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Abstract: Immune checkpoint inhibitors (ICIs) have led the advancement of cancer immunotherapy, with remarkable efficacy in 
many cancers. Prior to the advent of ICIs, prostate cancer had one of the first approvals for cancer immunotherapy with sipleucel-T, an 
anti-cancer vaccine. Despite this early success, ICIs have since failed to improve outcomes for most patients with prostate cancer, 
generating a narrative that prostate cancer is resistant immunotherapeutic approaches. Novel therapies like CAR T-cells, bispecific 
antibody therapies, anti-cancer vaccines and cytokine therapies are now generating early evidence for how the prostate cancer tumor 
immune microenvironment can be manipulated beyond checkpoint inhibition. Most notably, clinical trials with bispecific T-cell 
engagers (BiTEs) targeting tumor antigens like STEAP-1 and KLK2 have shown clinical promise. Moving beyond ICIs may lead to 
new approaches to alter the prostate cancer tumor immune microenvironment and improve clinical outcomes.
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Introduction
Over the past 15 years, the development and expansion of immune checkpoint inhibitors (ICIs) across oncologic tumor 
types have been unprecedented. Rarely has a single therapeutic strategy led to so many regulatory approvals in varied 
cancers. Unfortunately, in prostate cancer immune checkpoint inhibitors have proved to be disappointing and rarely have 
clinical activity beyond a small subset of patients (microsatellite instability or high tumor mutational burden). These 
circumstances are not unique to prostate cancer, as not all tumors respond to ICIs. Undeterred by early data demonstrat
ing a lack of single agent activity, multiple trials explored immune checkpoint-based combinations. Unfortunately, the 
results were unsuccessful and benefits from ICI could not be improved through combination therapy.

These results from ICI trials have painted a picture of a tumor that is not amenable to immunotherapy. Existing and 
emerging data, however, suggests that other immunotherapeutic approaches may be warranted in the treatment of prostate 
cancer (Figure 1). The first FDA approved immunotherapy in the modern era, sipuleucel-T, demonstrated clinical benefit 
in prostate cancer. More recently, other immune modalities have suggested the potential for clinical benefit in prostate 
cancer based on early clinical results. These data together suggest that there is a future for immunotherapeutic 
development with the field finally moving beyond ICIs.

Sipuleucel-T
Antigen-directed immunotherapies (also called vaccines) have long been studied as a potential treatment for cancer.1 

Harnessing the power of the immune system through “training” induced by cancer vaccines leads to a targeted, specific, 
and coordinated attack on cancer cells without the need for other systemic therapies. Prostate cancer has been an 
attractive target for cancer vaccines given its slow growing nature that allows time for the immune system to elicit 
a response and expression of unique proteins that reduce off-target immune effects.2 Additionally, the prostate is a non- 
essential organ and can be rendered non-functional due to immune cell killing without significant safety risk to the 
patient.3
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The first and only FDA-approved cancer vaccine for prostate cancer, sipuleucel-T, is an active cellular immunotherapy 
consisting of the patient’s own antigen presenting cells obtained via leukapheresis and activated ex vivo with a fusion protein 
consisting of the antigen prostatic acid phosphatase and granulocyte-macrophage colony-stimulating factor (GM-CSF)4 

(Figure 1A). The Phase III trial IMPACT (Immunotherapy Prostate Adenocarcinoma Treatment) led to the 2010 FDA 
approval of sipuleucel-T.5 IMPACT enrolled 512 total patients with mCRPC, of whom 341 received sipuleucel-T and 171 
receive placebo. Compared to placebo, the sipuleucel-T group experienced a 22% reduction in the risk of death which 
translated to a 4.1-month improvement in median survival. Although PSA responses were rare, T-cell responses were seen in 
73% of patients. Since sipuleucel-T was a novel immunotherapy, aspects of its mechanism of action (relative to chemotherapy) 
were poorly understood at the time. Thus, the lack of evidence of short-term changes in progression free survival, despite late 
improvements in survival, led to concern about the therapeutic efficacy of this agent. These seemingly paradoxical results are 
now much more accepted in the immune checkpoint inhibitor era of cancer therapeutics. Nonetheless, initial skepticism over 
this data and the concomitant emergence of next generation androgen receptor pathway inhibitors (ARPIs) in prostate cancer 
(abiraterone and enzalutamide) has minimized utilization of sipuleucel-T. Current ASCO and NCCN guidelines recommend 
sipuleucel-T to men with mCRPC who are minimally symptomatic without visceral metastases.6

Immune Checkpoint Inhibitors
ICIs bind to checkpoint molecules like PD-1/L1 and CTLA-4, which normally function to inhibit T-cell activation, 
generating a potential boost in immune-driven cancer cell death (Figure 1B). Despite significant clinical activity in many 
solid tumors, ICIs have failed to show clinical benefit in the treatment of unselected prostate cancer (Table 1). Anti- 

