
Background
Prostate cancer (PC) is still the world’s second-most 
widespread malignant tumor and the fifth leading cause 
of cancer-related death in men (1). The prostate is an 
accessory gland in the male reproductive system that 

surrounds the urethra and is located directly beneath the 
bladder. Cancerous cells have the ability to spread to other 
parts of the body, including bones and lymph nodes. It is 
difficult to detect prostate cancer at an early stage, because 
it may not produce any noticeable symptoms at an earlier 
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Abstract
Metastatic prostate cancer (PC) immunotherapy targets tumor-specific antigens, also known 
as tumor-associated antigens (TAAs), commonly present in cancer cells. Advancements in 
PC immunotherapy research studies have shown distinctive and innovative prospective 
immunotherapy interventions for metastatic PC. Sipuleucel-T, the first immunotherapeutic 
treatment to treat cases of metastatic castration-resistant PC (mCRPC), is one of these notable, 
unique, and innovative immunotherapies. This review examines the types of immunotherapies 
for metastatic PC, along with immunotherapy and combination treatments with immunotherapy, 
with a particular emphasis on immunotherapy in clinical trials. The goal of immunotherapeutic 
treatments is to restore the host immune system’s ability to combat PC cells, primarily through 
natural mechanisms (e.g., the action of cytotoxic T cells on cancer cells) and a variety of 
mechanisms of action that elicit the desired effect through targeting TAAs, ligand binding, and 
immune checkpoint inhibitors (ICIs). Researchers have also linked multiple gene mutations 
and expressions to metastatic PC susceptibility, such as CDK12 mutations. The ability of 
immunomodulators to enhance the immunoreactivity of PC patients has suggested their 
use in combination therapeutic approaches with immunotherapy for PC treatment. Recent 
immunotherapy treatments for metastatic PC have focused on exploring different immune system 
checkpoint inhibitors, genetic alterations, and PC biomarkers to improve the clinical progression 
of metastatic PC patients, their overall survival rate, and the partial or complete remission of cancer 
cells. Furthermore, ongoing clinical research studies on immunotherapy treatment for metastatic 
PC are currently investigating not only monotherapy immunotherapy treatments but also various 
combination therapies that can enhance the immunotherapy treatment’s effectiveness.
Keywords: Immunotherapy, Metastatic prostate cancer, Genes, Clinical trials, Immunotherapeutic 
Treatments
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stage of development. Symptoms in the later phases 
may include pelvic or back pain, difficulty urinating, or 
hematuria. Nearly all cases of PC grow slowly (2, 3), and 
it was diagnosed in approximately 1.2 million people in 
2018, with 359,000 deaths (4). In 84 countries, it was the 
most frequent male cancer (5), with a higher prevalence in 
the industrialized world (6). The corresponding rates have 
also risen in the underdeveloped world (6).

The accumulation of somatic genetic mutations in 
prostate tissue affects its cellular reproduction, replication, 
DNA damage repair mechanism, and apoptosis. Delayed 
apoptosis in clinical and preclinical trials has been 
associated with PC development in metastatic castration-
resistant PC (mCRPC) (7). Most cases of PC arise in the 
prostate’s outermost region, known as the “peripheral 
zone” (8). When cells proliferate uncontrollably, they 
create a tiny clump of dysregulated cells known as prostatic 
intraepithelial neoplasia (PIN) (9). Multilayered PINs 
frequently overexpress the AMACR gene, which has been 
associated with the development and spread of PC (8).

Several factors could increase an individual’s risk 
of being diagnosed with PC or progressing to a more 
advanced stage of the disease, including environmental 
and hereditary factors (10). Hereditary genes are 
responsible for approximately 10% of PC instances and 
about 40% of PC with an early onset (11). Particularly large 
PINs have the potential to develop into cancer as a result 
of chromosomal sequences that are frequently duplicated 
or altered, which is a large-scale genomic alteration. While 
TMPRSS2 gene combinations account for approximately 
60% of prostate malignancies, speckle-type POZ protein 
(SPOP) and FOXA1 mutations account for about 15% 
and 5% of cases, respectively; some genetic abnormalities 
are more frequently observed in the early stages of PC 
compared to other types of cancer (8).

Compared to localized tumors, metastatic PC has more 
genetic mutations (7). Most of these mutations arise in 
genes that repair DNA, including RB1 and p53. Mutations 
affecting p53 were responsible for 8% of localized cancers 
and over 27% of metastatic tumors, while RB1 mutations 
were found in 1% of localized cancer tumors and over 5% 
of metastatic tumors (7).

Cancer immunotherapy takes advantage of the fact 
that cancer cells typically contain elevated levels of 
tumor-specific antigens or tumor-associated antigens 
(TAAs), which are protein molecules on their surfaces 
that are recognized by immune system antibodies. Unlike 
traditional antibodies, immunotherapy uses immune 
system antibodies engineered to bind to tumor antigens, 
labeling and recognizing cancerous cells for the immune 
system to suppress or destroy them (12).

Review Methodology
This review paper was undertaken by searching for 
relevant articles in public databases such as clinicaltrials.
gov, Google, and Google Scholar using different keywords, 
including “prostate cancer”, “metastatic prostate cancer”, 

“immunotherapy”, and “metastatic prostate cancer 
treatment”. Then, research papers that met such criteria 
were thoroughly reviewed, and their findings were 
promptly noted.

Metastatic Prostate Cancer Immunotherapy 
Metastasis is the progression of cancer from its primary 
site to a distant anatomical unit or region of the body, 
resulting in mortality and morbidity in cancer patients. 
Metastasis causes more than 90% of cancer-related deaths 
(13,14). When PC spreads, it is classified into CRPC, 
metastatic hormone-sensitive PC (mHSPC), and mCSPC, 
according to its distinct clinical features and treatment 
response (15,16).

Immunotherapy for PC is based on the fundamental 
principle of restoring the host immune system. This 
is achieved by using synthetic immunotherapeutic 
drugs, which include peptide vaccines, chimeric antigen 
receptor T cells (CAR-T), anti-PD1 antibodies, bispecific 
antibodies, and anti-CTLA-4 antibodies (17, 18). 

Empirical studies of in vitro and in vivo models have 
demonstrated the potential benefits of CAR-T therapy for 
patients with PC. Immunotherapy against PC using CARs 
has been developed to target antigens overexpressed 
in prostate tumors compared to normal tissues, such as 
prostate-specific membrane antigen (PSMA) (19,20), 
prostate stem cell antigen (PSCA) (21), and epithelial 
cell adhesion molecule (EpCAM) (22). Researchers at 
the Fred Hutchinson Cancer Center studied the adoptive 
transfer of STEAP1 CAR-T in a mouse model pertaining 
to metastatic PC research. The transfer cells were linked 
to either severe tumor growth inhibition, prolonged 
peripheral persistence, or PC cell eradication. After an 
immunohistochemistry study, it was discovered that 
over 80% of metastatic PC expressed the surface antigen 
known as STEAP1. In addition, treatment resistance was 
associated with a recurrent decrease in STEAP1 antigen 
expression (23). 

Two immune checkpoint inhibitor (ICI) pathways that 
are frequently connected to cancer and have received 
extensive attention are programmed cell death protein 
1 (PD-1) (24) and cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) (21-25). Antigen-presenting cells 
(APCs) have shared ligands such as B7-1 (CD80) and B7-2 
(CD86); T-cell surface proteins such as CTLA-4 bind more 
firmly to these ligands than the co-stimulatory receptor 
CD28 (25). On the other hand, activated T cells are the 
primary source of PD-1 expression, which interacts with 
programmed death-ligand 1 and 2 (PD-L1/PD-L2), two 
of its ligands that are frequently upregulated in APCs or 
cancerous cells (26). Inhibitory signals are released when 
PD-1 binds to its ligands, which lowers the number of 
cytokines produced as well as the survival, proliferation, 
and cytolytic activity of PD-1 and T cells in the tumor 
microenvironment (TME) (22). Moreover, elevated PD-
L1 or CTLA-4 levels may indicate an increased severity of 
cancer progression and a poorer prognosis (27,28). These 
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make PD-1 and CTLA-4 attractive cancer immunotherapy 
targets. ICIs, such as nivolumab, target the PD1/PD-L1 
pathways, while ipilimumab targets CTLA-4 by interacting 
with it binding domains, thus enhancing T cell activation 
and anti-tumor responses (24,27).

