as to the use and timing of ADT with SABR to treat 
hormone-sensitive oligometastatic prostate cancer. There is robust evidence indicating that androgen 
receptors activate DNA repair pathways, which provides a rationale behind the use of ADT with SABR for 
hormone-sensitive prostate oligo-metastases. Chronic inflammation, often linked to prostatitis-induced 
cellular and genetic damage, strongly influences prostate cancer development and progression[6,7].

Prostate cancer is often termed a “cold tumor” due to its immunosuppressive surroundings. In this 
environment, infiltrating lymphocytes hinder the activeness of T-effector cells, promoting the increment of 
prostate cancer. Biopsy samples reveal that these lymphocytes typically exhibit T helper 17 and T regulatory 
phenotypes, which impede the patient’s immune response against tumor and the production of autoreactive 
T cells[8,9]. Prostate cancer with weaker T-cell shortlisting and filtration power, a less suppressive tumor 
microenvironment (TME), and fewer mutations is less responsive to immunotherapy. Despite these 
challenges, a subset of prostate cancer patients display immunogenic traits. Recent examples of positive 
responses to immunosuppressive drugs (ISDs) or their combinations include patients with more expression 
of PD-L1 tumor, CDK12 mutational changes, significant tumor-mutational burden, high microsatellite 
instability (MSI) cancers, mismatch repair-deficient (dMMR) individuals[10,11]. However, unlike head and 
neck cancer, non-small-cell lung cancer, melanoma, and renal cell carcinoma, prostate cancer shows limited 
success in immunity responses to treatment due to its immunosuppressive nature[12]. Biallelic inactivation of 
CDK12 is associated with a unique genome instability phenotype. The CDK12-specific focal tandem 
duplications can lead to the differential expression of oncogenic drivers, such as CCND1 and CDK4[13]. As 
such, there is a possibility of vulnerability to CDK4/6 inhibitors for CDK12-mutated tumors. Moreover, the 
CDK12 aberrations may be used next to mismatch repair deficiency, as a biomarker of treatment 
response[14]. This highlights the rationale for the combination therapeutic strategy of immune checkpoint 
blockade and CDK4/6 inhibition in clinical trials[15-17]. Immunotherapy trials aim to target T cell infiltration 
and the mutational load of prostate cancer cells, and harness the combined power of treatments to 
counteract the inhibitory tumor microenvironment (TME)[10,18].

Gene therapy involves the use of specialized medications to target specific genes, either by modifying the 
genetic code responsible for certain outcomes or by altering tissue characteristics, with the aim of treating 
various illnesses. Initially, gene therapy focused on simple genetic disorders such as severe combined 
immunodeficiency, aiming to replace defective genes[19,20]. So far, the advent of cancer gene therapy brought 
new perspectives and techniques, recognizing cancer as a condition involving both germ cell and somatic 
cell genetic changes[21]. Prostate cancer, particularly early-stage cases detectable through blood tests, can be 
targeted effectively using gene therapies, especially via intra-prostatic injections. This method allows precise 
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anatomical targeting, benefiting both direct cytotoxic and immunotherapy-based gene therapies[22,23]. 
Moreover, certain solid tumors, including prostate cancer, exhibit overexpression of the osteocalcin gene, 
making it a significant target for gene therapy interventions[24].

The way a patient responds to treatment is affected by various factors, including intra-tumor differences 
and previous therapies. This highlights the need for personalized and combined treatments, emphasizing 
their vital role in future strategies for successful immunotherapy and gene therapy. This overview delves 
into current and emerging treatments for prostate cancer, with a focus on immunotherapy and gene 
therapy. It addresses challenges posed by the unique immunosuppressive tumor microenvironment, 
discussing active and passive immunotherapy, adoptive T-cell treatment, and immune checkpoint 
inhibitors. The review explores the roles of immune cells (MDSCs, Tregs, and TAMs) in prostate cancer 
progression and treatment resistance and identifies key target proteins and antigens. Additionally, it 
provides insights into gene therapy, encompassing gene editing techniques and delivery methods.

CURRENT CHALLENGES IN IMMUNOTHERAPY RESPONSES IN PROSTATE CANCER
Prostate cancer progresses slowly compared to other malignancies, rendering it an optimal target for 
immune therapy. However, clinical trials employing various immune therapy methods, such as active 
immunotherapy, passive immunotherapy, adoptive T-cell treatment, and the combination of immune 
checkpoint inhibitors with chemotherapy, have shown limited effectiveness in metastatic castration-
resistant prostate cancer (mCRPC)[25]. The in-effectiveness of recent immune therapy in metastatic prostate 
cancer might stem from the compromised immune system in these patients[26]. They often exhibit defective 
cellular immunity, reduced natural killer (NK) cell activity, and lower circulating T-cell frequencies[27]. The 
tumor microenvironment in prostate lesions creates an unfavorable niche for immune cells[28-30], limiting the 
efficacy of immunotherapy[31,32]. Studies have indicated reduced infiltration of tumor-infiltrating CD8+ T 
cells in patients treated with antiandrogen like abiraterone[33]. Immune checkpoint inhibitors, although they 
block PD-1 and PD-L1 interactions, face challenges due to different kinds of immune-suppressive traits 
within the prostate tumor microenvironment, such as higher plasma TTGF-β concentration and increased 
suppressive cells like TAM, Tregs, and MDSCs[34-38]. Prostate cancer often exhibits limited infiltration of 
efficient immune cells, referred to as a “cold” tumor, due to weakened cellular immunity and a highly 
immune-suppressive tumor microenvironment. It is unclear whether the absence of immune infiltration 
stems from the failure of effector natural killer cells and T cells to home in on the tumor. Additional 
potential resistance pathways have been suggested, including immunological tolerance[39,40] and decreased 
mutational tumor load, indicating resistance to immunotherapy in male subjects with prostate cancer[41].

Several Phase-III clinical trials and active immunotherapy trials have been conducted for prostate cancer 
subjects, although their effectiveness remains limited. Emerging evidence from small-scale clinical trials has 
shown promise, and CAR-T therapy breakthroughs have transformed the treatment landscape for 
refractory malignancies. Prostate cancer's pleiotropic effects, including leukocyte infiltration, hormonal 
escape, angiogenesis, development, and endothelial-mesenchymal transition, are linked to cytokines and 
chemokines. Targeting the chemokine system and immune cells is essential to developing effective 
immunotherapies for prostate cancer. Despite challenges, there is cautious optimism about the future of 
immunotherapy for advanced prostate cancer[42,43].

IMMUNE EVASION IN PROSTATE CANCER
Tumors have evolved ways to prevent identification by the immune system. Myeloid-derived suppressor 
cells (MDSCs), T regulatory cells (Tregs), and tumor-associated macrophages (TAMs), which block effector 
T-cell functions, can all be attracted to and grow in the tumor microenvironment[44,45] [Figure 1].
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Figure 1. Immune Evasion in Prostate Cancer, the inhibitory effect of MDSCs, Tregs, and TAMs on effector T-cell functions. The 
activated T Cells (aATCs) with bispecific antibodies target MDSCs and inhibit their suppressive function and show the inhibition of 
MDSC-associated enzymes and the release of cytokines and chemokines. Therapeutic approaches such as vaccines and therapeutic 
agents (imatinib, sunitinib, cyclophosphamide, gemcitabine) target the immunosuppressive microenvironment. The Th17 cells producing 
IL-17 as pro-inflammatory cells and the frequency of CCR4/IL-17/CD4+ T cells in prostate cancer patients increases the immunotherapy 
and antitumor response. Negative costimulatory ligands (PDL-1, CTLA-4), regulatory lymphocytes, myeloid cells, and 
immunosuppressive substances (IL-10, TGF-β, IDO) show inhibitory effects on immune cells.

Myeloid-derived suppressor cells
Myeloid-derived suppressor cells are the major subset of cells that play a role in the immunosuppressive
tumor microenvironment[46,47]. There are various factors that contribute to MDSC accumulation and
activation, many of which have been linked to chronic inflammation[48,49]. The growth of MDSCs is
regulated by different kinds of inflammatory mediators, and STAT3 is probably the most important
transcription factor in this process[50]. A significant percentage of CD14+/HLA-DRlow/- monocytic MDSCs
was found in treated PCa patients (30.7 15.0% CD14+ cells) compared to untreated PCa patients (10.6
14.3%, P = 0.0001) in an analysis of changes in the levels of circulating MDSCs with PCa progression,
following immune-therapy. In vitro, these CD14+/HLA-DRlow/- monocytes were effective at inhibiting
immune cell activity. Thus, eliminating these MDSCs may dramatically enhance the benefits of cancer
immunotherapy and antitumor responses[51,52]. In a phase II trial, researchers investigated the efficacy of the
anticancer drug tasquinimod (TASQ) in males with metastatic castration-resistant prostate cancer (CRPC)
with limited symptoms. Myeloid-derived suppressor cells (MDSCs), which encourage tumor growth and
dissemination, are the target of TASQ because they express the S100A9 receptor. During the trial, patients
were randomly assigned in a 2:1 ratio to receive either TASQ or a placebo. TASQ was administered orally
once daily, commencing at a dose of 0.25 mg/d and gradually increasing to 1.0 mg/d over the course of 4
weeks. The primary outcome was the percentage of patients who showed no disease progression at six
months. 201 patients with similar baseline characteristics were enrolled in the trial, of whom 134 received
TASQ, while 67 received a placebo. According to the findings, TASQ outperformed placebo in terms of
both the median progression-free survival (PFS) (7.6 vs. 3.3 months, P = 0.0042) and the 6-month
progression-free proportion (69% vs. 37%, P = 0.001). The trial found that TASQ had a tolerable side 
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effect profile, reduced disease progression in patients with metastatic CRPC, and improved PFS. The
trial also indicated that TASQ exerted antiangiogenic and antimetastatic effects by altering MDSC
activity in the tumor microenvironment[53-56]. Utilizing activated T cells (aATCs) that are equipped
with bispecific antibodies (Bi) against tumor antigens like Her2 or EGFR has been demonstrated to
increase the antitumor effects of immunotherapy. Additionally, to directly destroy tumor cells, these
aATCs can lower the quantity and activity of myeloid-derived suppressor cells (MDSCs), which are
immune cells that block the antitumor immune response. The expression of enzymes like COX2, PGE2,
and ARG1 that mediate the suppressive function of MDSCs can be inhibited by aATCs. Additionally,
aATCs have the ability to create cytokines and chemokines such as IL-2, IFN-, CXCL9, and CXCL10
that aid in the attraction and activation of other immune cells. Consequently, this approach can
concurrently target tumor cells and MDSCs, which will improve the final outcome of immunotherapy[57].

Tumor microenvironment modulation to enhance immune-based therapies
Tumors can employ a variety of tactics to avoid immune attack and establish a tolerant microenvironment.
These tactics include reducing antigen presentation, activating unfavorable costimulatory signals, creating
immunosuppressive substances, enlisting regulatory cells, etc. These mechanisms can inhibit the activity
and function of different types of immune cells, including dendritic cells, natural killer cells, and T cells. The
presence of negative costimulatory ligands such as PDL-1 and CTLA-4, along with regulatory lymphocytes
and myeloid cells,  as well  as tumor-derived factors  such as IL-10,  transforming  growth  factor-β (TGF-β),
and IDO, presents challenges for effectiveness of immune-therapy and antitumor actions[58,59]. To overcome
these challenges, combining vaccines with therapeutic approaches designed to counteract the immune-
suppressive microenvironment, like using imatinib (to inhibit IDO), sunitinib (to counteract MDSCs and
Treg cells), cyclophosphamide (to eliminate Treg cells), gemcitabine (to eliminate MDSCs), can increase the
impact of immunotherapy, bolster antitumor immune responses[60-63].

T-regulatory and T-17 cells
Tregs are immune cells that suppress the immune response to self-antigens and tumors, while Th17 cells are
immune cells that produce a pro-inflammatory cytokine called IL-17. Peripheral tolerance to self-antigens is
regulated by Tregs, constituting 5%-10% peripheral CD4+ T cells. Treg deficiency can lead to
autoimmune responses, and these cells play a crucial role in dampening the immune system's
response to cancers, thereby facilitating tumor growth. Enhanced immune suppression in prostate
cancer patients is linked to tumor development. Following androgen ablation, an increase in Tregs might
contribute to the temporary immune response. Studies comparing pre- and post-vaccination patients
revealed a correlation of P = 0.029, within overall survival (OS), and a decrease in Treg suppressive
activity[64-68]. Prostate cancer patients undergoing active whole-cell immunotherapy displayed an inverse
relationship between progression-free survival (TTP) and the frequency of CCR4/IL-17/CD4+ T cells
before immunization. Responders had Th17 profiles similar to healthy controls, differing significantly
from non-responders. In mice with endogenous prostate cancers, adding less dose of cyclophosphamide
to cell-based immunotherapy enhanced treatment effectiveness by modulating Teff/Treg ratios,
suppressing Tregs and boosting effector T cells. FLII, controlling PD-L1 expression via the YBX1
signaling axis, is vital in enzalutamide-resistant CRPC. Inhibiting this pathway synergistically
enhanced CRPC treatment, reducing Tregs and MDSCs while promoting CD8 T cell proliferation.
These findings support targeted therapy for endocrine therapy-resistant CRPC, utilizing the functional link
between signaling pathways of FLII, YBX1/PD-L1[69-71].