Figure 1 Mechanisms of action of immunotherapies. (A) Immune checkpoint inhibitors 1A) Multiple immune checkpoint inhibitor receptors exist; this example highlights 
the interaction between PD-1 found on the T-cell and PD-L1 found on the prostate cancer cell. PD(L)1 interaction acts as a “brake” on the immune system, halting further 
immune-mediated attack and is a key method by which tumor cells evade the immune system. 2A) ICIs block this interaction and allow for 3A) potentiation of the T-cell 
mediated cytotoxicity of the cancer cell. (B) Sipuleucel-T 1A) Via leukapheresis, the patient’s APCs are isolated and stimulated with antigen, in this example PAP-peptides, 
and GCSF. These activated APCs are then given back to the patient. 2B) Activated APCs present the PAP-peptides to a CD8+ T-cell. 3B) The CD8+ T cell now recognizes 
the foreign antigen on the cancer cell and induces apoptosis of the cancer cell. (C) CAR T-cell therapy. 1C) T-cells are removed from the patient via apheresis. These cells are 
then transfected with CAR which recognizes PSMA and expanded in the lab. 2C) The CAR T-cells are now re-infused into the patient. The CAR T-cell recognizes PSMA on 
the surface of the prostate cancer cell, binds to it, and the intracellular stimulatory domain allows for robust T-cell mediated apoptosis of the cancer cell. (D) BiTEs. The BiTE 
antibody contains two domains, one that recognizes CD3 on T-cells and the other that recognizes PSMA. When the antibody binds both the T-cell and prostate cancer cell, it 
brings these cells close together. The T-cell then recognizes the PSMA protein as foreign and induces apoptosis in the cancer cell.
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Table 1 Clinical Trials of Immune Checkpoint Inhibitors in Prostate Cancer

Clinical Trial Name 
(year)

Phase Agents Studied Patient Population Number of 
Patients (N)

Key Results Notable Adverse Events Reference 
No.

Clinical Trial 
Identifier

KEYNOTE-028; 
prostate cohort 

(2018)

Ib Pembrolizumab Locally advanced or mPC, PD-L1(+) N = 23 ORR 17%, mOS 7.9 mo Grade ≥3 TRAEs 17% [9] NCT02054806

KEYNOTE-199; 

Cohorts 1–3 (2020)

II Pembrolizumab mCRPC, post-docetaxel & ARPI
● Cohort 1 – PD-L1 (+)
● Cohort 2 – PD-L1 (-)
● Cohort 3 – bone-predominant disease, 

PD-L1 (+) or (-)

N = 258 Low ORR (3–5%), durable 

response/SD >6 mo in ~9% 

PD-L1 not predictive of response

Grade ≥3 TRAEs 13% 

No TR-deaths

[10] NCT02787005

CheckMate 650 

(2020)

II Nivolumab + ipilimumab mCRPC
● Cohort 1 – chemo-naïve
● Cohort 2 – post-chemo

N = 90 ORR: 25% (C1), 10% (C2) 

mOS: 19.0 mo (C1), 15.2 mo (C2)

Grade 3/4 TRAEs 42% (C1) and 

53% (C2) 

4 TR-deaths

[13] NCT02985957

CheckMate 9KD 

(Arm B) (2024)

II Nivolumab + docetaxel/prednisone mCRPC, chemo-naïve N = 83 ORR 40% 

mrPFS 9.0 mo, mOS 18.2 mo

Grade ≥3 TRAEs 47.6% 

(neutropenia 16.7%) 

3 TR-deaths

[11] NCT03338790

ImmunoProst II Nivolumab mCRPC (with and without DNA repair 
defects)

N = 38 PSA50 ORR 10.5% Grade 3/4 TRAEs 47.3% [12] NCT03040791

CheckMate 9KD 
(Arm A2) (2024)

II Nivolumab + rucaparib mCRPC, chemo-naïve N = 71 ORR 15.4% (overall), 25.0% (HRD+), 
33.3% (BRCA1/2+) 

mrPFS 8.1 mo (overall), 10.9 mo 

(HRD+)

Grade ≥3 TRAEs 50.7% (anemia 
14.1%, ALT increase 12.7%) 

No TR-deaths

[17] NCT03338790

Pembro + R223 

(2024)

II Pembrolizumab + radium-223 vs radium-223 

alone

mCRPC with bone metastases N = 42 Primary endpoint (T-cell infiltrate 

change) not met 
No improvement in rPFS or OS

Grade ≥3 TRAEs 29% vs 21.4% [19] NCT03093428

CA184-043 (2013) III Ipilimumab vs placebo (+ radiotherapy) mCRPC with bone metastases, post- 
docetaxel

N = 799 Primary OS endpoint not met (HR 
0.85, p=0.053)