Bispecific antibodies indicate a promising and ever-
expanding range of targeted cancer immunotherapies 
(29); two distinct heavy- and light-chain pairs make up 
the fundamental building blocks of a bispecific antibody, 
each derived from a monospecific antibody. The antigen-
binding domains from two distinct types of monoclonal 
antibodies made them bispecific, and their structural 
design is highly meticulous in nature; with the help 
of this dual targeting capability, they can interact with 
tumor cells through an antigen particular to cancer and 
cytotoxic T cells through a co-stimulation receptor such 
as CD3, CD28, or CD137 (30). An immune-mediated 
connection is created when a bispecific antibody binds to 
the assigned tumor antigen, causing the T cell and cancer 
cell to crosslink. After the synaptic connection is created, 
a stimulatory signal is delivered by the ligation of a co-
stimulation receptor, such as CD28 or CD3, activating 

the action of a nearby cytotoxic T cell to elicit an immune 
response against the cancer cell (31).

Cancer vaccines are targeted immunotherapeutic agents 
that elicit robust tumor-specific CD4 + and CD8 + T cell 
immune responses against antigens associated with PC. 
Prostatic acid phosphatase (PAP) is targeted by the well-
known vaccine Sipuleucel-T (Provenge) (22,30). A fusion 
protein that joins PAP and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) is added to autologous 
dendritic cells to create Provenge (32). Figure 1 illustrates 
the bonding of various receptors and the recruitment 
of intracellular immune cells during immunotherapy 
administration. It is a reflective mechanism of action 
based on patient data from clinical trials (33).

Synergies of Immunomodulators in Prostate Cancer 
Treatment
According to recent advances in clinical and experimental 
immunology, the immune system can be weakened by 
environmental factors, which lead to many infectious 
diseases. These factors can cause physiological changes, 
possibly increasing an individual’s susceptibility to 

Figure 1. An Illustration of PC Immunotherapy’s Mechanism of Action, Including the Action of Cancer Vaccines Such as Dendritic Cells on APC Functions, 
Bispecific Antibody Action on Effector Cytotoxic CD8 + T Cells, the Action of Immune Checkpoint Inhibitors Such as CTLA-4 and PD-1 on PD-L1, TCR-Based 
Therapy of CAR-T to Target PCa, and Oncolytic Viruses and Monoclonal Antibody Blockades Ability to Enhance CTL Function by Successfully Presenting Tumor 
Antigens to the Immune System. Note. APC: Antigen-presenting cell; TCR: T-cell receptor; CAR-T: Chimeric antigen receptor T cell; CTL: Cytotoxic T-lymphocyte; 
PC: Prostate cancer
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infection and cancer. Understanding the immune 
system mechanism and the use of natural or synthetic 
compounds can help in modifying immune responses 
(34). Immunomodulators were developed to combat the 
emergence of disorders such as autoimmune diseases 
when there is an irregularity of immune responses (35,36).

Generally, immunomodulators are molecules that 
modulate the response of both the innate and adaptive 
immune systems of an individual in immune-related 
diseases. These molecules have the ability to suppress 
or improve the response of the immune system 
during disease occurrence, and have been categorized 
into immunosuppressants, immunostimulants, and 
immunoadjuvants based on their mode of actions. While 
immunosuppressants are immunomodulators that have 
the potential to suppress or block the response of the 
immune system in immunologically mediated disorders, 
immunostimulants stimulate or activate immune 
responses and have exhibited potential in treating cancer, 
infection, and immunodeficiency. Immunoadjuvants are 
molecules that aid immune response when added to a 
vaccine (37,38).

The immune system can identify and destroy tumor 
cells via the method of immunomodulation used in 
immunotherapy for the treatment of cancer (39). This 
is achieved through an antigen-specific cancer immune 
response that attacks tumors (40), thus increasing the 
host’s ability to resist dangerous substances during 
treatment (34). 

Even with advances in the medical management of PC, 
there are still various challenges in its treatment; this has 
contributed to the emergence of immunomodulators to 
be used as combination therapeutics. Hiltonol, a double-
stranded RNA immunomodulator, is a potent agonist 
of pathogen-associated molecular pattern receptors, 
mimicking the immune-stimulatory effects of viral RNA, 
which can be utilized alone or in combination with other 
immunomodulators and vaccine antigens. Its optimal 
potency to elicit immunogenicity in PC depends on clinical 
variables such as dosage and route of administration, 
which are crucial for effective immunomodulation (41). 

Understanding the immunotherapy mechanism in 
PC has revealed the need for combination therapeutic 
methods in the medical management of PC (42). To 
improve immunoreactivity and antitumor response in 
PC patients, immunomodulators have been merged with 
DNA and viral vaccines in the integration of gene therapy 
and immunotherapy (43).

Genes Involved in Metastatic Prostate Cancer
Several risk factors, such as race, familial inheritance, 
environment, hormones, and age, contribute to the 
development and progression of PC (44,45). Genetic 
components, such as oncogenes, mismatch repair (MMR), 
and tumor suppressor genes, are altered in certain cancer 
types, including PC, and affect cell growth (46,47). 
Oncogenes are the cancer switches that flip their switch 

on when various unfavorable events such as deletion, 
mutation, and overexpression occur in cells (46). MMR 
genes recognize errors in the DNA and repair them 
(46). However, if errors occur in the MMR, it can lead to 
errors in the new DNA, thereby promoting the growth of 
damaged cells (14,46).

In men with mHSPC, SPOP mutations have been 
associated with improved overall survival outcomes; TP53 
genetic mutations were observed to be the largest predictors 
of poor outcomes, especially dominant-negative and 
loss-of-function TP53 mutations in secondary mHSPC. 
The coexistence of genetic mutations in TP53, PTEN, 
and RB1 was linked to worse progression-free survival 
(PFS) and overall survival in secondary mHSPC (48). 
There is consistent evidence connecting the hereditary 
susceptibility of PC to homologous recombination genes 
PALB2, BRCA1, BRCA2, ATM, and CHEK2, as well as 
MMR genes MLH1, MSH2, MSH6, and PMS2 (49). 
Genetic variants in SLCO1B3 and SLCO2B1 are also 
associated with PC-specific mortality, and metastases of 
CRPC express more SLCO than primary PC (50).

An analysis of protein-protein interaction in 
differentially expressed genes also demonstrated that 
UBE2C and several genes, including CDKN3, CKS2, 
AURKA, TPX2, CCNB2, AR, SPP1, FOS, and HMMR, are 
involved in the metastasis of PC. When comparing normal 
cells with metastatic PC, there is no significant increase 
in SPP1 genes, while the expression levels of FOS gene 
exhibit a considerable decrease. This represents that both 
genes may serve as predictive biomarkers for the potential 
metastasis of PC (51).

Trends in Immunotherapy Treatments for Metastasized 
Prostate Cancer
Vaccine-based techniques (cell-based, DNA-based, 
peptide-based, and viral vector-based approaches), 
adoptive cell transfer, oncolytic virus-mediated immune 
response, immunomodulators (GM-CSF), and ICIs are 
currently among the immunotherapeutic options for 
patients with metastatic PC (52). As of May 1, 2019, 
Boettcher et al reported that 12% of 1,100 clinical trials 
on PC were immunotherapeutic (42). According to the 
clinicaltrials.gov database, as of August 14, 2024, about 
37 out of 1632 active or recruiting clinical trials on PC 
are immunotherapeutic in nature, which is about 2.27%. 
Around 13 of these 37 immunotherapy clinical trials on PC 
focus on immunotherapy treatments for metastasized PC.