TARGETS FOR PROSTATE CANCER IMMUNOTHERAPY
Various forms of immunotherapy are available for treating prostate cancer. The following are some
immunotherapy targets for prostate cancer [Figure 2].
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Figure 2. Schematic view of target proteins for immunotherapy, mostly expressed and over-expressed in prostate cancer. Prostate 
cancer mostly expressed target proteins for immunotherapy such as prostate-specific antigen (PSA), PSMA (prostate-specific 
membrane antigen), prostatic acid phosphatase, PSCA (Prostate stem cell antigen), dMMR (DNA mismatch repair deficiency), MSI-H 
(microsatellite instability), TMB-H (high tumor mutational burden), prostein, TARP (T-cell receptor gamma alternate reading frame 
protein), Transient receptor potential melastatin 8 (Trp-p8), six transmembrane epithelial antigen of prostate-1 (STEAP1), NY-ESO-1 
and overexpressed  proteins such as parathyroid hormone-related protein, human telomerase reverse transcriptase (hTERT), survivin, 
HER-2/neu, EGFR, HER-4 (Epidermal Growth Factor Family), EphA2 (Erythropoietin producing hepatocellular receptor tyrosine kinase 
class A2), SSX (Synovial sarcoma X-chromosome break point protein), EpCAM(epithelial cell adhesion molecule), RIPK2 (receptor-
interacting protein kinase 2).

Mostly expressed target proteins in prostate tissues
Prostate-specific antigen (PSA), a protein exclusive to prostate; prostate-specific membrane antigen
(PSMA), a membrane protein present in prostate; prostatic acid phosphatase (PAP), an enzyme  associated
with  prostate; prostate stem cell antigen (PSCA), an antigen  linked to prostate stem cells; prostein, a
protein specific to prostate; TARP (T cell-receptor gamma alternate reading frame protein), a peptide
involved in T cell receptor signaling; Trp-p8, a protein relevant to prostate cancer; six-transmembrane
epithelial antigen of the prostate 1 (STEAP1), a transmembrane protein associated with prostate; 
NY-ESO-1, a specific antigen with relevance to tumors [Figure 2].

Prostate-specific antigen
The presence of prostate-specific antigen (PSA) in a high proportion of prostate cancer (PCa) tissues makes
it a commonly applicable serum marker for identifying and monitoring PCa. PSA, a serin-protease similar
to kallikrein, is usually displayed in prostate epithelial cells[72-74]. Studies have identified PSA-derived
peptides that activate tumor-reactive CD8+ cytotoxic T lymphocytes (CTLs) when presented by human
leukocyte antigen-A2 (HLA-A2) and HLA-A3[75-77]. Simultaneous induction of tumor-reactive CTLs and
HLA-A2/A3-restricted epitopes of PSA has been achieved using specific oligopeptides[78-80]. Additionally,
HLA-A24-restricted PSA peptides elicited peptide-specific CTLs in PCa patients and HLA-A*2402-
restricted CTLs in transgenic mice[81-83]. The role of various HLA class I and II molecules is to present
immunogenic PSA peptides[84,85]. Efforts to optimize active immunotherapy delivery methods have gained
attention, such as using adeno-associated virus-based vectors to transduce dendritic cells (DCs). These
modified DCs stimulated PSA-specific CTLs more efficiently than protein-pulsed DCs In vitro[86]. In mouse
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models, PSA has successfully triggered specific T cell responses. Researchers have explored binding
vaccination techniques by androgen deprivation, showing enhanced CTL responses in HLA-A*0201/human
PSA-twice transgenic mice when castrated before immunization by a PSA-presenting vaccinia virus.
Androgen ablation was found to reduce CD4+T cell tolerance to prostate-specific antigens, suggesting that
targeted immunotherapy for PCa might be more effective post androgen ablation[87,88].

Typically, patients with increased PSA levels are transferred to a urologist for identifying and clarifying
testing, which could be a prostate MRI or a biopsy[89]. Among the ten studies that were included, a variety of
estimates for PSA's accuracy were discovered. However, the methodologies of the included studies were
only vaguely described in that review, and it was significantly unclear whether any of them assessed PSA in
patients who were symptomatic or asymptomatic or whether any of them were applied to primary care
populations. In a review of the literature, researchers noted the dearth of studies addressing the first level of
care and the majority of prostate-specific antigen tests are conducted[90]

Prostate-specific membrane antigen
Prostate-specific membrane antigen (PSMA) was initially discovered in various natural active tissues such
as the brain, salivary gland, breast epithelium, renal tubular epithelium, and small intestine. While it was
highly tissue-specific, non-prostatic tissues had significantly lower expression levels, ranging from 100 to
1,000 times lower. In prostate cancers, especially in advanced undifferentiated metastatic hormone-
refractory prostate cancer (HRPC), PSMA serves as a marker/identifier for healthy prostate cells and is
commonly present in major prostate tumors. Studies, both in vivo and In vitro, have explored the optimal
antigen to trigger T cell responses, demonstrating that co-transducing genes encoding the extracellular
portion of PSMA, a costimulatory peptide, with an adenoviral vector, efficiently triggers targeted T cell
responses and fosters immune reactions against tumors in murine models[91-95]. PSMA has also emerged as a
promising target for antibody treatment due to its surface expression on prostate cancer cells. Various anti-
PSMA monoclonal antibodies, such as J591, linked to ricin A, bismuth-conjugated mab J591, have exhibited
target-specific cytotoxicity against PSMA-expressing prostate cancer cells. Additionally,
radioimmunotherapy employing antibody-conjugates of J415 and J591, bound to radioactive isotopes, has
demonstrated preferential accumulation in live tumor regions in xenograft models, leading to potent and
targeted anticancer effects both in vitro and in vivo[96-101]. Furthermore, PSMA has become a recognized
target for prostate cancer treatment, with recent FDA approval of 177Lu-PSMA-617 for the treatment of
advanced metastatic castrate-resistant prostate cancer (mCRPC) following successful outcomes in phase III
VISION trials. There are ongoing developments in PSMA-targeted radiopharmaceuticals, including
substances like J591 and TLX591 that utilize monoclonal antibodies to target PSMA. Additionally, small
compounds such as PSMA 617, PSMA T&I, and MIP 1095 are being employed to target PSMA in these
contexts[102].

Prostatic acid phosphatase
The principal protein released by prostate epithelial cells is PAP (Prostatic acid phosphatase), primarily
found in benign and cancerous prostate tissue. Related identifications indicate low PAP mRNA display in
non-prostate specific tissues such as kidney, testis, and placenta[66]. Immunogenic PAP-derived peptides
binding with HLA-A2 were discovered, leading to specific tumor rejection in vivo[103-106]. Vaccination
techniques using PAP target antigen showed immunotherapeutic potential, activating PAP-CD8+ cytotoxic
T-lymphocytes and inhibiting tumor growth in animal models[107-110]. Sipuleucel-T, a binding together
protein of GM-CSF and PAP, demonstrated effectiveness in phase III trials for advanced prostate cancer
patients. Patients receiving sipuleucel-T had a 22% lower risk of dying and a median survival of 25.8 months
compared with 21.7 months in placebo group. Researchers explored whether subsequent doses of a DNA
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vaccine coding for PAP could augment PAP-specific T-cell activity after sipuleucel-T treatment[110,111]. 
Despite an equal half increase in survival of four months, this is a competitor for drugs such as docetaxel, 
abiraterone, radium 223, cabazitaxel, and enzalutamide, which are licensed for this stage of prostate 
cancer[112-114]. A better outcome in the longer lifespan may have been achieved in subjects with less disease 
pressure and proof of immune response to the PAP (prostatic acid phosphatase) antigen potent in relation 
to anyone like antigen-specific IgG and T cells[115-117]. The study revealed a stronger Th2 response with DNA 
immunization, suggesting potential benefits from administering DNA immunization before sipuleucel-
T[118-120].  Despite advancements,  surgery remains crucial for PAP-positive  prostate cancer patients, 
indicating the importance of monitoring serum PAP levels in clinical practice[117,120].

Prostate stem cell antigen
In research and studies conducted by researchers, HLA-A2-restricted PSCA peptides have been identified to 
induce In vitro tumor-reactive CTL responses[121-123]. Elevated levels of CD8+ T cell lymphocytes recognize 
these peptides which were found in the blood of prostate cancer subjects. Additionally, an HLA-A24-
presented peptide stimulating CTLs in PCa subjects was discovered[124]. The TRAMP mouse model, which 
mimics the production and display of PSCA during prostate cancer progression, was used to study the 
immunotherapeutic potential of PSCA. Vaccination with a viral vector expressing PSCA, following priming 
by PSCA cDNA, significantly increased survival rates in TRAMP mice in the presence of prostate 
intraepithelial neoplasia compared to the control group[125].

Moreover, in another study utilizing this mouse model, recombinant DNA with modified vaccinia virus 
Ankara vectors, which codes for PSCA, STEAP1, prevented PCa progression[126]. Treatment with unbound 
anti-PSCA antibody 1G8 reduced metastasis formation, increased long-term survival, and slowed xenograft 
growth. Mechanistic studies revealed that target cross-linking was necessary for the Fc-independent 
induction of cell destruction and death. PSCA is considered a target for immunotherapy using antibodies. 
Mice with xenografts experienced cytotoxicity and remission after receiving anti-PSCA mAbs combined 
with the toxin maytansinoid[127-129].

Chimeric and human anti-PSCA antibody radio conjugates specifically target xenografts that are PSCA-
positive and display anticancer effects in vivo. Moreover, bispecific antibodies designed to target prostate 
stem cell antigen and CD3 on human T cells activate immune-effector cells, leading to the elimination of 
tumor cells[129-131]. Altered T cells expressing chimeric-antigen receptors targeting PSCA have demonstrated 
high efficacy in lysing PSCA-expressing cells. In a recent study using an immunocompetent mice model of 
prostate and pancreatic tumors expressing PSCA, the safety and effectiveness of PSCA-CAR T cells were 
evaluated. Researchers observed both safety and long-lasting antitumor immune responses with PSCA-CAR 
T cells, despite PSCA expression in various organs, such as stomach, prostate, and bladder. All preclinical 
experiments highlight the potential of harnessing endogenous immunity against PSCA+ prostate cancers. 
Ongoing clinical trials are evaluating PSCA-targeted CAR-T cell therapies, along with a study involving 
CAR-T cells and BiTE antibodies[132-134].

DNA mismatch repair deficiency, microsatellite instability, high tumor mutational burden
DNA mismatch repair deficiency (dMMR), microsatellite instability (MSI-H), and increased tumor load of 
mutations are significant for cancer biology and therapy, because they influence the production and 
identification of neoantigens, which are new peptides formed from mutant proteins presented to the 
immune system by tumor cells. Neoantigens can trigger an antitumor immune response with stimulation of 
T cells, a subset of immune cells capable of removing cancer cells. However, tumor cells sometimes employ 
various strategies to evade or suppress the immune system. The detection of MSI-related prostate cancer 
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can be improved for better quality or accuracy through IHC to find mismatch repair-related proteins,
microsatellite instability analysis, and next-generation sequencing. Despite the rarity of this kind of event, it
has therapeutic value. Additionally, a study found that bladder cancer subjects with DNA mismatch repair
deficiency/microsatellite instability genotypes have a favorable prognosis for anti-PD-1/PD-L1
therapy[135-138].

Prostein
Prostein is a transmembrane protein that is commonly produced in both healthy and cancerous prostate
tissues and may play a role in prostate cancer cell invasion and migration. Our research indicates that 87%
of the primary tumors have maintained or even raised transcript levels compared to autologous non-
malignant tissue samples. When compared to cancers that are not organ-confined, prostein expression is
notably higher in prostate cancer[138-142]. Researchers have discovered a peptide derived from prostein and
presented by HLA-A*0201, which activates tumor-reactive cytotoxic T lymphocytes (CTLs) when CD8+ T
cells are stimulated In vitro with dendritic cells filled with the peptide, and also found immunogenic T-cell
epitopes, such as HLA-Cw*0501 and HLA-B*5101[111,140,143].

According to findings by Wolfgang et al., prostein is not detectable in non-prostatic glands but can be identified
using immunohistochemical (IHC) methods in acinar, intra-ductal prostate-gland adenocarcinomas[144].

T-cell receptor gamma alternate reading frame protein
The non-rearranged T-cell receptor gamma-chain locus has a unique androgen-regulated gene that gives
rise to T-cell receptor gamma alternate reading frame protein (TARP). Mitochondria of PCa in men exhibit
TARP. Females with breast cancer can be identified by TARP[145,146]. Researchers discovered that androgen
upregulated TARP in the mitochondria of prostate cell lines using subcellular fractionation,
immunocytochemistry, and Western blot analysis. Immunohistochemistry and mitochondrial fractionation
data suggested that TARP was present in the outer mitochondrial membrane and that it might interact with
mitochondria to carry out its biological activity[147].

In vitro prostate and breast cancer cell-reactive cytotoxic T lymphocytes are activated by a number of
naturally occurring HLA-A*0201-restricted TARP peptides. Additionally, 2HLA class-II binding amino acid
residues generated with TARP have been demonstrated to trigger efficient CD4+ T cell responses[148-150]. In
order to evaluate TARP for both therapeutic and diagnostic purposes, a new targeted strategy using
antibodies that bind each HLA class-I peptide group on tumor cell surfaces.