Grade ≥3 irAEs ~26% (diarrhea, 
colitis) 

1.8% TR-deaths

[7] NCT00861614

CA184-095 (2017) III Ipilimumab vs placebo mCRPC, chemo-naïve, asymptomatic/ 

minimally symptomatic, no visceral mets

N = 400 Primary OS endpoint not met (HR 

1.1, p=0.3667)

Grade ≥3 irAEs 31% (diarrhea 

15%) 

2% TR-deaths

[8] NCT01057810

IMbassador250 (2021) III Atezolizumab vs placebo (+ Enzalutamide) mCRPC, post-abiraterone N = 759 Primary OS endpoint not met (HR 

1.12, p=0.28)

Grade ≥3 TRAEs 28.3% vs 9.6%. [14] NCT03016312

KEYNOTE-641 

(2021)

III Pembrolizumab vs placebo (+ Enzalutamide) mCRPC, chemo-naïve N = 1240 Dual primary endpoints (rPFS, OS) 

not met 
Trial stopped for futility

Grade ≥3 TRAEs 31.2% vs 10.8% 

3 TR-deaths on pembrolizumab 
arm

[16] NCT03170960

KEYNOTE-921 

(2021)

III Pembrolizumab vs placebo (+ docetaxel/ 

prednisone)

mCRPC, post-ARPI N = 1030 Dual primary endpoints (rPFS, OS) 

not met 

No significant improvement over 

docetaxel/prednisone alone

Grade ≥3 TRAEs 43.2% vs 36.6% 

Higher pneumonitis (7.0% vs 3.1%) 

2 TR-deaths on pembrolizumab 

arm

[15] NCT03834506

KEYLYNK-010 (2023) III Pembrolizumab + olaparib vs ARPI 

(abiraterone + prednisone or enzalutamide)

mCRPC, post one prior ARPI and docetaxel N = 529 Dual primary endpoints (rPFS, OS) 

not met 
Trial stopped for futility

Grade ≥3 TRAEs 34.6% vs 9% 

3 TR-deaths on pembrolizumab 
arm

[18] NCT03834519

Abbreviations: mPC, metastatic prostate cancer; mCRPC, metastatic castrate resistant prostate cancer; ARPI, androgen receptor pathway inhibitor; TRAE, treatment related adverse event; irAE, immune related adverse event; TR, 
treatment related; ORR, overall response rate; mOS, median overall survival; mDOR, median duration of response; rPFS, radiographic progression free survival; mrPFS, median radiographic progression free survival; HR, hazard ratio; 
HRD, homologous recombination deficient.
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CTLA-4 has been evaluated in two Phase 3 trials in prostate cancer and neither study demonstrated an overall survival 
advantage.7,8 Monotherapy trials in mCRPC with the PD-1 inhibitors pembrolizumab and nivolumab have also yielded 
minimal evidence of clinical benefit.9–12 Dual-checkpoint inhibition with a combination of ipilimumab and nivolumab 
also failed to show benefit and led to high rates toxicity and treatment-related deaths.13 With the goal of enhancing the 
anti-tumor effects of ICIs in metastatic prostate cancer, numerous combination trials have been pursued, all without 
significant benefit to patients. In mCRPC, ICIs have been combined with docetaxel, ARPIs like enzalutamide, and with 
targeted therapies such as olaparib.11,14–18 All failed to meet survival endpoints.

The one notable exception in prostate cancer ICI responses is patients with germline or somatic DNA mismatch repair 
deficiency (dMMR) or high microsatellite instability (MSI-H).20 Tumors with dMMR/MSI-H features are particularly 
sensitive to ICI therapy across cancer types, which has led to the tumor-agnostic FDA approval of pembrolizumab 
monotherapy for these patients. While less than 5% of mCRPC tumors express these features, these patients have shown 
favorable responses to pembrolizumab, which is now a standard therapy recommendation for mCRPC patients in this 
subgroup.21 Recent results of a Phase II study of ipilimumab and nivolumab reported an average PFS of 32.7 months in 
patients with dMMR mCRPC, highlighting the susceptibility of these patients to ICIs.22 Optimal testing strategies for 
identifying dMMR/MSI-H patients are evolving, as further stratification of patients based on the number and types of 
positive dMMR/MSI-H tests may better identify ICI responsers.23

There is preclinical evidence that radiation therapy (RT) can boost T-cell based anti-tumor responses, which has led to 
many trials combining ICIs with radiation.19 In mCRPC, in patients previously treated with docetaxel, ipilimumab failed 
to show survival benefit over placebo immediately following bone-directed RT.7 Similarly, adding pembrolizumab to 
radium-223, an FDA-approved radiopharmaceutical used in mCRPC, did not lead to improved efficacy or an increase in 
T-cell infiltration into the tumor microenvironment.24