Immunotherapy Treatment
Sipuleucel-T
Sipuleucel-T, also known as Sip-T and Provenge, was 
approved in 2010 by the Food and Drug Administration as 
a new vaccination based on dendritic cells that is intended 
to treat asymptomatic metastatic PC under the brand 
name Provenge. Sip-T is a highly effective immunotherapy 
drug for PC that is resistant to castration (48). To 
ascertain its effectiveness before approval, there were 
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three randomized, phase III, double-blind, and placebo-
controlled design clinical trials on sipuleucel-T in men 
with mCRPC, namely, NCT00005947, NCT01133704, 
and NCT00065442 (53). The NCT00005947 clinical 
trial focused on patients with metastatic PC who did not 
respond to hormone therapy. The trial administered three 
doses of Provenge at two-week intervals to 127 patients 
over three years, concluding in September 2004 (54). The 
NCT01133704 clinical trial was mostly for people with 
metastatic PC whose tumors were getting worse while 
they were on hormonal therapy, as well as for those who 
had good hematologic, renal, and liver function. A total 
of 98 patients participated in the study, which ended in 
May 2005 (55). The NCT00065442 clinical trial aimed 
to treat metastatic prostate patients who had failed 
hormonal therapy; it recruited the highest number of 
patients (512) out of the three clinical trials that led to 
proof approval of sip-T. It concluded all its research study 
in January 2009 (56). 

In the NCT00065442 clinical trial, also called the 
IMPACT III study, sipuleucel-T made a significant 
difference in the overall survival of mCRPC patients with 
low levels of prostate-specific antigen, with an average 
increase of 13 months in the overall survival rate. This 
highlights its ability to potentially improve mCRPC 
patients’ survival as an immunotherapy treatment, which 
leads to its recommendation and approval as the first line 
of treatment for patients with mCRPC (57). 

Sip-T, as a homologized collection of peripheral blood 
mononuclear cells (PBMCs), is an effective cellular 
immunotherapy with the help of recombinant fusion 
protein (PA2024) consisting of GM-CSF and PAP, which 
are used to stimulate antigen-presenting cells (dendritic 
cells) ex vivo in order to elicit immunotherapeutic 
treatment. The prostate antigen PAP combines with 
immune cell activators such as T lymphocytes and 
macrophage-granulocyte CSF to form the cancer vaccine 
complex (32,58).

The efficacy of Provenge in eliciting an immunological 
response was determined through analyzing its mechanism 
of action on the immune system, which includes cytokines 
and chemokines associated with antigen-specific immune 
response activations of APCs and T cells. The study 
findings also revealed that sipuleucel-T quickly activates 
the immune system and creates strong, long-lasting 
immune responses at the cellular and humoral levels. T cell 
enzyme-linked immunosorbent spot (ELISpot) responses 
at week 26 provided a better explanation for this, as they 
showed the presence of long-lasting memory T cells that 
are specific to PA2024. The majority of the participants in 
the clinical trials treated with sipuleucel-T demonstrated 
PA2024-specific responses that remained consistent for at 
least 26 weeks. The antigen-specific immune responses 
observed in 78.8% of participants were correlated with 
overall survival at a P value of 0.003, supporting the 
relationship between peripheral immune responses to 
PA2024 and/or PAP (59).

Provenge is also associated with T cells transferred into 
the prostate glands after its infusion, proving Provenge 
to be an ideal combination treatment for PC patients 
undergoing radiation therapy or receiving targeted 
immunotherapies such as immune checkpoint blockers 
and bispecific antibodies because of its capacity to affect 
T-cell migration in the direction of prostate cancerous 
cells (57).

Researchers found that sipuleucel-T induces a long-
lasting immune response memory in those who receive it 
by analyzing two groups of mCRPC patients, each with a 
median treatment time of 8.9 years, and another group that 
had never received treatment. Based on the results of the 
study, individuals who had received treatment presented 
a more structured B-cell repertoires, corresponding to a 
higher degree of clonal maturation (60).

Several clinical trials on sipuleucel-T have attempted 
to improve our understanding by elucidating how it 
works when combined with targeted therapies such 
as bevacizumab (a monoclonal antibody) (61) or 
other immunotherapy treatments for participants 
with metastatic PC, including ipilimumab (62) and 
atezolizumab (63). Figure 2 illustrates the administration 
of sipuleucel-T and its activation of the immune system as 
an immunotherapy treatment (64).

Clinical Trials
CheckMate 650
The CheckMate 650 clinical trial’s objective was to 
determine how safe, effective, and well-tolerated 
ipilimumab/nivolumab combination therapy and 
ipilimumab alone are for treating men with mCRPC with a 
targeted outcome measure of improved objective response 
rate (ORR), radiographic (rPFS), prostate-specific antigen 
response rate (PSA-RR), and overall survival (65). In the 
preliminary analysis of the clinical trial, ipilimumab, as 
a CTLA-4 inhibitor, and nivolumab (an anti-PD-1/PD-
L1) immunotherapy treatment demonstrated therapeutic 
effects in both chemotherapy-naïve and experienced 
participants with mCRPC. Whole-exome sequencing 
data were used to analyze tumor mutational burden, 
DNA damage response, and homologous recombination 
deficiency, suggesting the possibility of identifying 
biomarkers of response to ipilimumab/nivolumab. The 
biomarker study reveal that nivolumab/ipilimumab 
combination tends to correlate with high therapeutic 
effectiveness for participants with a high mutational 
burden and a lower level for patients with a DNA damage 
response, homologous recombination deficiency, or higher 
levels of PD-L1. The clinical trial is currently exploring 
ways to optimize the dosage to enhance the combination’s 
safety and efficacy, especially if patients can tolerate the 
combination therapy for extended periods of time (66). 
The Checkmate 650 clinical trials estimated completion 
date of phase II is January 2025, with a total of 351 study 
participants currently enrolled (65).

However, it is well established that PC has typically 
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lower expression of PD-1/PD-L1, and research has shown 
that ipilimumab increases T-cell infiltration in prostate 
tumors as a CTLA-4 blocker. This leads to more T-cell 
proliferation and activation, which in turn increases the 
expression of PD-1/PD-L1, limiting the effectiveness 
of ipilimumab by activating an alternate PD-1/PD-L1 
inhibitory pathway that suppresses T-cell-mediated 
immune responses. MCRPC typically has a low immune 
response (immunologically cold) and is unresponsive 
to immune checkpoint therapy; however, studies have 
shown that ipilimumab can increase the number of T cells 
that enter the prostate TME; combination therapy with 
nivolumab, which inhibits the upregulated PD-1/PD-L1 
pathway that is increased from T-cell proliferation from 
ipilimumab, is probably able to improve the anti-tumor 
effectiveness of T cells (66).

STARVE-PC
Metastatic PC with androgen-receptor splice variant 7 
(AR-V7) expression has a belligerent trait with poor rPFS 
and penurious overall survival (67). The initial findings 
indicated that AR-V7-positive tumors are more likely to 
have DNA repair errors, making them more vulnerable 
to immune checkpoint blockage. Furthermore, there 
appeared to be an advantageous correlation involving AR-
V7 detection and the existence of sequence changes in 
DNA repair genes, bolstering the case for immunotherapy 
in these individuals (68). In the STARVE-PC study, which 

was a non-randomized phase II clinical trial, monoclonal 
antibody immunotherapy treatment (nivolumab and 
ipilimumab) was used as a biomarker-driven treatment 
for mCRPC tumors that expressed AR-V7. The study 
included 32 participants and ended in October 2021, 
with a targeted outcome of persistent PFS > 24 weeks, 
ORR, immune-related adverse events, changes in AR-V7 
expression, PSA-PFS, and overall survival (69).

The study’s early results confirmed that tumors with 
DNA damage response deficiency positive (DRD + ) 
had better outcomes compared to tumors with 
DNA damage response deficiency negative (DRD-). 
Particularly in DRD + tumors, the nivolumab/ipilimumab 
immunotherapy treatment combination appeared 
promising, indicating the presence of high expression of 
AR-V7 in mCRPC participants, as AR-V7 can activate 
the androgen receptor signaling pathway, leading to the 
inhibition of the DNA damage response pathway. The 
findings of this study revealed that 40% of individuals 
with DRD + had mutations in the DNA repair genes 
BRCA2, FANCA, ATM, POLH, MSH6, and FANCM (70). 
The nivolumab/ipilimumab combination also represents 
good drug efficacy and safety in AR-V7-metastasized PC 
with DNA repair deficiency mutations; however, this was 
not observed in the general study population (68).