The possibility of incorrect matching between the exogenous, endogenous T-cell receptor and T-cell
receptor chains is a significant drawback of employing TCR-engineered T cells. TCRs reactive against self-
antigens and TCRs with unexpected specificity could result from mispairing, which would produce
autoreactive T cells. Additionally, incorrectly paired transferred TCRs may compete with one another for
CD3, lowering the level of surface expression. There are a number of methods to prevent mispairing, such
as murinizing human TCRs to give them a comparative benefit for the interaction of CD3[151-155].

Transient receptor potential melastatin 8
Transient receptor potential melastatin 8 (TRPM8) is a calcium channel amino acid that is encoded by gene
TRPM8 and activated by cold temperatures, menthol, and other substances[156]. TRPM8 is primarily
expressed in sensory neurons, which are responsible for mediating the cold sensation[157]. Additionally,
TRPM8 is also expressed in non-neuronal organs, such as the prostate gland[158]. Androgens, the male sex
hormones that increase the growth and functionality of the prostate, control TRPM8 expression inside the
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prostate[158]. TRPM8 is expressed more in stromal cells compared to normal epithelial prostate cells,
particularly androgen-sensitive cells. Although the activity of TRPM8 in prostate cancer is not clear, some
studies imply that it may have functional activity in cell survival, invasion, and metastasis[158-160].
Consequently, it is a therapeutic target for the cure of prostate cancer and a possible marker for disease
identification[157-160]. A seven-span transmembrane protein, exhibiting a significant resemblance to Ca2+

channel proteins, is encoded by the TRPM8 gene. Most prostate cancers exhibit the expression of TRPM8,
primarily limited in the prostate[156]. Upon investigating differences from equivalent normal prostate tissue,
upregulation of it was observed in early-stage cancers. We discovered an HLA-A*0201-binding protein that
might incite tumor-reactive CTLs in vitro[111,161].

Six transmembrane epithelial antigen of prostate-1
Iron and copper metabolism, as well as other cellular functions, are affected by the protein known as Six
transmembrane epithelial antigen of prostate-1 (STEAP1)[162]. The protein is typically overexpressed in
prostate cancer cells, particularly those susceptible to androgens, the male sex hormones[163,164]. While
STEAP1 is usually expressed at low levels in several organs, it plays a significant role in influencing
epithelial-mesenchymal transition (EMT), leading to changes in the activities of cancer cells, making them
more mobile and aggressive. Consequently, STEAP1 may contribute to the growth, invasion, and metastatic
spread of prostate cancer[162,163]. Thus, it is plausible that STEAP1 could serve as both a biological marker and
a therapeutic target for prostate cancer[162,163]. Moreover, researchers have discovered three promiscuous
epitopes of CD4+ T cells and a various naturally occurring HLA-A2 restricted protein that can induce
cytotoxic T-lymphocytes in vivo and in vitro[106,165-169]. Some immunization techniques, utilizing viral or
recombinant cDNA vectors that code for mouse six-transmembrane epithelial antigen of prostate-1, have
shown increased efficacy in inducing particular T cell expression, slowing tumor development, and
lengthening longevity in mice models[126,170,171].

Recent research indicates that STEAP1 may also be a promising target for immunotherapy using antibodies;
a pair of STEAP-specific monoclonal antibodies (mAbs) dramatically slowed the progression of PCa
xenografts (mice)[172].

NY-ESO-1
Nine out of twenty-three (39%) prostate cancer patients had NY-ESO-1 mRNA expression. In 12 of 23
(52%) PCa patient sera and in 5 of 9 (55%) tumors expressing NY-ESO-1, antibodies against the protein
were identified. However, neither mRNA copies nor NY-ESO-1 were identified in any of the studied BPH
patients[173]. NY-ESO-1, a cancer testis antigen (CTA), is a peptide typically solely observed in the testis but
can occasionally be found in other malignancies, such as prostate cancer. NY-ESO-1 is a significant
immunogenic cancer testis antigen, which means that it can stimulate the body's production of antibodies
and T cells[174]. Therefore, NY-ESO-1 might be a helpful immunotherapeutic target in cancer treatment that
leverages the immune system[174]. Research revealed that 20 of 53 (38%) prostate cancer specimens had 
NY-ESO-1 mRNA expression, with a higher prevalence observed in more advanced disease stages. While 
none of the 78 subjects with localized prostate cancer had NY-ESO-1 antibodies, 10 of the 140 (7.1%) 
patients with metastatic prostate cancer did. Some patients who had antibodies against NY-ESO-1 also 
showed CD8 T cell responsiveness specific to NY-ESO-1. These results imply that prostate cancer 
progression and aggressiveness are related to NY-ESO-1 expression and immunogenicity[175].

For subjects with prostate cancer, numerous clinical trials have been conducted or are currently underway
to evaluate the safety and efficacy of immunotherapy centered around NY-ESO-1. These trials encompass
various approaches, including immunization with recombinant NY-ESO-1 peptide in combination with the
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adjuvant CpG 79093[176], which boosts immune responses, or using the viral vector MVA-NY-ESO-1[174], 
which transmits the desired gene. All these studies have shown that the NY-ESO-1 vaccine can stimulate or 
elicit NY-ESO-1-specific immune responses in prostate cancer subjects, which may have certain therapeutic 
advantages, such as tumor regression or disease stabilization[173,176]. However, to establish the long-term 
results and ideal practices of NY-ESO-1 immunotherapy for prostate cancer, more research is required.

Overexpressed proteins in prostate cancer, including tumors
Many proteins, including those associated with prostate cancer, exhibit overexpression across various 
cancers. Overexpression occurs when cells produce an excess amount of a specific protein beyond what is 
required. This phenomenon can significantly influence the growth, survival, and functionality of cells. 
Several of the proteins that are overexpressed in prostate cancer include [Figure 2]:

Parathyroid hormone-related protein
PTHrP plays a crucial role in bone development by binding to receptors on osteoblasts. Its involvement in 
the formation of bone metastases is particularly pronounced in PCa and other epithelial-origin 
malignancies[177,178]. Numerous prostate cancer cell lines and metastatic bone lesions exhibit the presence of 
PTHrP. Through activation of several pathways and interaction with other molecules, PTHrP can promote 
tumor growth, survival, invasion, and metastasis. Additionally, PTHrP can confer resistance to apoptosis in 
prostate cancer cells, which is triggered by various stimuli, including chemotherapy or radiation. By 
stimulating angiogenesis and osteolysis (breakdown of bones), PTHrP has an impact on the TME (tumor 
microenvironment)[179,180].

The role of PTHrP in prostate cancer is complex and not fully understood.  However, it is obviously 
implicated in many facets of prostate cancer initiation and progression. As a result, PTHrP may serve as a 
potent biological marker for assessing the potential malignancy of prostate cancer, as well as a promising 
target for therapy aimed at retarding tumor growth and improving patient survival.

Human telomerase reverse transcriptase
In the majority of human malignancies, there is an overexpression of human telomerase reverse 
transcriptase (hTERT) is overexpressed, making it a crucial target for cancer therapeutics. Most non-
transformed somatic cells lack this molecule, although it is present in over 85% of human malignancies, 
including PCa[181]. Research has identified a number of naturally occurring restricted epitopes to HLA-
A*0201 of CTL that effectively generate peptide-specific and tumor-lysing CTLs in both In vitro and in vivo 
settings[111,182].

Additionally, in the initial instances of hTERT-based immunization experiments, direct evidence emerged 
linking the formation of tumor-infiltrating T cells to positive clinical outcomes. A number of clinical trials 
were initiated and are ongoing to evaluate the ability of hTERT to treat prostate cancer[183,184].

Dendritic cells (DCs), specialized antigen-presenting cells, are used in cell-based vaccination to introduce 
hTERT antigens to the immune system. To effectively induce anti-hTERT immunity, DCs can be loaded 
with hTERT peptides, mRNA, or DNA, and then administered to patients. This tactic has also been put to 
the test in prostate cancer clinical trials[183,184]. TERT inhibitors are tiny compounds that bind specifically to 
the hTERT catalytic site, thereby inhibiting its function, shortening telomeres and inducing apoptosis or 
cellular senescence. Examples of TERT inhibitors include substances like BIBR1532, MST-312, and 
GRN163L[185,186]. G-quadruplex stabilizers are substances that bind to the G-rich sequences in telomeric 
DNA, leading to the formation of G-quadruplexes, four-stranded structures that block hTERT from 
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accessing the telomeres and suppress its activity. G-quadruplex stabilizers include BRACO-19, RHPS4, 
TMPyP4, etc.[185,187]. Epigenetic modulators are medications that change the methylation or acetylation of the 
hTERT gene promoter region to modify the chromatin structure and gene expression. Trichostatin A 
(TSA), 5-aza-2'-deoxycytidine (DAC), and valproic acid (VPA) are a few examples of epigenetic 
modulators[187]. Signaling system inhibitors are drugs that target upstream or downstream signaling 
pathways, such as PI3K/AKT/mTOR, catenin /- Wnt, NF-B, and MAPK, which regulate hTERT expression 
or activity[187].

Therefore, further investigation and improvement are required to enhance the formulation and 
administration of hTERT immunotherapy for prostate cancer. Additionally, combination therapies that 
target various biological components of hTERT and synergize with other treatment modalities, such as 
chemotherapy, radiation, or hormone therapy, may improve the prognosis for prostate cancer patients.

Survivin
Survivin, an inhibitor of apoptosis and activator of proliferation, is produced by numerous tissues during 
fetal development, but its expression becomes essentially nonexistent in differentiated cells[113]. However, in 
many human malignancies, including PCa, survivin is significantly overexpressed and its presence is 
correlated with tumor development, poorer prognosis for malignant illness, and medication resistance. 
Survivin has been identified as a modulator of antiandrogen treatment resistance in PCa[111,188,189]. Various 
preclinical models have shown that immunotherapeutic approaches targeting survivin can elicit T cell 
responses and antitumor activity[190,191]. Survivin is, therefore, a possible target for cancer treatment, 
particularly in immunotherapy, which aims to activate the immune system to identify and eliminate cancer 
cells[192,193].

Given its crucial role in tumor survival and resistance, survivin becomes a particularly pertinent 
immunotherapeutic target in prostate cancer. Targeting survivin, along with other tumor antigens in 
prostate cancer, necessitates the use of various immunotherapeutic strategies that have either been 
established or are currently under research. Although several of these methods have demonstrated 
encouraging results in clinical trials, they are not without difficulties and restrictions. Thus, further research 
is required to maximize the effectiveness and safety of various therapies and to determine the ideal patients 
for each form of treatment.

HER-2/neu, EGFR, HER-4 (Epidermal Growth Factor Family)
The ErbB receptor tyrosine kinase family, which includes cell surface proteins such as EGFR, HER 1, HER 
2/neu, and HER 4, is often found to be overexpressed in various types of tumors, including PCa[110]. These 
proteins present promising targets for T cells or antibody-dependent immunotherapy. Specifically, 
overexpression of HER 2/neu in early PCa is linked to adverse clinical results, including primary recurrence 
and reduced overall survival[194,195]. HER 2/neu is included in the development of prostate cancer towards 
androgen independence. A wide array of HER 2/neu-derived proteins that are HLA class I-, class II-
restricted have been identified[196]. Furthermore, mice models of various types of solid tumors have 
demonstrated the efficacy of active immunotherapy[197]. In preclinical models, treatments involving 
monoclonal anti-HER 2/neu antibodies have been investigated. In both androgen-dependent xenograft 
models and a combined therapy approach including HRPC xenograft models with tyrosine kinase 
inhibitors, administration of trastuzumab significantly inhibited the growth of established tumors[197,198]. 
Additionally, in a SCID mouse model, specifically engineered T lymphocytes targeting Her-2/neu 
successfully attacked prostate cancer (bone marrow metastases)[199].
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A significant proportion of PCa cases exhibited elevated EGFR levels, which has been associated with the
progression of PCa towards androgen independence. In vivo trials administering EGFR-specific monoclonal
antibodies cetuximab and panitumumab have demonstrated the suppression of cancer development in
multiple prostate cancer xenograft models[111,200]. Despite EGFR primarily being investigated as a target for
monoclonal antibodies, several CTL epitopes have been found[111,201]. Moreover, HER4 has emerged as a
potential target molecule in prostate cancer research.  Both mouse xenograft models and In vitro studies
have shown that HER 4 antibodies effectively slow the development of various types of prostate cancer.
Additionally, concomitant radiation therapy may enhance the efficacy of HER 4-directed monoclonal
antibody treatment[111,202].

HER 2/neu, EGFR, and HER-4 are prospective targets for immunotherapy in prostate cancer. However,
their precise functions and effectiveness are still under investigation. Various factors, such as tumor
heterogeneity, receptor dimerization, ligand availability, signaling crosstalk, immune evasion, and genetic
changes, may affect both the responsiveness and resistance to targeting these receptors in prostate cancer.
Therefore, further study is required to refine patient selection, therapy combination, and outcome
monitoring in prostate cancer immunotherapy targeting the HER family.