Additional novel ICI combination trials for prostate cancer are underway, including combinations with targeted 
therapies such as Pi3K/mTOR and CDK4/6 inhibitors and those with other immunotherapy approaches such as anti- 
cancer vaccines and cytokines.25,26 It is worth noting, however, that there has yet to be clinical success in any cancer for 
a Phase III ICI combination therapy when single-agent ICI did not show benefit in that tumor type. Novel immunother
apeutic targets in checkpoint inhibitory pathways are also being tested in prostate cancer. B7H3 is a protein that belongs 
to the B7 family and acts as an immune checkpoint. B7H3 inhibitors like enoblituzumab target a tumor-specific 
glycoprotein and may act as a checkpoint inhibitor.27 The B7H3 protein is highly expressed on prostate adenocarcinoma 
cells making it an attractive therapeutic target, and multiple studies are ongoing to assess activity.28–31 Ultimately, the 
field of prostate cancer therapy needs alternative approaches to leveraging anti-tumor immunity beyond standard ICI- 
based combinations.

CAR-T
Chimeric antigen receptor T-cell (CAR T-cell) therapy is generated by harvesting a patient’s own T-cells and genetically 
engineering them to express a CAR, typically accompanied by immune co-stimulatory molecules, that will bind to 
a known tumor antigen and home T-cells directly to tumor cells bearing the target (Figure 1C). Multiple CAR T-cell 
therapies have been approved for use in hematologic malignancies including ALL and B-cell lymphoma, where CD19 
acts as a target, and multiple myeloma, which targets BCMA.32–34 While CAR T-cells have been investigated in multiple 
solid tumors, thus far there have been no approvals in this setting due to limited benefit. CAR T-cell therapy typically 
involves pre-treatment conditioning with lymphodepleting chemotherapy to maximize expansion of the CAR T-cells 
following infusion.35 A potentially dangerous side effect of CAR T-cell therapy is cytokine release syndrome (CRS), 
which can cause fevers and hypotension, and the related neurologic toxicity referred to as immune effector cell- 
associated neurotoxicity syndrome (ICANS).36 While both CRS and ICANS can be fatal, recent advances in management 
of these side effects using steroids and tocilizumab has reduced this risk.

CAR T-cell approaches are in the process of being explored for prostate cancer, engineered to target prostate-specific 
tumor antigen (PSMA) and a variety of other known tumor antigens. PSMA has become a practice-changing target used 
in molecular imaging of prostate cancer as well as a radiopharmaceutical target, with the approval of lutetium-177 in the 
mCRPC setting.37,38 PSMA is an attractive target due to high expression in prostate adenocarcinoma and low expression 
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on healthy tissues.39 Outside of the prostate, PSMA is commonly expressed on salivary glands, and dry mouth was 
a notable side effect in patients receiving lutetium-177.40 Immunotherapy-based targeting of PSMA is an area of 
significant interest, with numerous recent Phase I trials investigating PSMA-targeted CAR-T cells.

PSMA-targeted CAR T-cells have been used in phase I clinical trials where safety and feasibility have been 
evaluated, resulting in toxicity like that of other established CAR T-cell therapies. However, in these small cohorts 
PSMA CAR T-cells have failed to show substantial anti-tumor responses in prostate cancer. One dose-escalating trial 
with a second-generation PSMA CAR had a best response of 2 of 7 patients with stable disease, while all patients at 
higher dose levels developed high fevers.41 Another Phase I dose-escalation study added IL-2 to a first-generation 
PSMA CAR, with the goal of boosting T-cell expansion.42 Two of five patients had PSA declines over 50%. An 
additional PSMA-targeted CAR called P-PSMA-101 was generated with a design meant to uniquely expand effector 
T-cells in the tumor microenvironment.43 While only 3/10 patients reached a PSA decline ≥50%, some radiographic 
responses were seen. One early treatment-related death was reported, with other toxicities at or below Grade 3. The 
study was terminated early due to strategic decisions by the pharmaceutical company. With the goal of overcoming an 
immunosuppressive tumor microenvironment to improve efficacy, PSMA CAR-Ts have been developed that block or 
subvert immune-inhibitory transforming growth factor (TGF)-β.44,45 This approach has shown some activity in Phase 
I mCRPC trials based on reduction in PSA along with expected adverse events. Multiple additional Phase I trials are 
ongoing with anti-PSMA CAR T-cells for metastatic prostate cancer (NCT05354375, NCT06228404, NCT06895811, 
NCT01140373, and NCT06046040). Larger Phase II trials will shed light on potential efficacy of additional PSMA 
CAR-T cell approaches.