The STARVE-PC trial indicated that nivolumab and 
ipilimumab are safe but have encouraging effectiveness 
in patients with AR-V7-expressing mCRPC. The lack of 

Figure 2. The Production Procedure for Sipuleucel-T Entails Extracting Mononuclear Cells From Patients, Culturing Them With a Chimeric Antigen (PA2024), and 
Subsequently Cleansing Them Before Reintroducing Them Back Into the Patient. Note. PAP: Prostatic acid phosphatase; APC: Activated antigen-presenting cell. 
The APCs taken from mononuclear cells activate the T-cells, which attack prostate cancer cells with the PAP protein
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sufficient scientific evidence from the clinical trial result 
analysis suggests that further investigation may not be 
necessary for future unselected patients with the same 
diagnosis. The researchers believe that further research 
is essential for investigating the relationship between 
immunotherapy effectiveness and alkaline phosphatase, 
soluble programmed death ligand 1 (sPD-L1), and 
circulating cytokines, namely, interleukin (IL)-6, IL-7, 
and IL-17, in PC. They also believe that future research 
should explore other immune checkpoint targets, refine 
patient selection based on biomarkers, and optimize 
dosing strategies for AR-V7-expressing mCRPC patients 
resistant to current therapies (67).

Plasmid DNA Vaccine Encoding Human Prostatic Acid 
Phosphatase (pTVG-HP) and Plasmid DNA Vaccine 
Encoding Human Androgen Receptor (pTVG-AR)
In NCT04090528 clinical trials, researchers are currently 
investigating the combination therapy of pTVG-HP and 
pTVG-AR plasmid DNA vaccines in mCRPC patients, 
evaluating the use of one or both DNA vaccines, followed 
by pembrolizumab treatment (71). The clinical trial is 
currently in phase II across multiple institutions using a 
randomized, open-label model design, with an estimated 
completion date of October 2026, and 60 participants with 
adequate hematologic, kidney, platelet, and liver function 
are currently enrolled. The underlying hypothesis under 
investigation is that when the two vaccines are combined 
with a PD-1 pathway ICI, it will increase the frequency 
and amount of CD8 + T cells directed against tumors. 
The treatment plan aims to provide effective anti-tumor 
immunotherapy to patients for a maximum of two years, 
evidenced by their objective radiographic responses 
and PSA reductions, with a follow-up of five years post-
treatment (71). 

Before the above combination therapy approach, there 
were separate clinical trials for pTVG-HP and pTVG-
AR, which concluded in July 2023 and November 2020, 
respectively. The NCT02499835 clinical trial studied 
the efficacy of the pTVG-HP plasmid DNA vaccine in 
combination with pembrolizumab. It was a randomized, 
open-label phase I/II trial for men with mCRPC. The 
study included 66 people, and its main goals were to 
measure the frequency of adverse events, the PFS rate at 
6 months, the median time to radiographic progression, 
the immune response specific to PAP, the T-cell response 
specific to PAP, and the expression of PD-1 and PD-
L1 (72). Before the start of the treatment regimen, 61 
participants had their HRR mutations tested, and 16% of 
them had mutations in ATM, BRCA1, FANCA, MHL1/3, 
and MSH2/3/6. Further, these mutations did not correlate 
with a longer time for disease progression (73).

The NCT02499835 trial’s findings, derived from 
different dosing schemes, indicated that combining 
the PD-1 inhibition immunotherapy treatment of 
pembrolizumab with pTVG-HP is safe, although the 
presence of adverse effects was observed in patients who 

only received pembrolizumab. Additionally, the group of 
patients with the most severe advanced mCRPC in the trials 
demonstrated higher immunological response rates and a 
longer duration of experimental participation, suggesting 
that the combination is a favorable regimen for them. The 
combination therapy of pTVG-HP and pembrolizumab 
increases tumor-specific T cells, leading to better overall 
survival outcomes and a stable 6-month disease control 
rate for the participants. The CD8 + T cell increase was 
observed between 6 weeks and 12 weeks from the start of 
the treatment plan. Immune-associated plasma cytokines 
and chemokines that are involved in T cell activation, such 
as interferon-gamma (IFN-γ), IFN-α, IL-1β, IL-2, IL-12, 
and recruitment, such as IFN-γ-induced protein 10 (IP-
10/CXCL10), and monokine induced by IFN-γ (MIG/
CXCL9), were also detected in the participants’ serum. 
Elevated levels of CXCL9 and CXCL10 were detected after 
the treatment plan, with no correlation to rPFS or a longer 
duration of treatment (73). 

The immune response to the vaccine was associated with 
a decrease in PSA levels and a longer course of treatment, 
indicating that better vaccination methods using many 
different antigens that boost the T-cell response will 
be preferable, and this is currently being studied in 
NCT04090528 clinical trials. There was also a strong 
correlation between the occurrence of immune-related 
adverse events and longer treatment duration, which was 
easily managed and did not persuade the participants to 
terminate their therapy (73). 

The NCT02411786 clinical trial’s objective was to 
ascertain if the pTVG-AR vaccine can augment the 
immune response of metastatic PC participants with 
or without the GM-CSF adjuvant. This was a phase I, 
multicenter, and randomized trial that had an open-label 
design, included 40 participants, and was completed 
in November 2020. The research study measured the 
targeted outcomes, including the rate of immune response, 
the median PFS, the 18-month PFS, the total number of 
patients who develop antigen-specific tolerance, and the 
relationship between pre-existing immune responses 
to the androgen receptor ligand-binding domain (AR-
LBD) and the onset of subsequent effector and memory 
T-cell immune responses associated with it. The other 
investigated outcomes were the relationship between the 
emergence of antigen-specific T cells and the 18-month 
PFS and the percentage of patients with a T-cell immune 
response (74). The NCT02411786 study was the first 
human clinical trial to specifically target AR-LBD in 
patients who recently developed metastatic PC (75).

The study’s final results revealed that pTVG-AR, with 
or without the GM-CSF adjuvant, was safe and effective 
at boosting the immune systems of participants with 
mCSPC, leading to long-lasting IFN-γ immune responses. 
After receiving the pTVG-AR vaccine, the majority of 
the participants exhibited a T-cell response to the AR-
LBD. The trial also identified an optimal vaccination 
schedule that enhanced a strong and long-lasting Th1-
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mediated immune response. The use of the GM-CSF 
adjuvant had minimal impact on the activation of the 
immune response against the target antigen. Researchers 
also found that the vaccine-induced immunity against 
PSA, a significantly different antigen from the targeted 
tumor antigen, suggesting that the pTVG-AR vaccine is 
capable of recognizing and responding to multiple TAAs. 
Participants who developed T cell-mediated immunity 
had significantly longer PFS for prostate-specific 
antigens compared to participants who did not acquire 
this immunity. The acquired immunity was also linked 
to a potentially delayed duration before the occurrence 
of castration resistance. The researcher hypothesized 
that future clinical trials for pTVG-AR vaccines will 
be conducted without the GM-CSF adjuvant, given the 
vaccine’s efficacy and effectiveness without the GM-CSF 
adjuvant, which is also consistent with preclinical trials in 
mice and rats (75).

AMG 509
AMG 509 (Xaluritamig) is a targeted immunotherapy 
treatment that is also known as a “bispecific eXperimental 
monoclonal antibody (XmAb) 2 + 1 T-cell engager” 
because of its two antigen-binding sites and a fragment 
crystallizable region (Fc region) that binds to both the 
CD3 complex on T cells and STEAP1 on tumor cells 
(76). Designed to  activate T cells by targeting STEAP1-
expressing cancerous cells, AMG 509 is an innovative 
antibody with a longer half-life that induces T-cell 
cytotoxicity against cancerous cells. AMG 509 is composed 
of two similarly undifferentiated STEAP1 Fab domains, 
along with an anti-CD3 scFv domain; additionally, it has 
an Fc domain that lacks effector function, which helps 
prolong its presence in the bloodstream (77). Prostate 
cancerous cells widely express the six-transmembrane 
prostate epithelial antigen (STEAP1) on their outermost 
layer, whereas healthy tissues do not express it, except 
the prostate epithelial cells and a specific group of lung 
macrophages as measured by immunohistochemistry, 
making it easy for activated T cells to lyse STEAP1-
expressing cancerous cells as a result of the binding 
(76,78).