N-Cadherin
N-cadherin, a protein integral to cell adhesion and migration, plays a pivotal role in various aspects of
tumor progression, including the facilitation of epithelial-mesenchymal transition and the augmentation of
cell movement rate. Its upregulation is a hallmark of tumor invasiveness and metastasis formation, such as
pelvic lymph node infiltration and bone metastases in PCa[203,204]. Furthermore, in PCa, N-cadherin
overexpression has been linked to de-differentiation, androgen deprivation, and the shift to androgen
independence. Efforts to target castration-resistant PCa using mAbs have yielded promising results,
significantly slowing the development of such xenografts, inhibiting invasion and metastasis, and delaying
the development of androgen resistance[205,206]. Given its crucial role in tumor survival and resistance, N-
cadherin emerges as a special target for prostate cancer immunotherapy. Consequently, numerous
immunotherapeutic strategies have been devised or are currently under investigation to specifically target
N-cadherin in prostate cancer. Although several of these methods have demonstrated encouraging results in
clinical trials, they are not devoid of difficulties and restrictions. To maximize the effectiveness and safety of
various therapies and to identify the most suitable patients for each treatment modality, more study is
required.

Erythropoietin producing hepatocellular receptor tyrosine kinase class A2
Erythropoietin producing hepatocellular receptor tyrosine kinase class A2 (EphA2), a cell membrane-
attached receptor with tyrosine kinase activity, is expressed in a wide variety of normal tissues and is notably
overexpressed in numerous epithelial malignancies, including prostate cancer[203-207]. In advanced PCa,
EphA2 shows promise as a potent molecule for both active and passive immunotherapy. Various HLA class
I- and II-restricted proteins have been discovered, and when pulsed onto DCs, some of these peptides
exhibited antitumor effects in mice models[111].

Extensive investigation into the immune-therapeutical potential of monoclonal antibodies targeting EphA2
was conducted using preclinical in vivo models. These antibodies, by effectively downregulating EphA2 on
the cell surface[208,209], induce receptor internalization and disruption.  Additionally, by decreasing tumor cell
proliferation, promoting apoptotic activity, and reducing microvascular density, they exhibit robust
antitumor effects when used alone or in combination with chemotherapy in a variety of xenograft
models[111,210,211]. Cytotoxic immune-conjugates offer a highly effective way to target tumors because they
quickly internalize receptors when an agonistic antibody targets them[111,212].
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However, there are certain difficulties and restrictions when using EphA2 as a potent protein for prostate 
cancer immunotherapy. For instance, regarding the signaling pathway involved, EphA2 can exhibit both 
tumor-promoting and tumor-suppressive properties. EphA2 acts as a tyrosine kinase, promoting tumor 
growth by stimulating AKT, or functions as a pseudokinase, preventing cancer cell growth by blocking AKT 
activation through ephrin-A1 stimulation[211]. Therefore, in the development of  EphA2-targeted 
therapeutics, it is crucial to consider the balance between these two mechanisms of action. Moreover, the 
variability in EphA2 expression and function across different prostate cancer subtypes and stages presents 
another problem. In distinct prostate cancer cells, EphA2 expression levels can range from high to low, or 
even be absent altogether, with its function shifting from proangiogenic to antiangiogenic as tumors 
progress[208]. This underscores the need for further research to find a more potent and effective target in 
prostate cancer.

Synovial sarcoma X-chromosome breakpoint protein
The family of CTAs (cancer testis antigens) known as Synovial sarcoma X-chromosome breakpoint protein 
(SSX) proteins is typically present in the testis and is abnormally expressed in various types of malignancies, 
including prostate cancer[213]. SSX1, SSX2, and SSX4 genes, involved in the typical chromosomal 
translocation t (X, 18) (p11, q11) seen in synovial sarcoma, encode for SSX proteins. This translocation 
results in the production of the SS18-SSX fusion protein, which is responsible for the pathogenesis of 
synovial sarcoma by joining the SS18 gene (chromosome 18) to one of the SSX genes (chromosomal X)[214]. 
SSX proteins, characterized by nuclear localization and limited expression in germ cells of testis or ovary 
lacking HLA class I, are frequently observed in tumors of various origins, particularly in advanced stages of 
cancer, making them a superfamily of homologous CTAs[111,215]. Due to their modest expression in healthy 
cells displaying HLA-class I, SSX peptides are attractive targets for T cell therapies in immunotherapy. 
Recent research on PCa has revealed that while SSX protein expression is absent in primary tumors, it is 
detected in a significant portion of metastatic PCa samples[211].  Moreover, the degree of protein homology 
suggests that several of the HLA class I- and II-restricted proteins represent target structures for 
malignancies expressing various members of the SSX family[213-216].

Epithelial cell adhesion molecule
Epithelial cell adhesion molecule (EpCAM) is commonly expressed in epithelial cells found in various 
tissues such as the skin, gut, and prostate. In conditions like prostate cancer, there may be instances of 
EpCAM overexpression or mutation, which are associated with directional growth inhibition and increased 
invasiveness[217,218]. Consequently, EpCAM has been identified as a promising target for immunotherapy in 
prostate cancer[219], a treatment strategy that harnesses the immune system to combat cancer cells. 
Immunotherapy relies on targeting specific molecules present on the surface of cancer cells, such as 
EpCAM, to stimulate the immune system's response against them. Various tools, including monoclonal 
antibodies, immunotoxins, and small-molecule inhibitors, can be employed for this purpose[217,218].

In both preclinical and clinical investigations, a few of these drugs have shown positive anticancer benefits. 
For instance, ALW-II-41-27 (a small molecule inhibitor) binds specifically to EpCAM's ATP-binding 
pocket, inhibiting its kinase function. In vitro and in vivo experiments have demonstrated that this 
substance halts the growth and invasion of prostate cancer cells[218]. Similarly, KB004, a humanized 
monoclonal antibody, induces the internalization and degradation of EpCAM by recognizing an epitope in 
its extracellular region. The presence of this antibody has been shown to slow down the development and 
angiogenesis of prostate cancer xenografts in mice[218]. However, utilizing EpCAM as a target for prostate 
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cancer immunotherapy comes with certain limitations. Depending on the situation and the signaling
pathway involved, EpCAM can exhibit both tumor-promoting and tumor-suppressive functions. For
example, it can act as a tyrosine kinase,  promoting tumor growth through the activation of AKT, or as a
pseudokinase, inhibiting AKT activation via ligand stimulation[217]. Therefore, when developing EpCAM-
targeted medicines, it is crucial to carefully balance these opposing mechanisms. Furthermore, the
variability in EpCAM expression and activity across different prostate cancer subtypes poses another
challenge. EpCAM expression levels can vary from high to low, or even be missing in different prostate
cancer cells, and its function can change from proangiogenic to antiangiogenic with tumor progression[218].
Therefore, the ideal timing and dosage of EpCAM-targeted therapy should be carefully evaluated based on
the specific characteristics of each individual case.

Receptor-interacting protein kinase 2
Receptor-interacting protein kinase 2 (RIPK2) is a protein crucial for innate immunity and inflammation.
Additionally, it plays a role in the advancement and metastasis of prostate cancer by maintaining c-Myc, a
protein  that promotes  tumor development and invasiveness.  Therefore,  interventions targeting  RIPK2 to
degrade c-Myc, such as medicines or gene editing techniques, may hold promise in preventing prostate
cancer[220,221]. Some research suggests that RIPK2 inhibitors have shown beneficial effects in both preclinical
and clinical trials. For instance, the small molecule inhibitor ALW-II-41-27 binds to the ATP-binding site of
RIPK2, impeding its kinase activity. Studies conducted in vitro and in vivo have demonstrated its efficacy in
inhibiting the proliferation and invasion of prostate cancer cells[220]. Another approach involves KB004, a
humanized monoclonal antibody that induces internalization and degradation of RIPK2 by recognizing an
epitope on its extracellular domain. In mouse models with prostate cancer xenografts, the presence of this
antibody has been demonstrated to slow down tumor development and angiogenesis.

However, there are certain difficulties and restrictions when using RIPK2 as a target for prostate cancer
immunotherapy. Depending on the context and the signaling pathway involved, RIPK2 can serve both
oncogenic and tumor-suppressive purposes. It can either activate AKT as a tyrosine kinase or inhibit its
activation by ligand stimulation as a pseudokinase[221,222]. Therefore, when developing RIPK2-targeted
therapeutics, the balance between these two mechanisms of action should be carefully considered.

Another obstacle is the variability in RIPK2 expression and function across various subtypes and stages of
prostate cancer. In various prostate cancer cells, RIPK2 expression levels can range from high to low, or
even absent, and its function can change from proangiogenic to antiangiogenic as tumors progress[220]. As a
result, RIPK2-targeted medicines should be carefully tailored in terms of timing and dosage to
accommodate the unique characteristics of each patient.

MAGE
Melanoma antigen gene protein-A11 (MAGE-11), a member of the MAGE family of cancer germ-line
antigens, interacts with the AR NH(2)-terminal FXXLF motif, thereby promoting androgen receptor (AR)
transcriptional activity[223]. In addition to activating genes necessary for male sex differentiation, high-
affinity androgen binding to the androgen receptor (AR) accelerates the onset and progression of prostate
cancer[224]. Interactions between human AR transcriptional activity and coregulatory proteins involve the
coactivator melanoma antigen-A11 (MAGE-A11), which is primate-specific and promotes AR
transcriptional activity, thereby contributing to the progression of prostate cancer to castration-resistant/
recurrent prostate cancer (CRPC)[225]. Notably, MAGE-A11's involvement in modulating hormonal signals
in prostate cancer sets it apart from other type I MAGEs. The binding of MAGE-A11 to the N-terminal
FXXLF motif of the androgen receptor (AR) facilitates SRC/p160 coactivator binding[226]. The
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phosphorylation and ubiquitination of MAGE-A11, regulated by epidermal growth factor (EGF), have also 
been found to enhance AR transcriptional activity[227].

ROLE OF IMMUNE CELLS IN ADVANCED PROSTATE CANCER
Extensive research has delved into the complicated dynamics of immune cells in advanced prostate cancer. 
Immune cells serve as the body's natural defense mechanism against various intruders, including bacteria, 
viruses, and cancer cells. However, in some cases, immune cells can promote tumor growth and metastasis 
by creating a favorable environment for cancer cells to proliferate and spread. Based on their immune 
infiltration patterns, cancers are immunologically divided into two categories: cold tumors [Figure 3] and 
hot tumors. Hot tumors are characterized by high filtration of T cells and cytotoxic T lymphocytes (CTLs), 
primarily due to increased tumor mutational burden, and an increase in peptides, which activate checkpoint 
amino acids[228].

Conversely, cold tumors exhibit low mutational burden, poor antigen expression, the presence of tumor-
associated macrophages (TAM) polarized towards a pro-tumor (M2-like phenotype), and exhausted CTLs 
within the tumor or their absence at the tumor margins. PCa can be viewed as a tumor with a cold immune 
system. The tumor microenvironment (TME), comprising immune cells, significantly influences cancer 
development and the response to immunotherapy[228,229].

In comparison to benign nodular hyperplasia of the prostate, prostatic adenocarcinomas have been found to 
have a low density of immune cells [Figure 3][230]. The activity of antitumor CD8+ T cells is inhibited and 
slowed down by the upregulation of nitric oxide synthase and the secretion of indoleamine 2,3-dioxygenase 
(IDO) by myeloid-derived suppressor cells (MDSCs). Additionally, there is a high presence of regulatory T 
cells (Tregs) compared to other cancers, along with other immune-suppressive cells like neutrophils or M2 
TAM, both of which are associated with poor survival outcomes. The secretion of specific substances within 
the TME, such as TGF-β and CXCR2, further supports this immunosuppressive milieu. Promisingly, the 
recent clinical trial (NCT03473925) suggests that inhibiting CXCR2 may be useful for enhancing 
immunotherapy[231-233].

Due to the heightened blood flow in red bone marrow, there is an increased interaction between stromal 
cells and tumor cells, and stomal cells release growth factors, angiogenic factors, and bone-resorbing factors 
that promote tumor growth, with bone being the preferential site of nearly 90% of PCa metastases. The 
formation and development of  PCa bone metastases  depend on the tumor immune 
microenvironment[234-236]. In an in vivo mouse model, tumor cells disseminate and produce IL-6, which 
interacts with tumor-associated macrophages (TAMs) and promotes tumor cell proliferation and 
angiogenesis in bone locations. Additionally, considerable amounts of TGF-β are present in bone 
metastases, where they cause CD4+ helper cells to transform into Tregs, contributing to the ineffectiveness 
of immunotherapies in metastatic castration-resistant prostate cancer (mCRPC)[237]. Focusing on the release 
of different types of factors at preferred metastatic locations may therefore present a potential strategy. 
Additionally, an increased ratio of M2-like to M1-like TAMs was linked to lower survival in prostate cancer 
patients. The ratio of M2-like to M1-like TAMs was higher in metastatic prostate cancer than in localized 
prostate cancer[238]. Pro-tumoral TAMs, sometimes referred to as M2-like TAMs, can accelerate 
angiogenesis, invasion, and immunosuppression to aid in the development and metastatic growth of 
tumors. Matrix metalloproteinases (MMPs), interleukin-10 (IL-10), vascular endothelial growth factor 
(VEGF),  and  transforming  growth  factor-β   (TGF-β)  are  among the substances released  by  M2-like 
TAMs, which promote tumor cell proliferation, survival, and migration[239]. Antiangiogenic treatments have 
demonstrated significant advantages in the treatment of various cancer types, yet their efficacy in the case of 
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Figure 3. Difference in infiltrating proportions of immune cells in the normal and prostatic cells. In prostate cancer, the percentage of 
infiltration of resting NK cells increased the most, whereas the percentage of infiltration of resting mast cells decreased the most. In 
normal tissues, CD8+ T cells had the strongest infiltrating correlation with monocytes, while activated NK cells and naive B cells were 
the highest in prostate cancer tissues.

pancreatic cancer is only modest. Among others, prostate cancer can produce matrix metalloproteinases, 
vascular endothelial growth factor (VEGF), transforming growth factor β (TGFβ), and cyclooxygenase-2 
(COX-2). The microenvironment surrounding prostate cancer plays a crucial role in its onset and 
development. Micro-vessel density, a measurement of prostate cancer angiogenesis, has been shown to be a 
predictor of metastasis and survival, and therefore, targeting angiogenesis has been the subject of several 
clinical investigations and debates. Moreover, the prognostic potential of angiogenic activity measurement 
holds great promise[240].