Prostate stem cell antigen (PSCA) is a surface protein expressed on prostate tissue and up regulated in prostate cancer, 
making it another attractive therapeutic target.46 BPX-601, a PSCA-targeted CAR T-cell therapy, was investigated in 
a Phase I multi-center trial that was ultimately terminated early due to toxicity.47 Another Phase I study (NCT06193486) 
is evaluating safety and efficacy of delta gamma-enriched anti-PSCA CAR T-cells for the treatment of bone-metastatic 
CRPC. Preclinical data showed significant regression of prostate cancer bone tumors in mice when this CAR was used in 
with zoledronic acid pre-treatment, and clinical trial results are pending.48 An additional Phase I trial using a novel 
PSCA-targeted CAR led to PSA reductions of ≥30% in 4 of 14 patients with PSCA-expressing mCRPC (NCT03873805), 
with cases of significant radiographic improvements.49 Side effects were primarily Grade 1 or 2 cytokine release 
syndrome, with one dose-limiting toxicity of Grade 3 cystitis. A lack of durable remission was noted in the context of 
poor CAR T-cell persistence beyond 28 days. This therapy is now being combined with metastasis-directed radiotherapy 
in a Phase Ib trial (NCT05805371) in the hopes of improving responses.

Six-transmembrane epithelial antigen of prostate-1 (STEAP1) promotes prostate cancer growth and expressed in 
around 90% of prostate cancers, with low expression in normal tissues outside of the prostate. A STEAP1 CAR T-cell 
model had positive results in in-vitro and in-vivo preclinical studies, supporting an ongoing Phase I/II study combining 
anti-STEAP1 CAR T-cell therapy with enzalutamide (NCT06236139).50,51 Preclinical studies have also shown high 
STEAP2 expression at all stages of prostate cancer and STEAP2-targeted CAR T-cells have led to tumor responses in 
prostate cancer mouse models.51 AZD0754, a STEAP2-targeted CAR T-cell therapy, is being assessed in a Phase I/II 
multi-center study currently recruiting for patients with mCRPC (NCT06267729). STEAP1 and STEAP2 are promising 
emerging targets in prostate cancer, and clinical results of STEAP-targeted therapies are eagerly awaited.

Lastly, kallikrein-related peptidase 2 (KLK2) is a serine protease with expression associated with poor prognosis and 
a potential oncogenic role in prostate cancer and is also being investigated as a novel target for prostate cancer therapy.52 

JNJ-7522941 is a KLK2 CAR undergoing Phase I dose-escalation in mCRPC patients (NCT05022849); results have not 
yet been reported.

Overall, CAR T-cells face similar obstacles in prostate cancer as in most solid tumors, including short duration of 
CAR T-cell survival and tumor microenvironment barriers. CAR T-cell therapy has yet to show the significant responses 
necessary to justify the toxicity of this approach in prostate cancer. Going forward, multi-pronged approaches and novel 
CAR designs may improve outcomes.
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Bi-Specific T-Cell Engagers
Another strategy for targeted antigen-dependent T-cell activity is through bi-specific T-cell engagers (BiTEs), which are 
off-the-shelf therapies that combine antibodies to direct cytotoxic T-cells to tumors (Figure 1D). BiTEs have had great 
success in hematologic malignancies, leading to FDA approvals for acute lymphoblastic leukemia, large B-cell lym
phoma, and multiple myeloma.53 Like with CAR T-cell therapy, BiTEs have faced more obstacles in treating solid 
tumors. However, in 2022 tebentafusp-tebn, a bispecific gp100 peptide and CD3 T-cell engager was approved for 
metastatic uveal melanoma.54 Subsequently, tarlatamab, a BiTE targeting CD3 and the delta-like ligand 3 (DLL3), was 
approved for relapsed small cell lung cancer in 2024 with a 40% response rate, generating hope for success in additional 
solid tumors.55

Numerous BiTEs have been designed that target similar prostate cancer tumor antigens used for CAR T-cells.56 Many 
different anti-PSMA/CD3 BiTEs have been designed, but despite evidence of anti-tumor activity, they have faced 
challenges of high toxicity and limited efficacy, with PSA drops ≥50% in only 5–31% of patients and rare radiographic 
responses. Early PSMA/CD3 BiTEs including pasotuxizumab (AMG212), acapatamab (AMG160), and JNJ-081, gener
ated some PSA declines, but all studies were terminated or suspended before trial completion, in most cases due to high 
adverse events related to CRS.57–59 Many of these trials evaluated anti-drug antibody levels during treatment, which were 
frequently found in patients and hypothesized to play a role in limiting efficacy of these therapies.