STEAP1 is a protein with 339 amino acids. It has a 
unique structure made up of six transmembrane α-helices, 
hydrophilic N-domains, and C-terminal domains. It also 
bears a structural resemblance to a reductase enzyme 
because it lacks the N-terminal NADPH-binding FNO 
domain present in STEAP2-4. STEAP1 is express by 
tissues at cell-to-cell surface junctions, but it is highly 
expressed by the prostatic secretory epithelium. The 
TME may influence the overexpression of STEAP1 in 
PC, potentially enhancing its appeal as a biomarker 
and an immunotherapeutic target for treating PC (79). 
The 5α-dihydrotestosterone androgen hormone also 
downregulates STEAP1 expression through a pathway 
that relies on the androgen receptor (80), making STEAP1 
an attractive intervention target. In preclinical research 

models, AMG 509 showed strong anticancer efficacy; it 
also represented clear indications of T-cell proliferation 
and engagement in vitro, as well as aiding the release 
of cytokines. It further triggered a strong in vivo anti-
tumor response in PC and Ewing’s sarcoma xenograft 
models, accompanied by the activation and growth of 
CD8 + T-cells within the tumors. AMG 509 demonstrated 
strong specificity by exhibiting inactivity toward C4-
2B cancer cells engineered to not express STEAP1. A 
nonclinical investigation on Cynomolgus monkeys also 
reported it to be safe (78).

AMG 509 is currently conducting clinical trials 
(NCT04221542) on mCRPC patients to ascertain its 
tolerability, efficacy, safety, and pharmacokinetics; this is 
a non-randomized, phase I, open-label, multicenter trial 
with sequential assignment. This is the first research study 
in humans to examine the effectiveness of AMG 509 in 
patients with mCRPC. The clinical trial currently has 461 
participants enrolled, with an estimated study completion 
date of July 2028. The targeted outcome measurement, 
which is being used to assess the effectiveness of the 
treatment, includes the occurrence of adverse events 
during treatment, including those that may be related to 
the treatment or have emerged during the treatment (81). 
Immunohistochemical analysis of STEAP1 expression 
in both normal and malignant tissues, its binding 
characteristics, T cell-mediated guided lysis, and the in 
vivo anticancer effectiveness of AMG 509 are all being 
evaluated (77).

Additionally, the analysis of the maximum and 
minimum serum concentrations of AMG 509, as well as 
the time it takes to reach maximum concentration and 
the concentration-time curve over the dosing interval, 
is being evaluated. The accumulation of AMG 509 
after multiple doses is being investigated as well. The 
evaluation of the treatment’s effectiveness also takes into 
consideration important factors such as the objective 
response per RECIST, PSA response, PFS, 6-month rPFS, 
circulating tumor cell conversion rate and response, and 
time to symptomatic skeletal events. The other intended 
factors included lactate dehydrogenase (LDH), total 
alkaline phosphatase concentration level in the body and 
bones, hemoglobin level, urine N-telopeptide biomarker, 
neutrophil-to-lymphocyte ratio, and 1–3 years of overall 
survival of the participants (81). 

The preliminary clinical study results revealed that 
AMG 509 is a promising immunotherapeutic treatment 
for mCRPC patients. The safety profile of Xaluritamig 
included mild-to-moderate adverse events of grades 
1 and 2, which were clinically controllable; the results 
represented no severe grade 5 occurrences. The terminal 
half-life was observed to be three to four days. The study 
established the maximum tolerated dose (MTD) of AMG 
509 as 1.5 mg administered once weekly intravenously; 
this was achieved through a 3-step dose escalation method. 
The most common treatment-related adverse event was 
cytokine release syndrome, which was managed with the 
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standard treatment of tocilizumab and/or corticosteroids, 
along with intravenous fluids and paracetamol (82).

The preliminary findings also showed that AMG 509 
has a high efficacy, which is significantly higher than 
previous T cell engager trials for metastatic PC. The 
AMG 509 efficacy was determined by objective response 
PER RECIST and PSA level. The initial PSA reductions 
were found following the administration of 0.1 mg 
AMG 509, resulting in 49% and 28% of patients having 
PSA50 and PSA90 responses, respectively. When given 
a high dosage, 41% of participants also demonstrated an 
objective response based on RECIST evaluations. The 
preliminary findings for the disease-free overall response 
evaluation were also encouraging and favorable. The 
study also enhanced the feasibility of using T-cell engagers 
as a prospective treatment approach, as participants 
demonstrated favorable results, including a significant 
number of positive radiographic and PSA responses. The 
study findings also confirmed that STEAP1 is a suitable 
immunotherapy treatment target, paving the way for 
further clinical research on xaluritamig in PC patients (82).

Ipilimumab/Nivolumab Combination
Several cancer clinical trials are testing the combination 
therapies of ipilimumab (Yervoy) and nivolumab (Opdivo), 
including CheckMate067 (NCT01844505), CheckMate142 
(NCT02060188), and NIMBUS (NCT03789110). 
CheckMate067 (NCT01844505) is for untreated advanced 
melanoma and has an actual study completion date of 
April 2024. CheckMate142 (NCT02060188) is for treating 
recurrent/metastatic colon cancer and has an estimated 
study completion date of September 2024. Furthermore, 
NIMBUS (NCT03789110) aims at treating hypermutated 
human epidermal growth factor receptor 2-negative 
breast cancer and has an estimated study completion date 
of December 2024 (83-86). There are also several other 
ipi/nivo combination therapies in mCRPC, including 
the AMADEUS Project (NCT03651271) and IMPACT 
(NCT03570619) (87,88). The ipi/nivo combination 
therapy clinical trial NCT03651271 in mCRPC patients 
evaluated the high dosage safety of Yervoy (5 mg/kg) and 
its efficacy in combination with Opdivo (89).

The clinical trial (NCT03651271) was an open-label, 
phase II, non-randomized, parallel assignment, and 
multicenter study on mCRPC patients based on their 
levels of CD8 cells. The trial categorized participants into 
two distinct groups according to the CD8 level threshold 
of 15%, with levels below the threshold designated as 
“low CD8 level” and levels above the threshold classed 
as “high CD8 level”. This was also used to determine the 
immunological nature of the tumor as hot or cold, where 
a lower CD8 presence indicates an immunologically 
cold tumor. The study’s main targeted goal was to find 
out the clinical benefit rate of a certain treatment plan 
that included nivolumab with or without ipilimumab. 
The researchers also assessed treatment-related adverse 
events, PRR, overall survival, PFS, and the percentage of 

participants whose tumors converted from CD8 low to 
CD8 high. In June 2023, the researchers completed the 
phase II study (87).

The study’s findings indicated that both ipi/nivo 
treatment groups categorized above exhibited similar 
adverse event rates and severity. In the bloodstream, 
both groups had high amounts of rapidly activated CD4 
T-cells, CD8 T-cells, regulatory T-cells, inflammatory 
cytokines (IFN-γ), chemokines (CXCL9 and CXCL10), 
and soluble PD-1 through the activated marker of 
inducible costimulator CD28 + and proliferating marker 
Kiel 67 antigen. The safety profile of the combination was 
highly similar to that of previous clinical trial studies that 
examined lower dosages of ipi. Both treatment groups 
demonstrated positive clinical outcomes, with an increase 
in the percentage of CD8 cells in the immunologically 
cold mCRPC tumors. The researchers concluded that 
future clinical research could help identify patients who 
may better benefit from immunotherapy using the ipi/
nivo combination (89).

A comprehensive genomic profile analysis of 360 
samples reveals that CDK12-mutated prostate tumors 
have distinct genetic, transcriptional, and phenotypic 
differences compared to HRR and MMR. The presence of 
CDK12 mutations in PC tumors appeared to have multiple 
tandem duplications and changes in the tumor’s genetic 
makeup, a significantly high number of neoantigens, and 
an elevated number of tumor-infiltrating lymphocytes 
(TIL). Previous genomic profiling of prostate tumors 
indicates that mCRPC-PC have a range of 4.7%–11% 
altered CDK12 mutation. Rescigno et al. 2021 evaluated 
CDK12 mutation in prostate cancer, and approximately 
4.7% of mCRPC cases have mutated CDK12 genes; the 
majority of these mutations were frameshift or nonsense 
mutations, which are likely to impact protein function. 
Clinical findings of the study also revealed that CDK12-
altered mCRPCs were associated with worse prognosis; 
specifically, biallelic CDK12 mutations of the treatment 
group were correlated with a shorter overall survival 
rate of 5.1 years compared to the control group with 6.4 
years. Notably, there was also a significant increase in the 
TIL, which comprise CD4+FOXP3- cells. The TIL was 
also associated with worse overall survival, indicating 
a potential immunosuppressive environment within 
CDK12-mutated tumors (90). 