PCa can invade lymph nodes, establishing a pre-metastatic microenvironment and altering their structure 
and immune response. In actuality, an immunosuppressive microenvironment is created. In PCa subjects 
with pelvic lymph nodes, MDSCs, which comprise monocytes and granulocytes, express immune-
suppressive peptides such as programmed cell death ligand 1/2 (PD-L1/L2)[241,242]. These MDSCs inhibit the 
growth of CD8+ T lymphocytes gathered in pelvic lymph nodes that show immunological checkpoint 
proteins due to their immunosuppressive action. Since there are fewer antigen-presenting DCs in the 
paracortical region, the responsiveness of antitumor T cells may change[241]. By regulating T cells, tumor-
derived extracellular vesicles may be responsible for shaping a pre-metastatic niche in lymph nodes. When 
considered as a whole, tumor microenvironment (TME) cells at sites of prostate cancer metastatic 
development promote immune evasion and tumor development[243,244]. Immunotherapies can potentially 
remodel the TME to target prostatic metastases. Additionally, patients with advanced prostate cancer may 
have higher levels of MDSCs in their blood and tissues, potentially accelerating disease progression and 
complicating treatment efforts[245].

IMMUNE CHECKPOINT INHIBITORS AND PROSTATE CANCER
Immune checkpoint inhibitors are a form of immune therapy that aids the immune system in identifying 
and combating cancer cells. These inhibitors work by blocking proteins that prevent the immune system 
from attacking cancer cells. By inhibiting these proteins, immune checkpoint inhibitors can shrink tumors 
or slow down their growth, enhancing the immune response against cancer cells[246]. Despite their success in 
treating various cancers, the application of immune checkpoint inhibitors to prostate cancer has proven 
challenging and has yielded limited success. Prostate tumors typically have low mutation rates, low PD-L1 
expression (a protein targeted by immune checkpoint inhibitors), and an increment of immunosuppressive 
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elements in the tumor environment, making them unresponsive to these inhibitors[10]. Recent research,
however, has indicated positive outcomes with immune checkpoint inhibitors (ICIs) and their
combinations in specific patient groups with high PD-L1 expression, mutations in CDK12, elevated
mutational pressure in tumors, and tumors displaying more mismatch repair deficiency (dMMR) and
microsatellite instability (MSI) levels[11,247]. Immune checkpoint inhibitors are thus restricted to certain
prostate cancer subtypes that have particular genetic or molecular characteristics that render them more
recognizable or susceptible to the immune system [Figure 4]. Among these subtypes are:

1. Increased microsatellite instability (MSI-H) or mutational changes in the mismatch repair (MMR) genes
in prostate cancer: Uncommon prostate cancer subtypes with an increment in mutation rate and the ability
to create aberrant proteins that the immune system may mistake for foreign substances. In some patients
with MSI-H or MMR-deficient prostate cancer, ICI drugs that target PD-1 or PD-L1, such as
pembrolizumab and nivolumab, have been proven to be effective[246,248,249].

2. Prostate tumors with high PD-L1 expression: Some cancer cells express a protein that can attach to the
immune cells of PD-1 receptor and stop those cells from attacking the cancer cells. By blocking this
interaction, ICIs that target PD-1 and PD-L1 can activate the body's defenses against cancer cells. According
to certain research, prostate tumors with more PD-L1 display may respond to ICIs more favorably than
those with low PD-L13 expression[246,248].

3. High tumor mutational burden (TMB) prostate tumors: This is a measurement of the quantity of DNA
mutations present in cancer cells. More aberrant proteins that the immune system may identify as foreign
can result from a high TMB. Prostate tumors with high TMB may respond better to ICIs that target the  
PD-1 or PD-L1 proteins, compared to prostate cancers with low TMB[246,248,250].

4. Prostate tumors with CDK12 mutations: Transcription and DNA repair are the major role played by this
gene. Genomic instability and a rise in the development of neoantigens—new or altered peptides identified
as outsider by the immune system - can result from mutations in CDK12. Prostate tumors with CDK12
mutations may respond better to immune system checkpoint medications focused on PD-1 or PD-L1 than
those without[246,248].

Overview of clinical trials involving immune checkpoint inhibitors in prostate cancer
Sipuleucel-T, an active cellular immunotherapy, demonstrated the clinical significance of the immune
system in advanced prostate cancer (PCa). In a phase III trial, asymptomatic or minimally symptomatic
metastatic castration-resistant PCa (mCRPC) patients receiving sipuleucel-T had a 22% lower risk of death
compared to the placebo group (HR 0.78, 95%CI: 0.61-0.98), leading to a 4.1-month improvement in
median overall survival. This underscores the potential of immune system modulation to benefit and
improve outcomes in mCRPC[110]. In patients (CA184-095) with mildly symptomatic mCRPC who had not
received chemotherapy, high-dose ipilimumab (10 mg/kg) monotherapy did not result in a better median
OS compared to the placebo (28.7 months vs. 29.7 months; HR = 1.11, 95%CI: 26.1-34.2 months,
P = 0.3667). However, compared to placebo, there were greater times to systemic nonhormonal cytotoxic
therapy, a longer time to progression-free survival (5.6 months vs. 3.8 months; HR = 0.67, 95.87%CI: 0.55-
0.81), and a larger PSA response rate (23% vs. 8%). All of these data suggested antitumor activity. In
comparison to the 3 mg/kg dose used in melanoma, more treatment-related grade 3 to 4 adverse events
(TRAEs) were reported (40% vs. 23%), and there were 9 treatment-related deaths[246,251] (Table 1 Completed
Immune checkpoint inhibitors Phase 3 clinical trials in prostate cancer[251-258]).
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Table 1. Completed Phase 3 clinical trials of immune checkpoint inhibitors in Metastatic castration-resistant prostate cancer 
(mCRPC)

Trial name/NCT ID Methodologies
Number of 
patients 
enrolled

Trial 
type Significant outcome

CA184-095/NCT01057810 Ipilimumab verses placebo 837 Phase 
3

Median OS 28.7 vs. 29.7 months. No improvement in OS 
(Overall survival) with ipilimumab[251]

CA184-43/NCT00861614 Ipilimumab vs. placebo 
following radiotherapy

799 Phase 
3

Median OS 11, 2 months vs. 10, 0 months[252]

KEYNOTE-641/CT03834493 Pembrolizumab + 
enzalutamide vs. placebo + 
enzalutamide in mCRPC

1244 Phase 
3

Primary endpoints were not met[253]

KEYNOTE-010/NCT03834519 Pembrolizumab + olaparib 
vs. NHA in mCRPC

793 Phase 
3

Median OS with Pembrolizumab + Olaparib was 15.8 
months (95%CI: 14.6-17.0) compared to 14.6 months 
(95%CI: 12.6-17.3) in the control arm. The HR was 0.94 
(95%CI: 0.77-1.14) with a P-value of 0.26[254]

KEYNOTE-921/NCT03834506 Pembrolizumab + docetaxel 
vs. docetaxel in mCRPC

1030 Phase 
3

Median OS with Pembrolizumab + Docetaxel was 19.6 
months (95%CI: 18.2 to 20.9) compared to 19.0 months 
(95%CI: 17.9 to 20.9) with Docetaxel alone. The HR was 
0.92 (95%CI: 0.78-1.09) with a P-value of 0.1677[255].

IMbassador250/NCT03016312 Atezolizumab + 
enzalutamide vs. placebo + 
enzalutamide in mCRPC

772 Phase 
3

Median OS with atezolizumab + enzalutamide was 15.2 
months (95%CI: 14.0-17.0) compared to 16.6 months 
(95%CI: 14.7-18.4) in the control group. The HR was 1.12 
(95%CI: 0.91-1.37) with a P-value of 0.28[256].

CheckMate-7DX  
/NCT04100018

Nivolumab + docetaxel vs. 
Placebo + docetaxel in 
mCRPC

984 Phase 
3

Primary endpoints were not met[257,258].

Figure 4. Overview of how immune checkpoint inhibitors work in the context of prostate cancer. PD-L1 binds to PD-1, preventing T cells 
from killing tumor cells; blocking PD-L1 or PD-1 allows T cells to kill tumor cells. MSI-H (microsatellite instability) or  MMR (mutational 
changes in the mismatch repair)-deficient prostate cancer cells, increased PD-L1 expression, increased tumor mutational burden 
(TMB), and CDK12 mutations contribute to a favorable response to immune checkpoint inhibitors. In some patients with MSI-H or 
MMR-deficient prostate cancer, ICI drugs that target PD-1 or PD-L1, such as pembrolizumab and nivolumab, have been proven to be 
effective.
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In the KEYNOTE-028 phase Ib study, pembrolizumab showed a 17.4% objective response rate (ORR) in 23 
heavily treated mCRPC patients with measurable disease and ≥ 1% PD-L1 expression. The response 
included a partial response (PR) in 4 patients, with 3 experiencing a parallel biochemical response. The trial 
had a favorable side effect profile[259]. Subsequently, pembrolizumab was studied in the KEYNOTE-199 trial 
across three mCRPC cohorts. Cohort 1 had PD-L1-positive tumors, cohort 2 had PD-L1-negative tumors, 
and cohort 3 had non-measurable bone metastatic disease. Median overall survival (OS) was 9.5, 7.9, and 
14.1 months for cohorts 1, 2, and 3, respectively. Confirmed PSA response rates were 6%, 8%, and 2% in the 
respective cohorts. The observed ORR was modest (about 5%), with a median response duration of 16.8 
months. Notably, outcomes were similar regardless of PD-L1 status, and no clear relationship was found 
between pembrolizumab responses and DNA damage repair gene mutations[260,261].

These are a few immune checkpoint inhibitors applied to cure prostate cancer. For the majority of prostate 
cancer patients, these medications are ineffective, and they are not approved for all patients with the illness. 
Moreover, not all patients with these subtypes will react to immunotherapy, and the reaction to immune 
checkpoint inhibitors is still uncertain and variable. The first immunotherapeutic medication to be licensed 
by the FDA for the treatment of metastatic castrate-resistant prostate cancer (mCRPC) that is without any 
symptoms and with some poor symptoms is sipuleucel-T (Provenge), which increases the overall survival 
ratio of the subjects. Limited responses have been observed in mCRPC despite numerous clinical trials 
investigating ICIs and combinations of these with different medications. Thus far, ICIs binding with 
different molecules, like DNA damage molecules, have only been clinically beneficial for a limited subgroup 
of subjects by CDK12 mutations, MMR deficiency, more MSI, and these conditions[1]. To overcome 
resistance and enhance the effectiveness of immunotherapy in treating prostate cancer, further research is 
required to uncover biomarkers and assess the efficacy and toxicity of ICIs.

REASONS FOR IMMUNOTHERAPY FAILURE IN PROSTATE CANCER
Some malignancies are more resistant to immunotherapy than others, and it may not always work. One 
malignancy that has had a poor response to immunotherapy, particularly in advanced stages, is prostate 
cancer. Potential causes for immunotherapy failure in prostate cancer include:

1. Absence of tumor inflammation: Neoantigens, which are novel or changed peptides recognized by the 
immune system as foreign molecules, are infrequent in prostate cancer cells. Consequently, immune cells 
are less drawn to prostate cancer, and there is little tumor inflammation. Increased tumor inflammation 
improves the efficacy of immunotherapy by providing a more conducive environment for immune cells to 
target cancer cells[262,263].

2. Low quantities of antigens, which are chemicals that can elicit an immune response, are present in 
prostate cancer cells. This makes it challenging for the immune system to identify and combat them[233,264].

3. A microenvironment that inhibits or evades the immune system is created by prostate cancer, which 
produces immunosuppressive chemicals, attracts regulatory T cells, and expresses checkpoint ligands, 
among other things[233,264].

4. Due to its considerable heterogeneity, prostate cancer might respond differently to immunotherapy and 
develop resistance to it. The cancer comprises several clones and subtypes with varying genetic and 
molecular properties[233,264].
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5. Due to the low incidence of DNA repair errors, there are not many mutations in prostate cancer that 
could increase its susceptibility to checkpoint inhibitors[233].