There are multiple ongoing clinical trials with anti-PSMA BiTEs in prostate cancer, most of which are awaiting 
results. REGN5678 is a BiTE that combines an anti-PSMA domain with an anti-CD28 domain (NCT03972657). Like 
CD3, CD28 is a protein expressed on T-cells, but also serves as a co-stimulatory molecule driving T-cell activation.60 The 
trial combines this therapy with cemiplimab, an anti-PD1 immune checkpoint inhibitor, after three weeks of BiTE 
monotherapy. At the high dose level, three of four patients had PSA declines, all over 90%. Toxicity thus far has shown 
54% of patients experiencing grade 3 or higher TRAEs, though CRS has rarely been reported and never beyond Grade 1. 
One patient death was considered treatment related. Another ongoing study of CC1, an anti-PSMA/CD3 BiTE that 
contains IgG scaffolding over the PSMA antibody, has shown rapid PSA reductions of up to 60% with an overall 
favorable toxicity profile.61 While CRS has been common, reported in 79% of patients thus far, all cases were Grade 1–2. 
This trial is ongoing (NCT04104607) and has led to development of a second trial in the biochemically recurrent prostate 
cancer setting (NCT05646550).

Beyond PSMA, BiTES targeting other tumor antigens, such as KLK2, STEAP1/2, HER-2, and DLL3 are being 
investigated in prostate cancer.62 Recent Phase I reports of pasritamig (JNJ-78278343), a first-in-class BiTE targeting 
KLK2 and CD3, showed a remarkably tolerable safety profile with only 9.8% of patients experiencing grade ≥3 adverse 
events and preliminary therapeutic activity with a 42.4% rate of PSA declines ≥50%.63,64 Perhaps the most promising 
results have come from xaluritamig (AMG509), a bispecific antibody with anti-CD3 and two anti-STEAP1 domains that 
has shown significant anti-tumor activity in mCRPC.65 Phase I data in 97 patients showed PSA declines in all dose 
levels, with drops ≥50% in 49% of patients and a radiographic overall response rate of 24% per RECIST.66 Of the 52 
patients in highest dose level cohort, PSA responses ≥50% were seen in 59% with an overall response rate of 41%. CRS 
occurred in 72% of patients, but with only two Grade 3 cases. Dose-limiting toxicities occurred in 24% of patients with 
19% discontinuing treatment due to toxicity. Patients in this trial were heavily pre-treated, with over half bearing visceral 
metastasis and 85% who had previously received chemotherapy. Anti-tumor activity was seen in both visceral and bone 
disease. Xaluritamig is now undergoing a Phase III clinical trial in patients with mCRPC67 as well as studies in the 
localized and biochemically recurrent settings, and the results are eagerly anticipated (NCT06613100, NCT06555796).

Cytokines
ICIs, bispecifics and CAR-T strategies are all based on the efficacy and therapeutic potential T-cells. It is well known that 
other immune cells play critical roles in the tumor microenvironment beyond T-cells, including myeloid derived 
suppressor cells (MDSCs) and tumor associated macrophages (TAMs). Furthermore, unlike T-cells, natural killer (NK) 
cells have been associated with better long-term outcomes when seen in prostatectomy samples.68 Cytokines present 
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a unique opportunity to impact the broader immune microenvironment beyond T-cells and can activate NK cells, 
decrease MDSCs and convert pleiotropic TAMs to an anti-tumor phenotype.69

Cytokines are small paracrine and autocrine molecules that mediate essential immune cell functions, and there is 
substantial preclinical data showing their potential to enhance anti-tumor immunity.70 Historically, cytokines like IL-2 
and TNF-a have had a significant impact on cancers such as kidney cancer and melanoma, respectively. Even though rare 
cures were seen, their utility was limited by the significant toxicity seen with these therapies. Novel cytokine therapies 
with lower toxicity are under development and may offer a means to overcome the resistance the tumor microenviron
ment imposes and recruit a broader range of immune responses beyond T-cells.

Interleukin-2 (IL)-2 plays a critical role in the recruitment of natural killer (NK) and CD8+ T cells.69,71 This cytokine 
has a duality in function: it also stimulates T regulatory cells (T-regs), an unwanted side effect. Multiple adjustments have 
been made to improve IL-2’s ability to activate the immune system and decrease the immunosuppressive effects, 
however, there have been severe dose-limiting toxicities of IL-2 in other solid tumors, which has limited this cytokine’s 
success is prostate cancer. IL-15 is similar in function to IL-2, except that it does not activate T-regs, making it an 
attractive alternative. In order to overcome IL-15’s short half-life and complicated attachment to its receptors, 
a superagonist, N-803, was designed to be co-administered. N-803 has recently been FDA approved when added to 
bacillus Calmette-Guerin (BCG) for the treatment of BCG-unresponsive non-muscle invasive bladder cancer.72 This 
combination resulted in 90–94% cystectomy-free survival at 2 years and a high proportion of complete responses, 
depending on staging. Currently, trials are in early stages to evaluate this drug’s effectiveness in prostate cancer.