The IMPACT (NCT03570619) clinical trial evaluated 
the efficacy of ipilimumab and nivolumab in patients with 
CDK12 disruption, mutation, or inactivation. This was 
based on the researchers’ hypothesis that CDK12 biallelic 
loss could potentially indicate the efficacy of immune 
checkpoint immunotherapy in treating mCRPC and other 
cancer types (88,91).

The study was a phase II, non-randomized, multicenter, 
open-label, parallel-assigning trial of 56 participants 
with mCRPC who had CDK12 disruptions, mutations, 
or inactivation with no prior ICI treatment, and the 
study’s actual completion date was March 2024. Several 
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targeted outcomes were measured, including treatment 
response rates in patients with mCRPC having CDK12 
loss function, the duration until free PSA PFS is achieved, 
rPFS, and overall survival (88). The study also explored 
different tumor exomes, immune response changes during 
therapy, peripheral blood immune cell populations, T-cell 
diversity, myeloid and lymphoid variations, APCs, and 
T-cell polarization (and its effector activity from collected 
PBMCs) (91). The study’s early results revealed that ipi/
nivo ICI immunotherapy has a low activity and response 
rate in people with mCRPC who have CDK12 gene 
mutation (92).

PD-L1/PD-1 and Cabozantinib
Immunotherapy targeting PD-L1 with the cabozantinib 
regimen showed promising results in preclinical trials 
when used together to treat mCRPC by inhibiting 
several receptor tyrosine kinases, such as the TAM kinase 
family (93,94). Preclinical studies also demonstrated 
that cabozantinib may increase the anti-tumor effects 
of neutrophils in aggressive PC that lacks PTEN and 
p53 genes. The CANOPY clinical trial (NCT05502315) 
evaluated this hypothesis effect of cabozantinib on 
PTEN and p53 genes through studying the effectiveness 
of cabozantinib with a PD-1 inhibitor (nivolumab) 
immunotherapy (93). The NCT05502315 clinical trial 
was a single-group assignment using Simon’s two-stage 
MiniMax open-label design, a multicenter, phase II 
study where eligible participants were given 40 mg of 
cabozantinib orally every day and 400 mg of nivolumab 
monthly; the study’s estimated completion date was April 
2027 (95). 

Along with cabozantinib, the COSMIC-021 clinical 
trial (NCT03170960) also looked at atezolizumab, a 
monoclonal antibody that targets PD-L1, in participants 
with mCRPC after receiving novel hormonal therapy 
(NHT). This was a multicenter, phase 1b, non-randomized, 
open-label study that used sequential assignment with 
a dose escalation/dose-expansion interventional model 
with an estimated completion date of August 2024 (96). 
The primary goals were to ensure safety, determine the 
MTD of this combination therapy, and estimate the final 
ORR. The study findings confirmed that the combination 
therapy exhibits a promising antineoplastic safety profile 
for mCRPC patients who have received NHT (97). 

The CONTACT-02 clinical trial (NCT04446117) 
further investigated the research findings of the 
COSMIC-021 clinical trial in a phase III, an open-
label, multicenter, and randomized study with parallel 
assignment in mCRPC and mCSPC that previously 
received second NHT and possessed either adenopathy 
outside the pelvis, visceral disease, or both conditions. The 
study enrolled 575 participants, with an estimated study 
completion date of August 2024 and a targeted outcome 
measurement of the length of PFS and ORR based on the 
RECIST evaluation method and the timespan of overall 
survival (94,98). The CONTACT-02 study reported 

that the cabozantinib/atezolizumab treatment regimen 
significantly increased the PFS of mCRPC (especially in 
viscerally diseased or having pelvic lymph nodes) and 
mCSPC (especially in cancer metastasized to the liver 
and having received docetaxel previously) participants. 
The findings represented the only phase III clinical trial 
currently demonstrating an ICI-based regimen that has 
therapeutically significant PFS (99).

Prostate Cancer Messenger RNA Immunotherapy
The liposomal RNA vaccine (BNT112) targets five PC 
tumor-associated antigens (PCa-TAAs) expressed in 
mCRPC, consisting of mRNA and liposomes. The targeted 
TAAs, including PAP, NK3 homeobox 1, homeobox B13, 
kallikrein-2, and kallikrein-3, are being investigated under 
the name PRO-MERIT (NCT04382898) in a phase I/IIa, 
open-label, randomized, and multicenter clinical trial, 
with sequential assignment aiming at evaluating the dose 
compatibility of BNT112, its safety profile, its ability to 
elicit immune response, effectiveness, and tolerability by 
the patient’s body (100).

The liposomes of BNT112 combine to form a complex 
with the mRNA/RNA (immunopharmacological in 
nature) termed “RNA lipoplexes (RNA-LPX)”. The 
liposomes protect the mRNA and ensure its delivery to 
the cell, which makes it stable. The vaccine is designed to 
be administered intravenously, and the RNA molecules 
are optimized to produce antigens that are effectively 
presented by MHC I/II molecules, which helps stimulate 
an immune response. The cancer vaccine BNT112 (RNA-
LPX) stimulates both the innate and adaptive immune 
systems. The vaccine’s antigen specificity activates the 
Toll-like receptor 7, an agonist of single-stranded RNA, 
in the innate immune system, as well as the CD4 + and 
CD8 + T cells in the adaptive immune system, which then 
elicit cellular immunity. The RNA-LPX mechanism of 
action also increases the expression of PD-1 in antigenic-
specific T cells associated with PD-1 by triggering T cell 
proliferation and differentiation. The researchers believe 
that its mechanism of action favors synergistic reactions 
with an anti-PD-1; the trial then further evaluates this 
using cemiplimab (an anti-PD-1-ICI) and BNT112 
independently (101).

 As of February 2023, the NCT04382898 stopped 
recruiting mCRPC patients and shifted its focus to 
individuals with localized PC, concluding the main 
study in January 2024. The preliminary results from 
the BNT112 investigation revealed an acceptable safety 
profile, and the immunogenic nature of all five BNT112 
TAAs was ascertained using ELISpot. Furthermore, in 
mCRPC patients, BNT112 could induce a substantial 
immunological response and decrease PSA levels 
(100,101).

Chimeric Antigen Receptor
Several clinical trials have studied CAR T cell (CART) 
and bispecific antibodies as immunotherapeutic 
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modalities, elucidating various mechanisms of action 
for both interventions in mCRPC, including CART 
immunotherapy targeting PSCA and PSMA. Various 
studies have also explored the mechanism of action of 
bispecific antibodies T cell engagers binding to tumor 
antigens and CD3 expressed by T cells; they include ACK1 
protein inhibitors, Pim kinase inhibitors (TP-3654), 
BTK inhibitors (ibrutinib), and multi-kinase inhibitors 
(Pexidartinib, which targets FLT3, CSF1R, and KIT 
receptors; CEP-11981, which targets TEK, VEGFR1, and 
VEGFR2; Cabozantinib, which targets c-MET, VEGFR2, 
FLT3, AXL, and KIT) (102, 103). CART’s functional and 
structural role in mCRPC treatment, particularly in PCa-
TAAs, has also been well established (104). 

CARs can also be combined with other immune 
engagers, such as the natural killer (NK) cell. Chimeric 
antigen receptor-Natural Killer Cells (CAR-NK cells) 
retains the remarkable abilities of NK cells to detect 
and attack cancer cells without prior exposure to their 
specific antigens by recognizing malignant cancer cells 
that have downregulated MHC-I expression (105). The 
first generation of CART only had a CD3 zeta chain. The 
second generation has an extra transmembrane protein, 
either CD28 or CD137 (co-stimulatory domain 1). The 
third generation was further enhanced and improved by 
adding an additional second co-stimulatory domain that 
contains CD28, CD134, CD137, and CD278. The fourth 
generation of CART, known as TRUCKs, improved the 
second generation without co-stimulatory domain 2 
by incorporating cytokine-producing components (an 
inducible cytokine transgene), such as IL-7 and IL-12. 
The fifth generation represents an enhancement over the 
second generation by including co-stimulatory domains 
that stimulate other signaling pathways, including the IL-
2R-JAK/STAT pathway (106).