6. The intricate relationship between androgen receptor and prostate cancer hinges on testosterone, which is 
crucial for both development and survival. Testosterone can affect the expression and function of immune 
cells and molecules. However, despite this understanding, the currently available immunotherapies licensed 
for prostate cancer (sipuleucel-T and pembrolizumab) have only demonstrated minor improvements in a 
limited subset of patients, underscoring the inadequacy of effective immunotherapies for prostate 
cancer[264-266].

7. Immune checkpoint inhibitors that stop the immune cells with inhibitory receptors, such as PD-1 and 
CTLA-4, protect the cancer cells from the attack or inhibitory act of immune cells. Checkpoint blockade has 
demonstrated efficacy in treating certain cancers such as lung and melanoma cancer, but its effectiveness in 
prostate cancer has been limited[267]. Additionally, melanoma of unknown primary (MUP) remains 
biologically ill-defined, as compared to the classical melanoma of known primary (MKP). Recent research 
has revealed that patients with MUP sites seem to present better outcomes compared to those with stage-
matched MKP, probably due to higher immunogenicity as reflected in the immunologically mediated 
primary site regression. MUP patients on immunotherapy probably display better outcomes compared to 
the MKP subset[268]. Researchers investigated the possible reasons for this resistance and found that it is 
driven by immune cells called macrophages. They showed that macrophages in prostate tumors can 
produce a protein called IL-23, which can activate a signaling pathway called STAT3 in tumor cells. STAT3 
can then induce the efficacy of genes that increase tumor survival and inhibit checkpoint inhibitors. In 
preclinical models of prostate cancer, the researchers also demonstrated that inhibiting IL-23 or STAT3 
could improve the effectiveness of checkpoint blockade[267].

The influence of co-morbidity on the response of immunotherapy in prostate cancer is one of the causes of 
immunotherapy failure. In a study conducted in 2020, researchers found that 11% of the patients included 
had a history of diabetes. Further investigations into a national sample revealed that 13% of prostate cancer 
patients had this condition. Additionally, hypertension was mentioned by 56% of patients who underwent 
radical prostatectomy for prostate cancer. Within this sample, 18 out of 42 patients were diagnosed with 
hypertension. Nonetheless, a national sample of prostate cancer patients showed that 30.5% of them had at 
least one co-morbidity[268,269]. Contrary to other studies, such as the one by Edwards et al., which predicted 
co-morbidity conditions included in the Charlson Co-Morbidity Index, excluding hypertension, our higher 
overall rates of co-morbidity may be due to the inclusion of hypertension[270,271]. Considering earlier research 
showing that men undergoing radical prostatectomy have a higher chance of biochemical recurrence post-
treatment, the absence of hypertension in studies analyzing the prognosis of prostate cancer may be a 
noteworthy oversight[272,273].

CURRENT STATUS OF GENE THERAPY IN PROSTATE CANCER
After the discovery of the DNA helical structure, there was a global technological explosion, leading to the
development of numerous cutting-edge technologies that are currently being implemented in therapeutic
settings. Several molecular approaches that aid in editing DNA codes and post-transcriptional mRNA
modification have come over the past few decades. Delivering certain genetic material to alter a gene
product's encoding or a tissue's biological characteristics in order to treat a variety of illnesses is known as
gene therapy[274]. The drawbacks of using peptides in recombinant therapeutics, including limited
bioavailability, instability, extreme toxicity, clearance rates, and expensive production costs, are addressed
via gene therapy[275]. Gene treatments work through a variety of techniques, such as administration of newly
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identified genes to cure a disease, knocking down or deactivating problematic genes, and replacing 
malfunctioning genes with therapeutic ones[276]. In order to transport foreign genetic material into the host 
organ, gene therapy employs RNA and DNA by using different transferring vehicles/vectors. In in vivo gene 
therapy, genetic material is delivered directly into target organs, while ex vivo gene therapy involves 
modifying host cells outside the body before reintroducing them. The goals of gene therapy are to restrict 
the activity of the affected gene, enhance the presence of modifier disease genes, or supply a functioning 
gene copy of the destroyed gene[277,278] [Figure 5].

Gene editing techniques
Gene editing is a technology that makes it possible to change an organism's or cell's DNA sequence. Gene 
editing can be used to improve features, develop medicines, create animal models, and rectify genetic flaws, 
among other things. Nucleases, which are enzymes that can cut DNA at certain places, are essential to the 
process of gene editing. Based on their structural differences, there are currently four types of nucleases that 
edit genes in prostate cancer: base editors, zinc-finger nucleases (ZFN), transcription activator-like effector 
nucleases (TALENs), and CRISPR-associated nucleases (CRISPR /Cas-9) [Figure 5].

Base editors
Base editors are a subset of nucleases used in gene editing that can transform one base into another without 
inducing double-strand breaks (DSBs) in the DNA. Base editors consist of an adenine-to-inosine or 
cytosine-to-uracil deaminase enzyme coupled with a Cas9 variant. The Cas9 variant can only bind to or 
nick DNA depending on whether it is catalytically inactive (dCas9) or nickase (nCas9). The guide RNA 
binding site is surrounded by a small window where the deaminase enzyme can work on the target base. 
The cellular DNA repair machinery then corrects the resultant base alterations. Base editors are useful for 
introducing precise base alterations or correcting point mutations in genes linked to prostate cancer, such as 
androgen receptors (AR)[279,280].

ZINC finger nucleases
Zinc finger nucleases (ZFNs) are synthetic nucleases made up of a pair of domains: a FokI nuclease domain 
that breaks the DNA and a zinc finger domain that detects and binds to a particular DNA sequence. By 
manipulating the zinc finger domain, which has three to six zinc finger repeats that individually recognize 
three to eighteen base pairs, ZFNs can be engineered to target desired DNA sequence effectively[269,281]. 
Double-strand breaks (DSBs) in DNA can be caused by ZFNs and corrected by non-homologous end 
joining (NHEJ) or homology-directed repair (HDR), which involve either insertion and disruption of gene. 
Plasmid-based techniques circumvent the drawbacks of viral administration, including immunogenicity, 
toxicity, and insertional mutagenesis, and can transfer ZFNs to the intended cells. Certain disadvantages of 
ZFNs include the potential for off-target breaks, which can result in the destruction of cells, and the random 
integration of DNA donors. Additionally, when ZFNs fail to precisely target or focus on a specific spot, the 
likelihood of off-target break increases. ZFNs have been employed in the modification of prostate cancer-
related genes such as AR, PTEN, and TMPRSS2-ERG[282,283].

CRISPR-associated nucleases (CRISPR/Cas9)
Bacteria possess an adaptive immune system called CRISPR, which is heritable. This system helps the 
bacteria guard against re-infection by remembering past viral infections. In contrast to the immune system 
of human beings, CRISPR is inherited by the subsequent types or growth stages of bacteria, protecting the 
colony from further viral infections. The functionality of the CRISPR-linked immune system requires the 
binding of invader DNA (virus, plasmid) with the bacterial genome[284]. CRISPR/Cas9 comprises Cas9 
endonuclease and short noncoding guide RNA (gRNA) consisting of two parts:  helper trans-activating 
RNA (tracrRNA) and CRISPR RNA (crRNA) that targets specific sequences. Through base pairing between 
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Figure 5. Schematic overview of gene therapy in Prostate cancer. Based on their structural differences, there are currently four types of 
nucleases that edit genes in prostate cancer: base editors, zinc-finger nucleases (ZFN), transcription activator-like effector nucleases 
(TALENs), and CRISPR-associated nucleases (CRISPR/Cas-9). Viral vectors including adenovirus (Ad), adeno-associated virus (AAV), 
herpes simplex virus (HSV), and retroviruses (γ-retroviruses, lentiviruses) play a significant role in the transport of genetic materials. 
Genetic materials are introduced through cell membranes via physical methods such as direct injection and chemical methods such as 
lipoplex, polyplex, and magnetic nanoparticles. Gene therapies can be classified according to the type of transporter used, which can be 
viral and non-viral vectors. These therapies include suicide gene therapy, cytokine gene therapy, tumor suppressor gene therapy, 
immunomodulatory gene therapy, gene apoptosis therapy, and corrective gene thera.

the target sequence and the crRNA sequence, the gRNA (guide RNA) unit directs Cas9 to a particular 
genomic location[285]. CRISPR/Cas9 technology has been employed to edit genes linked to prostate cancer, 
including AR, PTEN, TMPRSS2-ERG, BRCA2, and CDK12[280].

Transcription activator-like effector nucleases
Transcription activator-like effector nucleases (TALENs) are synthetic nucleases created by fusing the Fok I 
endonuclease with a DNA binding domain, resulting in a non-specific nuclease domain that facilitates 
targeted cleavage by TALE effectors. The DNA-binding domain consists of a repetitive unit of 33-35 
conserved peptides domain with the exception of locations 12 and 13 that are variable and strongly 
correlated with particular nucleotide recognition. The DNA cleavage domain of FokI endonuclease is non-
specific. To function as a dimer, the FokI domain requires two constructs with distinct DNA binding 
domains for sites in the target genome. Improved activity depends on the quantity of peptides between the 
FokI cleavage domain and the TALE DNA-binding domain. TALENs are employed to induce  DSBs in 
order to initiate DNA repair processes and thus facilitate genome modification[281,286,287]. Prostate cancer 
genes such as AR, PTEN, and PDL1 have been edited using TALENs[280].

Gene delivery methods
A vector serves as the vehicle used to transfer the desired gene. Gene products can be delivered using viral 
vectors, nonviral vectors, as well as chemical and physical vectors [Figure 5]. The selection of appropriate 
vectors is an important initial step towards achieving success in gene therapy.
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Viral vectors for gene delivery
The first popular vectors for gene delivery to specific tissues were viruses. Viral surface proteins interact 
with host receptors to trigger endocytosis. Upon entry, viruses discharge their genome into the nucleus to 
facilitate gene expression. The most significant viral vectors include adenovirus (Ad), adeno-associated 
virus (AAV), herpes simplex virus (HSV), and retroviruses (γ-retroviruses, lentiviruses)[288-290].

Nonviral vectors
Biocompatible materials such as lipid molecules, naked DNA, chromosomes, plasmids, and conjugate 
complexes, along with positively charged molecules, are less likely to induce immune responses in the body 
compared to nonviral vectors or delivery methods for gene therapy[284]. Genetic materials are introduced 
through cell membranes via a physical process known as nonviral gene delivery. Neon injection, ballistic 
DNA injection, sonoporation, photoporation, magnetofection, and hydroporation are examples of physical 
gene delivery techniques. The direct infusion of genomic content using a needle is referred to as needle 
injection. Magnetofection is the process of concentrating DNA or RNA into target cells with the assistance 
of magnetic molecules[291]. Magnetic nanoparticles are nanosized particles that are susceptible to external 
magnetic fields and possess magnetic characteristics. By attaching magnetic nanoparticles to gene carriers 
(plasmids, siRNA, CRISPR/Cas9, or miRNA) and using a magnetic field to guide them to the tumor site, 
therapeutic genes can be delivered into the target cells. Because magnetic nanoparticles can pass through 
some of the obstacles in the TME - such as the extracellular matrix, blood flow, and interstitial pressure - 
they can enhance the efficiency and specificity of gene transport[292].

Gene therapy for prostate cancer treatment
Cancer arises when the regular processes of cell growth and programmed cell death, known as apoptosis, 
are disturbed. Advancements in cancer therapy require innovative drugs with unique mechanisms of action, 
multiple methods of inducing cell death, and compatibility with existing treatments. These criteria are also 
applicable to gene-based treatments, representing a promising avenue for advancing cancer therapy[269].

Gene therapy studies using viral vectors
Several gene therapy strategies employing viral vectors, such as suicide gene therapy involving the addition 
of genes that alter enzymes and chemical molecules to generate harmful compounds, cytokine gene therapy, 
and tumor suppressor gene therapy, are being developed or under investigation for the management of 
prostate cancer[269] [Figure 5] (as following explained in 9th section).

Gene therapy studies using nonviral vectors
Prostate cancer treatment employs diverse gene therapy methods, including gene apoptosis therapy that 
substitutes the altered gene with one that regulates the death of cancer cells. Corrective gene therapy utilizes 
tumor suppressor genes to regain regular cell developmental growth, while immunomodulatory gene 
therapy activates the immune system with specific genes. Additionally, suicide gene therapy introduces 
genes that cause alterations in chemical compounds or enzymes, forming toxic substances. These strategies 
represent the varied approaches used in prostate cancer gene therapy[293] [Figure 5]. In addition, by 
employing targeting ligands that can identify certain receptors in the target tissue, the targeting capacity of 
nonviral vectors can be increased[293], as explained in the following 9th section.