IL-12 is a pro-inflammatory cytokine that mediates the transition from the innate to adaptive immune system, with the 
potential to enhance anti-tumor immune activity.73 Secretion of IL-12 from phagocytes and dendritic cells stimulates 
cytotoxic NK cells, NKT cells and CD8+ T-cells, and promotes the Th1 differentiation of CD4+ T-cells resulting in 
secretion of additional cytokines that promote cell-mediated immunity. There is evidence to suggest IL-12 plays a crucial 
role counteracting the immunosuppressive nature of the tumor microenvironment by inhibiting Tregs and attracting target 
cells into the heart of the tumor.74 Preliminary data has suggested that a tumor targeting IL-12 cytokine/fusion protein 
(PDS01ADC) monotherapy can impact NK cells, NK activity and potentially impact the tumor in some prostate cancer 
patients as measured by PSA.75 Current trials underway with this agent include NCT04633252, a phase I/II study in 
combination with docetaxel and abiraterone (mCSPC) or in combination with docetaxel (mCRPC). Another trial based 
on potential NK synergies is combining PDS01ADC with enzalutamide in biochemically recurrent prostate cancer 
(NCT06096870).

Certain cytokines can alternatively have an immunosuppressive effect in the tumor microenvironment, and in some 
cases promote tumor growth. Therapeutic strategies have been developed to deplete cytokine signaling that could be 
immune suppressive. Preclinical data suggests that castration increases Il-8, which may promote prostate cancer disease 
progression.76 Two early phase clinical trials are being conducted to evaluate the role of IL-8 blockade: the MAGIC-8 
phase Ib/II trial combines ADT with nivolumab ± IL-8 blockade (NCT03689699) but thus far has not shown 
a therapeutic difference with IL-8 blockade.77 Another phase I trial has demonstrated safety of an anti-IL-8 monoclonal 
antibody (HuMax-IL8) in unresectable solid tumors, including prostate cancers (NCT02536469).78

MDSCs can be immune suppressive and promote tumor growth. CXCR2 has been implicated as a receptor on 
MDSCs that can be activated by chemokines (a subcategory of cytokines) which are produced by the prostate cancer 
tumor itself.79 As with IL-8, CXCR2 binding can allow MDSCs to promote tumor growth. A clinical trial has suggested 
that blocking CXCR2 in prostate cancer patients receiving enzalutamide could enhance responses as measured by PSA 
and imaging.80 Future studies with this strategy are under consideration.

Future Perspectives
Clinical development of prostate cancer immunotherapy thus far has been slow despite the initial approval of sipuleucel-T 
in 2010, predating the ICI era in oncology.5 The subsequent inability to demonstrate efficacy of ICIs beyond a very small 
subset led to several negative combination studies (Table 1). Such studies are not unique to prostate cancer. Indeed, no ICI 
has demonstrated efficacy in a combination approach in a tumor type where that ICI did not have proven independent 
activity already. This reality would suggest that ICI-based combinations are likely additive and not synergistic. If that is 
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correct, the concept of turning a “cold tumor hot” (eg, making ICIs work in combination in a tumor type where they have no 
single agent activity) is likely not a realistic goal for future studies.

Finally, after nearly a decade of negative trials of ICIs in prostate cancer, there is new hope on the therapeutic horizon 
(Table 2). While CAR-Ts have demonstrated little promise, emerging data is much more promising with bispecific 
strategies. Bispecifics involving the targets KLK2 and STAEP2 have yielded promising clinical data, and more definitive 
trials are already underway.63,65 Additional strategies such as immunocytokines could enhance immune compartments 
beyond T-cells, impacting NKs while also potentially limiting the immune suppressive effects of MDSCs and 
TAMs.69,75,80 Expanding our knowledge of tumor surface targets and ideal antigen characteristics, well reviewed 
elsewhere, will be key in the development of novel therapies.81

Combination strategies may remain an appropriate strategy beyond the concept of turning a cold tumor hot. NK cells 
may be important effectors within the immune microenvironment and have been associated with long term metastasis 
free survival.68 Emerging data suggest that standard therapies in prostate cancer such as enzalutamide and docetaxel are 
associated with increased NK cells and NK cell activation.82–84 It may be possible to further enhance these NK cell 
populations with immunotherapies to prolong the benefits of enzalutamide and docetaxel or perhaps delay therapeutic 
resistance. This strategy is being investigating in ongoing studies (eg NCT06096870).