Several researchers have discussed the potential 
effectiveness of CART as an immunotherapy for metastatic 
PC, but its application in solid tumors is challenging 
due to the TME known to be immunosuppressive in 
nature, which is characterized by elevated levels of 
several inhibitors, such as transforming growth factor 
β (TGF-β). In the clinical trial (NCT03089203), CART 
was equipped with an effective negative TGF-β receptor 
to target PSMA in mCRPC (CART-PSMA-TGFβRDN 
cells). The study’s preliminary results indicated that 
CART was able to effectively target PSMA in mCRPC 
cells. It also had a favorable safety profile, strong viability, 
optimal bioactivity, and an effective disease response in 
the participants. Additionally, the CART demonstrated 
proliferation, efficient distribution in the bloodstream, 
and effective migration to tumor sites to exert their 
immunotherapeutic effects. Further research is also being 
evaluated using improved multipronged tactics against 
the TME to enhance research outcomes, as the study is 
estimated to be completed by August 2038 (107,108).

Preclinical studies (in vivo and in vitro analyses) on 
mice inoculated with the C4‐2 xenograft model were 

conducted to explore the anti-tumor effects of anti-
PSMA CAR-NK-92 cells on CRPC. The study also used 
anti-PD-L1 monoclonal antibodies (atezolizumab and 
nivolumab) to investigate PD-L1 expression in the CAR-
NK-92 cells. The tumors from the mice were collected 
after 21 days for further investigation; the initial level of 
PD-L1 expression on C4-2 was found to be 9.3%, showing 
a substantial increase in a time-dependent manner after 
being cocultured with CAR NK-92 cells. Following a 24-
hour coculture period, the expression of PD-L1 on C4-2 
cells increased to 58.4%. The study further evaluated the 
precise physiological process that causes PD-L1 increase 
in CAR NK-92 cells through RNA sequencing of genes 
expressed in both active and inactivated CAR NK-92 cells. 
Activated CAR NK-92 cells demonstrated 925 upregulated 
and 297 downregulated genes, while inactivated C4-2 cells 
represented 2,072 upregulated and 4,038 downregulated 
genes. The RNA sequence was further analyzed using 
the Kyoto Encyclopedia of Genes and Genomes, which 
revealed that the JAK-STAT signal transduction pathway 
was downregulated in activated CAR NK-92 cells but 
upregulated in the C4-2 cocultured cell (109).

The Kyoto Encyclopedia of Genes and Genomes analysis 
further confirmed that the NKG2D/PI3K/AKT/mTOR 
pathway mediates the upregulation of PD-L1 in activated 
CAR NK-92 cells. The preliminary findings indicated that 
atezolizumab enhanced the cell cytotoxicity of CAR NK‐92 
in vitro. C4-2 cells cocultured with CAR NK-92 cells were 
also found to express lysosomal-associated membrane 
protein 1 in the presence of nivolumab or atezolizumab. 
The in vivo analysis demonstrated that the combination 
therapy of atezolizumab and CAR NK-92 cells also 
reduced tumor size, whereas nivolumab failed to reduce 
its size. Cocultured CD8 + T cells were also administered 
to the mice on day 17; bioluminescent intensity analysis 
was used to analyze its relationship with CAR NK-92, 
which revealed that tumors treated with a combination 
of CAR NK-92 cells and atezolizumab or nivolumab, 
together with cocultured CD8 + T cells, had a significantly 
reduced tumor compared to tumors of mice treated with 
only CAR NK-92 cells and cocultured CD8 + T cells (109). 
The study findings highlight that anti-PSMA CAR NK 
cells have extensive potential for use as immunotherapies 
in men with CRPC. Human participants with mCRPC are 
currently participating in the clinical trial NCT03692663 
to further evaluate the antitumor effects of anti-PSMA 
CAR NK cells (TABP EIC) (110).

The phase I clinical trial NCT03873805, which 
investigates autologous anti-PSCA-CAR-4-1BB/TCRzeta-
CD19t-expressing T lymphocytes, aimed to treat the 
PSCA-positive mCRPC. The trial also sought to achieve 
the recommended phase 2 dose, as well as measure the 
rate of CART expansion and dose-limiting toxicities. The 
study also included 14 participants, with an estimated 
completion date of December 2024 (111). Preliminary 
findings show that PSCA-CART possesses an anti-tumor 
effect, following radiographic and biochemical responses 
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after infusion. Four participants also represented a 
reduction in PSCA to less than 30%. Grade 1 and 2 
cytokine release syndrome were also observed in five 
participants; there was also limited persistence of CART 
cells beyond 28 days after infusion. It was found that 
cystitis was the most toxic dose of PSCA-CART. The 
CART likely targets the overexpressed PSCA in the 
urothelium of a healthy bladder, and the lymphodepletion 
regimen (cyclophosphamide) may also play a role in this 
regard. A reduction in the cyclophosphamide dosage was 
also observed to correspond to the reduction in cystitis 
without affecting CART blood expansion (112). 

To enhance the effectiveness of CAR in TGF-β-rich 
immunosuppressive TME, AZD0754 was equipped 
with a dominant-negative TGF-β type II receptor. In a 
preclinical study, AZD0754 showed a good safety profile 
with strong targeted toxicity against cells expressing 
antigens with high levels of TGF-β in vitro. Furthermore, 
it demonstrated strong, consistent efficacy in patient 
samples from mouse xenograft models, as well as a dose-
sensitive analysis of cancer cell lines expressing STEAP2 in 

vivo. These findings emphasize the potential of STEAP2 as 
an immunotherapeutic target using CART. The APOLLO 
clinical trial (NCT06267729), a phase I study, is also 
evaluating the AZD0754 safety profile, pharmacokinetics, 
proliferation, expansion, and bioactivity with an estimated 
study completion date of March 2027. AZD0754 is a 
CART that targets STEAP2, a cellular surface antigen on 
tumors, to turn the “immunologically cold” TME into an 
“immunologically hot” (113,114). Table 1 presents the 
different immunotherapeutic natures of CAR clinical 
trials for metastatic PC that are active, recruiting, not yet 
recruiting, and have unknown status.

Combination Therapy and Cancer Vaccine
The CABIOS (NCT04477512) clinical trial is a triple 
combination therapy that includes cabozantinib, 
abiraterone, and nivolumab in untreated mHSPC. The trial 
aimed to determine the recommended dose evaluation 
for this combination. The trial, which is an open-label, 
single-center, phase Ib, non-randomized study with 
sequential participant assignment, currently enrolls about 

Table 1. Recent Clinical Trials Using CARs for Metastatic Prostate Cancer

Clinical Trial Number Phase Study Design Metastatic Type Intervention Model

NCT03692663 (110) I
Open-label, single-center, and single-
group assigning

Metastatic castration-resistant 
prostate cancer (mCRPC)

Anti-PSMA CAR NK cell (TABP 
EIC) + cyclophosphamide and fludarabine

NCT01140373 (115) 1
Open-label, single-center, and single-
group assigning.