POSSIBILITY OF SUCCESS OF GENE THERAPY IN PROSTATE CANCER
Numerous variables, including the virus type, delivery method, dosage, target tissue, immune response, and 
possible side effects, affect the safety and effectiveness of viral vectors. Regarding transfection efficiency, 
stability, specificity, immunogenicity, toxicity, and insertional mutagenesis, various viral vectors have 
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different benefits and drawbacks. For instance, adenoviruses have the ability to transfer large genes and 
infect both dividing and non-dividing cells. However, they can cause powerful immune reactions and 
temporary expression. Conversely, retroviruses carry the risk of oncogenesis and insertional mutagenesis 
even though they can integrate into the host genome and produce stable, long-term expression. To 
guarantee the safety and effectiveness of each gene therapy strategy, it is essential to select the best viral 
vector[294]. The creation and design of the viral vectors, guide RNAs, or gene carriers determines the 
specificity and delivery of the therapeutic genes. The objective is to precisely and specifically alter or express 
a gene in tumor cells while preventing side effects or harm to healthy cells. By modifying their DNA-
binding domains or guide RNAs, clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9), zinc finger nucleases (ZFNs), and transcription activator-like effector 
nucleases (TALENs), for instance, can be made to target any desired DNA sequence[269,294]. They must, 
however, also be thoroughly examined for specificity and precision because they might result in off-target 
breaks or mutations that compromise the integrity or functionality of the genome. Similar modifications or 
optimizations are required for viral vectors or gene carriers in order to increase their particularity and 
efficacy of delivery to tumor location and to get past some of the obstacles present in the tumor 
microenvironment (such as extracellular-matrix, interstitial pressure, and blood flow)[295]. Interplay between 
the host immune system and the viral vectors or therapeutic genes determines the immunological response 
and resistance of tumor cells. Certain gene therapy techniques, such as CAR T cell (chimeric antigen 
receptor T cell) treatment and cytokine gene therapy, seek to activate the immune system to identify and 
combat tumor cells. These methods can exert strong antitumor effects, but they must also avoid triggering 
excessive autoimmune reactions or inflammation that could harm healthy tissues[288]. However, alternative 
gene therapy strategies - such as tumor suppressor or suicide gene therapy - strike against the immune 
system in an effort to prevent the viral vectors or therapeutic genes from being cleared out or rejected. High 
transfection efficiency and robust therapeutic gene expression can be attained with these methods, but 
immunosuppression or tolerance that could impair antitumor immunity must be avoided. Furthermore, 
tumor cells may acquire resistance mechanisms, such as mutation, epigenetic change, signaling crosstalk, or 
microenvironmental  adaptability,  to evade immune  attack or  gene therapy-induced cell death.  The 
molecular and genetic features of each patient's tumor, in addition to their clinical stage and condition, 
determine the suitable candidates for each treatment type and the optimal approach to combining them. 
Because prostate cancer is a diverse illness with several subtypes and clones with unique genetic and 
molecular characteristics, gene therapy response and resistance can vary. Thus, biomarker-based 
customized medicine is required to determine which individuals are most suited for each kind of gene 
therapy strategy. Patients with DNA repair abnormalities may benefit from CRISPR/Cas9 gene therapy; 
those with high levels of HER2 expression may benefit from trastuzumab gene therapy; and those with high 
PD-L1 show benefit from CAR T cell therapy[293,296]. The effectiveness of gene therapy must also be enhanced 
to overcome resistance, which calls for combination therapy based on synergistic effects. For instance, gene 
therapy in combination with immunotherapy, chemotherapy, radiation therapy, or hormone therapy may 
produce superior results compared to gene therapy used alone[295,297].

POTENTIAL VIRAL AND NONVIRAL GENE THERAPIES IN PROSTATE CANCER
The type of genetic material supplied, the amount of genetic material administered, and the administration 
method all influence the choice of vector for gene transport. Viruses as carriers offer effective transfection, 
long-lasting gene expression, and protection against gene deterioration; however, they can also be highly 
poisonous, immunogenic, have poor targeting capacity, and are very expensive. Nonviral vectors, 
conversely, do not elicit unfavorable immune responses and are comparatively less toxic, easy to 
manufacture, and capable of transmitting huge amounts of genetic material. Nonetheless, they come with 
their own set of limitations, such as high susceptibility to intracellular and extracellular barriers, reduced 
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transfection capacity, and significantly lower levels of transgenic expression. Overall, every type of vector, 
viral and nonviral, has specific benefits and drawbacks. Nevertheless, they can be modified chemically and 
physically by attaching targeting compounds, additional proteins, and peptides in the form of promoters to 
enhance gene transport[298-301].

Potent viral gene therapies in prostate cancer
In gene therapy, viral vectors are utilized to deliver genetic materials. Gene therapy approaches that have 
been developed [Figure 5] and are under investigation for prostate cancer include:

Suicide gene therapy
In this method, a gene encoding an enzyme that can change a prodrug from harmless to toxic is delivered 
by a viral vector. When the prodrug is given systemically, it kills tumor cells that produce the enzyme 
specifically, leaving healthy cells unharmed. Thymidine kinase (HSV-tk), for instance, is an enzyme that 
may phosphorylate ganciclovir, a nucleoside analog that stops DNA synthesis and causes apoptosis in 
herpes simplex virus infection. Patients with prostate cancer localized to a particular locality, who 
participated in a clinical experiment wherein HSV-tk was delivered into the prostate gland via an 
adenovirus vector, experienced a noteworthy decrease in both tumor volume and PSA levels[269,302].

Tumor suppressor gene therapy
This method delivers a gene that encodes a tumor suppressor protein, a protein that can control apoptosis, 
the cell cycle, or DNA repair, using a viral vector. When endogenous tumor suppressor genes are deleted or 
altered in tumor cells, the tumor suppressor protein can either induce cell death or restore normal cell 
function. A tumor suppressor protein called REIC/Dkk-3 has the ability to block Wnt signaling and trigger 
endoplasmic reticulum stress-mediated apoptosis. In a clinical experiment, patients suffering from 
castration-resistant prostate cancer experienced notable reductions in tumor volume and PSA levels 
following the delivery of REIC/Dkk-3 to their prostate glands using an adenovirus vector[303].

Cytokine gene therapy
This method delivers a gene that codes for a cytokine, a protein that can influence the immune system and 
have antitumor properties, via a viral vector. The cytokine can suppress tumor development and 
angiogenesis, improve antigen presentation, and activate immune cells both locally and systemically. In a rat 
model of prostate cancer, employing an adenovirus vector to deliver the cytokine interleukin-12 to TAMs 
could cause their reprogramming from an M2-like to an M1-like phenotype and prevent tumor growth and 
metastasis[304].

Viral vector-gene therapy offers the potential for straightforward tumor destruction without the 
requirement for long-lasting transgene expression, serving as a targeted approach for various types of 
prostate cancer. Apart from intratumoral delivery, experiments have been conducted on tumor targeting 
using vectors particularly engineered for that purpose, which involves using tumor-specific promoters and 
utilizing oncolytic viruses[288].

Corrective gene therapy
One kind of gene treatment called "corrective gene therapy" tries to fix the genetic flaws or mutations that 
either cause or aggravate prostate cancer. It operates under the premise that cancer cells can be stopped 
from proliferating and spreading by injecting a functional or normal copy of a gene into them[294]. Viral or 
nonviral transport vehicles are used to transfer the genes to the target cells in corrective gene therapy.
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Using adenovirus vectors to transmit the p53 gene - a tumor suppressor gene frequently altered or
destroyed in prostate cancer - is one instance of corrective gene therapy for the disease[294,303].

Senescence, apoptosis, or cell cycle arrest can all be brought on by the p53 gene in reaction to stress signals
or DNA damage. Corrective gene therapy can cause prostate cancer cells to self-destruct and stop growing
by restoring the expression of p53 in such cells.

The delivery of the PTEN gene, another tumor suppressor gene frequently lost or deactivated in prostate
cancer, using adeno-associated virus (AAV) vectors is another example of corrective gene therapy for the
disease. Through antagonistic action on the PI3K/AKT signaling pathway, frequently hyperactivated in
prostate cancer, the PTEN gene can control cell proliferation, survival, and invasion. Corrective gene
therapy can lessen the multiplication and invasiveness of prostate cancer cells by restoring the response of
PTEN in those cells[294,305].

Prostate cancer corrective gene therapy is currently in the experimental stage and has not yet received
clinical approval. There are ongoing or completed clinical trials calculating the effectiveness and safety of
this methodology. For instance, in a trial of gene-directed enzyme prodrug therapy (GDEPT) for early
prostate cancer, a gene that can activate the innocuous medication CB1954 into a potent anti-cancer drug
was delivered by a specially treated virus. Additionally, for locally advanced prostate cancer, the conjunction
of adenovirus-mediated p53 gene therapy with radiation therapy was investigated in different trials[305].
Although these trials have yielded some encouraging findings, further investigation is required to address
the obstacles and restrictions associated with corrective gene therapy, including limited transfection
efficiency, immunological response, specificity, and toxicity[294,305].

Potent nonviral gene therapies in prostate cancer
Since multiple genes in malignant cells are impacted by different genetic abnormalities, cancer is thought to
be a genetic condition. Tumor suppressor genes such as TP53 and NM23, and oncogenes such as RAS, 
c-MYC, BCL2, and c-MET are the most commonly affected. Tumor suppressor genes play a crucial role 
in regulating normal cell death and the elimination of cellular waste products. Deactivation of these 
genes, through mutation or absence, can promote cell malignancy. Oncogenes, on the other hand, are 
responsible for maintaining steady cell proliferation and their activation can promote cancer cell 
growth[293]. Although genome editing medicines have traditionally been delivered using viral vectors in 
lab settings and clinical trials, their translation has been severely hampered by the possible immunogenic 
risks associated with viral carriers. However, nonviral administration methods have emerged as a 
promising alternative. Nonviral delivery systems, intentionally synthesized and with fewer safety 
concerns, offer a viable option. Although they have somewhat lower delivery efficiency compared to 
viral delivery systems, they present a safer alternative with reduced immunogenic risks.

Numerous genes are implicated in genetic alterations in prostate cancer. For example, it was discovered that
approximately fifty and thirty-five percent of advanced-stage prostate cancer cases exhibit mutations in the
tumor suppressor gene TP53 and retinoblastoma, respectively[293].

Mutations in genes cause uncontrollable cell development. TP53 primarily plays a role in maintaining the
cell life cycle and repairing DNA damage. Additionally, it has been discovered that certain cases of prostate
cancer had disruptions in the GSTP1 gene. GSTP1's primary physiological function is carcinogen
detoxification, and its deactivation promotes carcinogenesis[293]. According to applications, potent nonviral
gene therapies include:
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Direct tumor injection
Direct tumor injection aims to eradicate prostate cancer cells by delivering genetic material directly into 
tumors. In a phase-I trial, the efficacy of an IL-2 plasmid with a cytomegalovirus (CMV) promoter bound to 
lipid-bilayer carrier molecules was evaluated in individuals with high-risk prostate cancer[306].

Qualified patients either experienced cancer recurrence after upfront radiation therapy or cryotherapy, or 
had advanced localized disease (confirmed by Gleason score 7 or higher and PSA greater than 10 ng mL-1). 
On days 1 and 7 of the research, transrectal intra-prostatic gene delivery was performed by injecting the 
lipid bilayer molecules complexed with DNA into hypoechoic lesions identified by transrectal 
ultrasonography (TRUS) in all males with biopsy-proven lesions. Of the twenty-four patients receiving 
treatment, ten had recurrent illnesses and fourteen had localized illnesses. The therapy was well tolerated, 
with 16 patients experiencing a brief drop in PSA levels on the first day after treatment. Furthermore, there 
was evidence of enhanced peripheral blood lymphocyte proliferation and local T cell infiltration post-
injection. The expression of IL-2 DNA and mRNA persisted up to seven days after injection, likely due to 
the transient effect of plasmid transporter vehicles in situ. This indicates that the plasmid system had a 
temporary impact[306,307].  These data are promising, as some studies suggest that this therapy is a more 
favorable therapy for the treatment of early-stage prostate cancer.

Gene apoptosis therapy
Prostate cancer stands as a leading cause of mortality among men worldwide. Current treatment options 
such as radiation, hormone therapy, and prostatectomy often come with unfavorable side effects and 
varying levels of effectiveness across different stages of the disease. In this context, gene therapy emerges as 
a promising and experimental approach for treating prostate cancer. One notable strategy within gene 
therapy involves inducing cellular apoptosis in cancer cells[293,308,309]. A significant challenge posed by genetic 
alterations in cancer cells is commonly the suppression of apoptosis, contributing to cancer progression[309]. 
However, the lack of delivery technologies that can selectively deliver therapeutic genes to tumors without 
causing significant adverse effects following intravenous treatment currently limits its application[293]. To 
address this limitation, numerous nonviral delivery strategies have been developed. These strategies aim to 
deliver DNA-based medicinal medicines precisely to the intended sites of action[293].

Immunomodulatory gene therapy
Immunomodulatory gene therapy is a type of gene treatment aimed at enhancing the immune system’s 
ability to detect and destroy prostate cancer cells. The premise underlying this approach is the activation of 
the antitumor response of the immune system and the subversion of the immunosuppressive mechanisms 
of cancer cells by introducing genes into the TME that stimulate the production of immune mediators such 
as cytokines, chemokines, or costimulatory molecules[310]. Both viral and nonviral vehicles are used as 
carriers to deliver therapeutic genes to target cancer cells in immunomodulatory gene therapy[294,310].

An example of immunomodulatory gene therapy for prostate cancer involves the use of plasmid DNA 
vectors to transport the interleukin-12 (IL-12) gene. IL-12 induces the production of a potent pro-
inflammatory cytokine, activating the innate and adaptive immune systems to combat tumor growth.