It is also noteworthy that the research focus for phase 3 trials is shifting to earlier disease states. It is possible that 
patients in earlier stages of prostate cancer with less tumor volume and perhaps those who are less heavily pre-treated 
could have responses to immunotherapy that might otherwise be less effective when bulky tumors are entrenched in the 
dense bone microenvironment as is common with advanced metastatic prostate cancer.85 One stage of disease that is of 
growing interest is biochemically recurrent prostate cancer (BCR). This population of patients has residual disease after 
definitive surgery and/or radiation which was unfortunately not curative. Initially, these patients will only have disease 
detected by a rising serum tumor marker, PSA. Over time, it is likely that they will have disease seen on modern 
molecular imaging (eg prostate specific membrane antigen imaging or PSMA PET). Such patients have no proven 
therapy to extend their survival and have a long timeline (most times beyond 5 years) to benefit from immunotherapy 
before clinical progression.86

Indeed, there is data from an immunotherapy that shows potential differential outcomes in BCR compared to 
metastatic disease. PROSTVAC is a PSA targeting immunotherapy that had a negative phase 3 trial in advanced 
castration resistant prostate cancer.87,88 Although cross-trial comparisons are not ideal, it may be noteworthy that two 
Phase 2 studies in BCR with PROSTVAC showed PSA declines in about 1/3 of patients, something not reported in the 
phase 3 trial in metastatic disease.89,90 Such declines were often delayed showing the potential benefits using 

Table 2 Emerging Therapies for Prostate Cancer

Therapy Mechanism of Action Example Drugs Advantages Challenges

Chimeric 

antigen 

receptor 

T-cells 
(CAR T)

Engineered T-cells which express 

CAR to recognize specific tumor 

antigens leading to T-cell 

mediated cytotoxicity

● CAR T-PSMA-TGFβRdn [NCT03089203]
● PSCA-CAR T [NCT03873805]

● Specific immune response
● Potential for long lasting response

● Toxicity, off-target effects, CRS, ICANS
● On-target, off-tissue effects
● Length of manufacturing time
● Suppressive tumor microenvironment

Bispecific 
T-cell 

engagers 

(BiTEs)

BiTEs bind both CD3 on T cells 
and tumor-specific antigens to 

induce T-cell mediated 

cytotoxicity

● AMG 160 ● “Off the shelf” product ● Suppressive tumor microenvironment
● Risk of CRS, ICANS
● Short half lives
● Tumor immune escape

Cytokine 

therapy

Use of immune-activating 

cytokines (IL-2, IL-15, IL-12) to 
stimulate T- and NK-cells to 

induce cell-mediated cytotoxicity

● IL-15 superagonist [NCT06765954]
● PDS01ADC

● Boosts native immune system
● Can be used in combination with other 

immunotherapies

● Short half lives
● Systemic toxicity, cytokine storm
● May additionally promote T reg cells at 

certain concentrations

Notes: New therapies not listed here or discussed in detail include tumor-infiltrating lymphocytes, oncolytic virotherapy, and adoptive NK cell therapy; all of which are in 
very early phases of study and application to prostate cancer. 
Abbreviations: CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome; ICI, immune-checkpoint inhibitor; NK, natural killer; 
GVHE, graft versus host effect.
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immunotherapy in an earlier stage of disease such as BCR where patients are asymptomatic for years. Interestingly, one 
of these trials associated PSA declines with changes on PSMA imaging as well.90

In addition to extended timelines to allow for an immune response, other key biologic factors differ when BCR is 
compared to mCRPC, the stage where most prostate cancer immunotherapies have been investigated. In BCR, tumor 
burden is very low as this is the minimal residual disease state. It appears at this stage that most of the disease is located 
in the lymph nodes; a location potentially more accessible to the immune cells than disease in late-stage patients which is 
predominantly harbored in the dense fibrous matrix of the bone. Furthermore, BCR patients need not have testosterone 
lowering therapy, so it may be possible to evaluate immunotherapy in the patients without testosterone suppression.85 It 
is not fully known what effects testosterone suppression may have on the immune system, but long-term castration may 
have negative impact over time that diminishes some of the immune capabilities within patients.

Conclusion
Prostate cancer immunotherapy is poised to emerge from a latent phase of clinical development, unfettered by the need to 
make ICIs therapeutically effective. The most promising current strategies include bispecifics targeting prostate specific 
antigens without ICIs. Despite limited benefit seen thus far, CAR-T remains an active area of research as well. 
Immunocytokines or cytokine blocking agents may further yield data from early studies by impacting immunotherapy 
effectors beyond the T-cells. While it is fair to say that prostate cancer not responsive to one type of immunotherapy 
(ICIs), it is likely premature for it to be labeled as non-responsive to immunotherapy. Modern immunotherapeutic 
strategies beyond ICIs are being investigated in all stages of prostate cancer. If these therapies can demonstrate clinical 
efficacy and minimal toxicity, they may dramatically change how we think about immunotherapy in prostate cancer as 
well as all other cancers that do not response to immune checkpoint inhibition.

Abbreviations
APC, antigen presenting cells; ICIs, immune checkpoint inhibitors; PAP, prostatic acid phosphatase; GCSF, granulocyte 
colony stimulating factor; BiTE, Bispecific T-cell engager; PSMA, prostate surface membrane antigen; CAR, chimeric 
antigen receptor.
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