CRPC
Autologous chimeric T 
lymphocytes + cyclophosphamide

NCT03873805 (112) I
Open-label, single-center, and single-
group assigning

mCRPC
Autologous anti-PSCA-CAR-4-1BB/TCRzeta-CD19t-
expressing T-lymphocytes + cyclophosphamide + 
fludarabine + fludarabine phosphate

NCT06094842 (116) I
Open-label, single-center, and single-
group assigning

Extensive stage small cell 
neuroendocrine PC

Autologous ‘L1CAM-specific CAR + EGFRt + T-cells 
intravenous infusion’ + cyclophosphamide IV and 
fludarabine IV or bendamustine

NCT06228404 (117) 1
Open-label, sequential assigning, single-
center, and dose escalation phase

mCRPC Enhanced autologous PSMA-CAR T-cell

NCT06046040 (118) 1
Open-label, sequential assigning, 
single-center, non-randomized, and 
dose escalation phase

mCRPC TmPSMA-02 CAR T-cells

NCT04249947 (119) 1

Open-label, sequential assigning, 
multicenter, non-randomized, and 3 + 3 
dose escalation toward dose expansion 
at RP2D

mCRPC P-PSMA-101 CAR T-cells + Rimiducid

NCT05354375 (120) I
Open-label, single-center, and single-
group assigning

mCRPC PSMA-targeted CAR-T cells

NCT03089203 (108) I
Open-label, sequential assigning, 
single-center, single-arm, non-
randomized, and dose escalation phase

mCRPC
Modified autologous PSMA-specific/TGFβ-
resistant CAR-T cells (CART-PSMA-TGFβRDN 
cells) + cyclophosphamide + fludarabine

NCT05805371 (121) I
Open-label, single-center, and single-
group assigning and non-randomized

mCRPC, metastatic Prostate 
Carcinoma (mPC) and stage IVB 
PC AJCC v8 (Stage IVB)

Autologous anti-PSCA-CAR-4-1BB/TCRzeta-
CD19t-expressing T-lymphocytes (PSCA-CAR 
T-cells)

NCT05022849 (122) I
Open-label, multicenter, sequential 
assigning, non-randomized, and dose 
escalation phase

mCRPC
JNJ-75229414 (KLK2 CAR T-cells) intravenous 
infusion

NCT06267729 (113) I/II
Open-label, multicenter, and single-
group assigning

Metastatic PC
AZD0754 (A CAR T-cell therapy that targets 
STEAP2)

NCT06236139 (123) I/II
Open-label, single-center, sequential 
assigning, and dose escalation phase, 
followed by dose expansion

mCRPC, metastatic prostate 
Adenocarcinoma (mPCA) and 
stage IVB PC AJCC v8 (stage IVB)

Anti-STEAP1 CAR T-cells + enzalutamide

NCT05656573 (124) I
Open-label, single-center, sequential 
assigning, and dose escalation phase, 
followed by dose expansion

Advanced PC
CART-PSMA cells + 
cyclophosphamide 300 mg and fludarabine 30 
mg (for cohorts 3 and 4)
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18 participants. The study’s target outcome is to assess the 
incidence rate of dose-limiting toxicities using a 3 + 3 dose 
escalation design, with an estimated study completion 
date of March 2026 (125,126). The triple combination 
immunotherapy (NCT06344715) of SL-T10, GX-I7, and 
pembrolizumab is currently being evaluated. The SL-T1O 
is a CART regimen, while the GX-17 (efineptakin alfa) is 
a combination of a fused fragment crystallizable protein 
and a long-lasting recombinant IL-7. In a previous study 
of triple-negative breast cancer, it was found that using 
GX-17 and pembrolizumab combination therapy elevates 
the number of lymphocytes, specifically CD4 + and 
CD8 + T cells. The NCT06344715 is an open-label, phase 
I, dose-escalating, multicenter, non-randomized clinical 
trial with parallel participant assignment. The study seeks 
to investigate if the triple immunotherapy combination 
regimen is safe, effective, and well-tolerated; the study’s 
estimated completion date is October 2024 (127,128).

Avelumab, a monoclonal antibody, showed a desirable 
safety profile and efficacy when studied in combination 
therapy with carboplatin in mCRPC. The study 
participant group that had received pretreatment before 
the clinical trial also demonstrated improved extended 
overall survival rates with a median value of ten months, 
indicating positive outcomes (129). The NCT03792841 
clinical trial also evaluated acapatamab (a half-life 
extended BiTE) mono-therapeutically and in combination 
therapy with etanercept prophylaxis, pembrolizumab, 
and the Cytochrome P450 phenotyping cocktail (CYP 
enzymes) in mCRPC. The trial is an open-label, phase 1, 
multicenter, non-randomized study that uses sequential 
assignment and dose escalation to determine MTD/RP2D. 
The trial aimed to measure urine N-telopeptide levels, 
alkaline phosphatase levels, neutrophil-to-lymphocyte 
ratio, overall survival, maximum concentration, and 
half-life of acapatamab in combination therapy with CYP 
enzymes to determine its efficacy and was completed in 
July 2023 (130).

The QuEST1 clinical trial (NCT03493945) is a 
multiple combination immunotherapy that consists of 
the cancer vaccine BN-Brachyury, M7824, N-803, and 
epacadostat in mCRPC. BN-Brachyury, a vector-based 
innovative therapeutic vaccine, which elicits immune 
response activity against the Brachyury protein (T-box 
transcription factor T). It is composed of the priming dose, 
modified vaccinia Ankara-Bavarian Nordic Brachyury, 
and the boosting dose, fowlpox virus Brachyury. M7824 
is a fusion protein that contains anti-PD-L1 antibodies 
and the TGF-β receptor type 2 extracellular domain. 
In an in vitro study, M7824 was found to be capable 
of inducing antibody-dependent cellular cytotoxicity. 
Moreover, the TGF-β extracellular domain has the ability 
to inhibit TGF-β and effectively neutralize its activity. 
N-803 is a potent and enhanced activator that specifically 
targets the IL-15/IL-15 receptor. It also enhances the 
development, proliferation, and activation of NK 
cells, thereby inducing antibody-dependent cellular 

cytotoxicity (ADCC) and cytotoxic T lymphocytes in 
tumor. Combining M7824, N-803, and cancer vaccines 
has shown promising anti-tumor effects in animal 
models. Epacadostat is an inhibitor of indoleamine 2, 
3-dioxygenase-1 (IDO1), which is abundantly expressed 
by tumor cells and helps them evade the immune system. 
The trial is a phase I/II, open-label, single-center study 
that is randomized with sequential assignment with 
estimated study completion date of October 2024. The 
study hypothesis aims to evaluate the complementary 
function of these immunotherapeutic interventions by 
administering two, three, or four of the intervention 
combinations (131,132).

JNJ-64041809 and Prodencel are cancer vaccines in 
clinical trials for mCRPC. Prodencel is an autologous 
dendritic cancer vaccine that aims to stimulate the immune 
response against tumor cells. The NCT05533203 clinical 
trial seeks to assess the safety profile and tolerability of 
Prodencel dose escalation in a 3 + 3 design. The trial is a 
single-center, open-label, single-group assignment study 
(133). The NCT02625857 clinical trial investigated JNJ-
64041809, a live-attenuated vaccine that contains the 
double-deleted virulent gene of Listeria monocytogenes 
bacteria. It was a phase I, multicenter, open-label, non-
randomized trial with a single-group assignment of 
mCRPC participants. The vaccine’s safety profile and 
immunogenicity were assessed using a two-part study 
design that involved dose escalation to determine the 
RP2D before dose expansion in the second part. The 
study concluded in July 2018, enrolling 26 participants 
after preliminary findings deemed its safety profile to be 
acceptable and the vaccine’s ability to elicit an immune 
response (134,135). The JNJ-64041809 targeted four 
PC antigens, including SSX2, homeobox protein NKX3, 
PAP, and PSMA. The study’s findings also demonstrated 
that vaccine monotherapy activated both the innate and 
acquired immune systems. Although the small sample 
size limited the significance of the immune responses, 
it was a relatively acceptable ratio, but clinically, its 
monotherapeutic advantage was not apparent (135).

Conclusion
This article highlighted advances in metastatic PC 
immunotherapy clinical trials by exploring essential 
subtopics. Despite being the second most prevalent disease 
in males and the fifth greatest cause of cancer-related 
deaths, PC continues to be a major global health concern. 
Typically, symptoms of PC do not emerge until the disease 
has progressed. About 10% of PC cases are genetic, 
with genetic abnormalities impacting both the immune 
system and DNA repair genes. Immunotherapy has 
emerged as a promising therapy, enhancing the immune 
system’s functionality by facilitating its ability to identify 
and eliminate cancer cells. Clinical trials are studying 
numerous immunotherapy modalities for metastatic PC, 
including Sipuleucel-T (sip-T), which has demonstrated 
efficacy in treating metastatic PC. Combination therapy 
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(e.g., SL-T10, GX-I7, and pembrolizumab) that integrates 
multiple immunotherapy interventions also looks 
promising to improve the effectiveness of treatment for 
metastatic PC. Nevertheless, difficulties persist, and 
continuing clinical trials are still being employed in the 
search for novel immunotherapy possibilities.
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