The balance between pro- and antitumor cytokines can also be influenced by IL-12 production in the TME, 
which promotes the infiltration and activation of NK (natural killer) cells, macrophages, dendritic cells, and 
T cells[294,311]. For prostate cancer, a phase I trial combining this treatment with radiation therapy has 
demonstrated its viability, tolerability, and early signs of antitumor activity[311].
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Despite promising results, immunomodulatory gene therapy for prostate cancer has not yet received clinical 
approval. Various clinical trials are underway evaluate the effectiveness and safety in combination with 
other treatments such as radiation, chemotherapy, hormone therapy, and immunotherapy. These trials seek 
to optimize delivery strategies, dosing regimens, gene combinations, and treatment sequences, as well as to 
identify potential biomarkers of resistance and response[294,311].

RECENT PROGRESS IN GENE THERAPY FOR PROSTATE CANCER
Recent developments in gene therapy have shown promising results in the fight against prostate cancer, 
particularly through the authorization of rucaparib and Olaparib. These drugs, known as PARP (poly ADP-
ribose polymerase) inhibitors, are effective in subjects with mutations in DNA damage repair genes, offering 
new hope for individuals with metastatic Castration-Resistant Prostate Cancer (mCRPC). By blocking the 
enzyme responsible for DNA repair in cancer cells, PARP inhibitors induce cell death. Specifically, olaparib 
has been found to delay disease progression, alleviate pain, and potentially extend the lives of patients with 
mutations in the BRCA1, BRCA2, and ATM genes, as evidenced by a large, multinational phase 3 trial[312]. 
Furthermore, rucaparib has shown comparable benefits for subjects with mCRPC harboring mutations in 
genes such as BRCA1, BRCA2, or PALB2[313].

Beyond these therapies, pembrolizumab, an immunotherapy medication that stimulates T cells to combat 
cancer cells, and 177-lutetium-PSMA-617, a radiotherapeutic agent that targets PSMA-positive prostate 
cancer cells, are currently undergoing clinical trials. These trials aim to explore the potential of nonviral 
gene transfer methods for treating prostate cancer cells in patients with mCRPC who have responded to 
traditional therapy[295]. Nonviral transfer vehicles, while presenting certain drawbacks, such as low 
transfection efficiency, poor specificity, and limited duration of gene expression, are generally considered 
less immunogenic, less toxic, and more adaptable than viral vectors. Recent advancements in this area 
include the use of lipid nanoparticles (LNPs) for delivering mRNA encoding various proteins, polymeric 
micelles for CRISPR/Cas9-mediated gene editing, and bisphosphonate nanocomplexes for siRNA targeting 
different genes[284,305-307].

One notable advancement involves the use of RALA peptide as a nonviral vector to deliver plasmids 
expressing inducible nitric oxide synthase (iNOS), a powerful antitumor agent that promotes cancer cell 
apoptosis and inhibits angiogenesis in prostate cancer cells. A study has demonstrated that RALA/iNOS 
composite nanoparticles are both safer and more effective in combating tumors compared to RALA alone 
or free iNOS plasmids[314].

DISCUSSION
Over the past few decades, tremendous progress has been made in prostate cancer treatment. However, 
navigating the complexities of employing immune therapy in prostate cancer presents both challenges and 
potential breakthroughs. Despite the initial attractiveness of targeting the disease due to its slow 
progression, clinical trials, especially in metastatic castration-resistant prostate cancer (mCRPC), face 
hurdles in achieving optimal efficacy. These challenges stem from compromised immune systems in 
patients, characterized by deficiencies in cellular immunity and reduced natural killer cell activity. 
Additionally, the intricate microenvironment of prostate tumors further complicates immune cell function. 
Nevertheless, emerging evidence and advancements in CAR-T therapy offer hope for tackling challenging 
cases. A comprehensive understanding of cytokines, chemokines, and immune cell dynamics is imperative 
for developing effective immunotherapies[315,316]. Despite acknowledged limitations, cautious optimism 
prevails regarding the future of immunotherapy in advanced prostate cancer.
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Prostate cancer treatment encounters substantial hurdles due to its complex interactions with the immune 
system. The tumor microenvironment fosters myeloid-derived suppressor cells (MDSCs), T regulatory cells 
(Tregs), and tumor-associated macrophages (TAMs), hindering effector T cell functions. Grasping these 
evasion mechanisms is crucial. The TASQ trial's focus on targeting MDSCs exhibits potential in cancer 
immunotherapy. Tumors strategically create an immune-tolerant microenvironment, impeding immune-
based therapies, countered by approaches like combining vaccines with agents such as imatinib and 
sunitinib. The diverse roles of T-regulatory cells (Tregs) and Th17 cells suggest promising avenues for 
enhancing treatment effectiveness. Striking a balance in these dynamics could drive progress in prostate 
cancer immunotherapy, necessitating further research and clinical validation.

Additionally, the complexities of treating prostate cancer have led to the exploration of diverse 
immunotherapy targets. Key proteins such as PSA, widely used as a serum marker, show promise by 
triggering the activation of tumor-reactive CD8+ cytotoxic T cells. PSMA, highly expressed in prostate 
tumors, attains significance as both a marker and a therapeutic target, securing FDA approval for advanced 
metastatic prostate cancer. PAP, plentiful in prostate tissue, displays potential in immunotherapy, 
particularly evident in sipuleucel-T trials. Other targets such as PSCA, dMMR, and prostein have 
demonstrated positive outcomes in both preclinical and clinical settings. A comprehensive approach 
involving Trp-p8, STEAP1, and NY-ESO-1 highlights the evolving landscape of prostate cancer 
immunotherapy, emphasizing the ongoing importance of research and clinical validation. Overexpressed 
proteins in prostate cancer, including PTHrP, hTERT, survivin, and members of the EGFR family, present 
viable targets for immunotherapy[317]. Promising interventions, such as monoclonal antibodies, dendritic cell 
vaccines, and inhibitors, demonstrate potential in preclinical models. EphA2 and SSX are under 
investigation for active immunotherapy, while EpCAM and RIPK2 remain potential targets with 
acknowledged challenges. Continued research is essential to optimize approaches and improve patient 
outcomes in prostate cancer treatment.

In-depth studies on immune dynamics in advanced prostate cancer reveal its dual role, acting as both a 
defense against intruders and inadvertently supporting tumor growth. The classification of cancers into hot 
or cold tumors depends on immune infiltration. Prostate cancer, identified as a cold tumor due to its low 
immune density, encounters obstacles such as MDSCs and TME suppression. The significant impact of 
bones on tumor development and immunotherapy underscores the necessity for precision in treatment 
strategies. Effectively addressing immune-suppressive challenges, notably the prevalence of MDSCs, is 
imperative for enhancing treatment outcomes.

Revolutionary immune checkpoint inhibitors (ICIs) fortify the immune system by obstructing proteins on 
immune or cancer cells, facilitating the identification and eradication of cancer cells. Prostate cancer 
presents unique challenges due to factors such as low mutation rates, restricted PD-L1 expression, and 
intensified immunosuppression, which can complicate the efficacy of ICIs. Although specific prostate 
cancer subtypes show promise, uncertainties persist, underscoring the need for ongoing research to refine 
treatment approaches. The FDA approval of Sipuleucel-T for metastatic castrate-resistant prostate cancer 
signifies progress, emphasizing further exploration into biomarkers, efficacy, and toxicity to improve patient 
outcomes.

Advanced prostate cancer poses substantial challenges to immunotherapy. The obstacles include sparse 
neoantigens hindering immune response, low antigen levels complicating recognition, and an 
immunosuppressive microenvironment. Tumor heterogeneity, DNA repair issues, and dependence on the 
androgen receptor further complicate existing immunotherapies. Resistance to checkpoint inhibitors, 
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Table 2. Targeting prostate cancer using viral vector-based gene therapy involves the utilization of various viral vectors such as 
measles virus (MV), mumps virus, alphavirus, Venezuelan equine encephalitis virus (VEEV), and Vaccinia virus (VV GLV-1h123), as 
well as the viral replicon vector system (alphavirus, Venezuelan equine encephalitis virus). These vectors facilitate the delivery of 
therapeutic molecules carrying different target genes into subjects (prostate cancer patients, mice)

Vector Subject/model 
organism

Therapeutic 
molecules Target gene Inference

Measles virus 
(MV)

Mice                           Measles virus strains 
deriving from
the Edmonston (MV-
Edm) vaccine strain

Carcinoembryonic 
antigen (CEA)

Intraperitoneal injection of MV-CEA particles
inhibited tumor formation and prolonged the lifespan
of mice with prostate tumor PC-3, a condition
associated with prostate cancer[318]

Measles virus 
(MV)

Mice                            Single-chain
antibody (sc-Fv)

Prostate-specific 
membrane antigen 
(PSMA)

In a distinct study, mice bearing PC3-PSMA and
LNCaP prostate cancers were administered a measles
virus (MV vector) containing a specific sc-Fv focusing
on the outer domain of the prostate-specific
membrane antigen[319]

MV, mumps virus 
(MuV) 

Mice Single-chain antibody
(sc-Fv)

Prostate-specific 
membrane antigen 
(PSMA)

Radiation therapy improved the targeted disease and 
breaking of PSMA-positive prostate cancer cells that 
MV-sc-Fv-PSMA delivered. When oncolytic MV and 
MuV vehicles were administered together, PC-3 in 
mice prostate cancers exhibited increased anticancer 
activity and longer survival times compared to when 
MV or MuV vectors were administered separately[320]

Alphavirus BALB/c C57BL/6 
mice

Venezuelan equine 
encephalitis (VEE) 
particle

Prostate-specific 
membrane antigen 
(PSMA)

Another method involved the PSMA in BALB/c and 
C57BL/6 mice cells using VEE, which resulted in 
robust immune activity specific to PSMA[169]. Strong, 
Th1-biased T and B cell responses were induced by a 
single vaccine 

Venezuelan equine 
encephalitis virus 
(VEEV)

Mice Venezuelan equine 
encephalitis (VEE) 
particle

Mouse-six-Trans-
membrane Epithelial
Antigen of the Prostate
(mSTEAP).

Following an initial immunization using conventional
pcDNA-3-mSTEAP plasmids coated with gold, mice
were given increment immunization using VEE
particles that showed mouse mSTEAP. This approach
triggered specific immune responses against mSTEAP,
resulting in a slight yet noteworthy slowdown in tumor
growth and extending the overall survival of the
mice[124]

Venezuelan equine 
encephalitis virus 
(VEEV)

Transgenic mice Venezuelan equine 
encephalitis (VEE) 
particle

Prostate stem cell 
antigen (PSCA)

90% of transgenic mice with prostate cancer
(TRAMP) exhibited long-term survival after receiving
VEE molecules with PSCA[321]

Vaccinia virus 
(VV GLV-1h123)

Mice NIS (Sodium iodide 
symporter) protein

Gene: sodium iodide
symporter (NIS)

In male mice models of prostate cancer, delivery of 
VV GLV-1h123 vehicle, which expresses the sodium 
iodide symporter (NIS) gene, resulted in a significant 
reduction in tumor growth and an extension of 
lifespan[322]

Viral replicon
vector system
(alphavirus,
Venezuelan equine
encephalitis virus)

Subjects bearing 
CRPC 

Venezuelan equine 
encephalitis (VEE) 
particle

PSMA  Phase I trial using VEE-PSMA particles was followed
in subjects with CRPC for clinical evaluation[323]

involving macrophage-driven IL-23 and STAT3 activation, underscores the demand for precision 
approaches. Continuous research strives to optimize immunotherapy outcomes in prostate cancer.

Moreover, gene editing techniques utilizing nucleases such as base editors, ZFNs, CRISPR/Cas9, and 
TALENs enable precise modifications to genes associated with prostate cancer. Enhanced therapeutic 
efficacy is achieved through diverse gene delivery methods, encompassing both viral and nonviral vectors 
[Table 2]. Innovative strategies such as suicide gene therapy and immunomodulation contribute to the 
dynamic evolution of prostate cancer treatment, offering considerable potential for advanced therapeutic 
outcomes.
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CONCLUSION
Despite strides in immunotherapy and gene therapy, overcoming the immunosuppressive traits of tumors 
and ensuring consistent treatment responses remains challenging. The necessity for tailored and integrated 
approaches is underscored, offering hope for future strategies aimed at improving therapeutic outcomes for 
prostate cancer patients. Comprehending the array of overexpressed and predominantly expressed proteins 
in prostate cancer provides potential avenues for immunotherapeutic interventions. Each protein presents 
distinct challenges and prospects, underscoring the imperative for ongoing research to refine treatment 
modalities and enhance patient outcomes. The integration of precise gene editing techniques with efficient 
gene delivery methods holds great promise for advancing prostate cancer treatment. Targeted strategies and 
continuous research are essential to tackle challenges and optimize outcomes in the evolving landscape of 
prostate cancer gene therapy. Examining combination therapy strategies, particularly the integration of 
immunotherapy with chemotherapy, radiation, or hormone therapy, holds potential for identifying 
synergistic effects. Such investigations may open new avenues to enhance treatment efficacy in prostate 
cancer. The exploration of potential new targets, creative delivery approaches, and innovative therapy 
combinations is paramount. By highlighting these future prospects, it will guide research efforts and spark 
fresh ideas in the field.
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