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Abstract

:

Simple Summary


Immunotherapy has changed the landscape of treatment modalities available for many different types of malignancies. However, the factors that influence the success of immunotherapeutics have not been as clearly seen in advanced prostate cancer, likely due to immunosuppressive factors that exist within the prostate cancer tumor microenvironment. While there have been many immunotherapeutics used for prostate cancer, the majority have targeted a single immunosuppressive mechanism resulting in limited clinical efficacy. More recent research centered on elucidating the key mechanisms of immune resistance in the prostate tumor microenvironment has led to the discovery of a range of new treatment targets. With that in mind, many clinical trials have now set out to evaluate combination immunotherapeutic strategies in patients with advanced prostate cancer, in the hopes of circumventing the immunosuppressive mechanisms.




Abstract


The use of immunotherapy has become a critical treatment modality in many advanced cancers. However, immunotherapy in prostate cancer has not been met with similar success. Multiple interrelated mechanisms, such as low tumor mutational burden, immunosuppressive cells, and impaired cellular immunity, appear to subvert the immune system, creating an immunosuppressive tumor microenvironment and leading to lower treatment efficacy in advanced prostate cancer. The lethality of metastatic castrate-resistant prostate cancer is driven by the lack of therapeutic regimens capable of generating durable responses. Multiple strategies are currently being tested to overcome immune resistance including combining various classes of treatment modalities. Several completed and ongoing trials have shown that combining vaccines or checkpoint inhibitors with hormonal therapy, radiotherapy, antibody–drug conjugates, chimeric antigen receptor T cell therapy, or chemotherapy may enhance immune responses and induce long-lasting clinical responses without significant toxicity. Here, we review the current state of immunotherapy for prostate cancer, as well as tumor-specific mechanisms underlying therapeutic resistance, with a comprehensive look at the current preclinical and clinical immunotherapeutic strategies aimed at overcoming the immunosuppressive tumor microenvironment and impaired cellular immunity that have largely limited the utility of immunotherapy in advanced prostate cancer.
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1. Introduction


Androgens have a key role in the pathogenesis of prostate cancer (PCa), and treatment modalities altering androgen receptor signaling pathways are the standard of care for advanced and disseminated disease. However, despite the initial effectiveness of androgen deprivation therapy (ADT), resistance to therapy occurs in approximately 30–50% of patients, resulting in castration-resistant prostate cancer (CRPC) for which there are very limited, generally not curative, systemic treatment options [1,2].



Utilizing the immune system to treat cancer has been a revolutionary development and has quickly become the standard treatment for many cancer types, superseding other targeted and systemic therapies [3]. By targeting cancer cells and avoiding the toxicities of chemotherapy and radiation, immunotherapy offers a less toxic, yet, in many types of cancers, highly efficacious alternative [4]. With regard to PCa, the interaction between prostatic epithelial cells and the immune and non-immune cells that make up the tumor microenvironment (TME) have been shown to have an important role in the complex changes that occur and ultimately result in disease progression, development of resistant metastases, and the overall resistance to both conventional and experimental therapies [1,5].



To date, however, patients with advanced PCa have not yet benefited to the same extent as those with more “immunologically hot” or “responsive” tumors such as melanoma, lung cancer, renal cell carcinoma or urothelial carcinoma [3,6,7]. In fact, PCa has been classified as a “cold tumor” with minimal response to immune-related treatment modalities [8,9,10]. Low tumor-associated antigen expression, decreased major histocompatibility complex (MHC) presentation of tumor antigens, tumor suppressor and DNA repair enzyme defects, and poor immune-modulating signaling are some key processes that have a role in this complex tumor environment, altering the overall anti-tumor response [8,11]. Efforts have been made to target these immune evasion mechanisms in CRPC. Currently ongoing preclinical and clinical trials are reporting encouraging results on combination-based therapies. However, other than pembrolizumab, which was approved for advanced solid tumors from the US Food and Drug Administration (FDA) in 2017 for high microsatellite instability (MSI) and in 2020 for high tumor mutational burden (TMB), sipuleucel-T, an immunotherapy based on the infusion of antigen presenting cells (APCs) which has demonstrated improvements in survival without a significant response rate, remains the only FDA-approved immunotherapy for mCRPC [12,13].



A greater understanding of the TME and methods for utilizing the host immune system to halt and eliminate tumor growth is needed to improve therapies. In this review, we set out to identify and explore key immune resistance mechanisms that lead to treatment failure in the immunosuppressive TME of PCa, and focus on therapeutic strategies (Figure 1) and approaches that target the immunosuppressive TME and seek to overcome these resistance mechanisms.




2. Immune Resistance Mechanisms in Prostate Cancer


In most solid tumors, effective immune responses within the TME rely on an increased infiltration and activation of immune cells, increased mutational burden within the cancer cells, expression of these tumor antigens on the cell surface, functional immune signaling pathways, and appropriate tumor suppressor functions [14,15]. Mechanisms that bypass these coordinated cellular functions ultimately result in immune evasion and subsequent malignant disease progression, and are thought to be critical factors in limiting the response to immune therapies [16].



The immunologic classification of tumors as “hot” or “cold” is determined by parameters that include the presence of specific tumor-infiltrating lymphocytes (TILs) such as CD4+ and CD8+ T cells, high TMB, as well as expression and recognition of neoantigens via MHC molecules by APCs. “Hot” tumors trigger an antitumor immune response based on these factors [9]. Conversely, “cold” tumors have been shown to have low TILs, impaired APC activation and presence of immune-suppressive cell types. PCa falls within the category of a “cold” tumor [9,17].



The mechanisms through which PCa evades the immune system, maintains the “cold” TME and mediates immunosuppression continues to be elucidated. In order to best overcome the resistance to immunotherapies in the setting of advanced PCa, it is critical to understand the mechanisms that lead to immune resistance in the context of the cellular components of the TME that potentiate immunosuppression and the molecules and genetic pathways that facilitate continued tumor growth [9]. Some of these key immune resistance mechanisms that will be explored include altered MHC molecule expression, decreased TMB, loss of tumor suppressor proteins, abberant androgen receptor signaling as well as increased infiltration of immune-suppressive cell types (i.e., T-regulatory cells, myeloid-derived suppressor cells) in the TME [9,17,18].



2.1. Role of Myeloid-Derived Suppressor Cells in the TME


In the setting of PCa, it has been shown that tumor development and progression is associated with a local inflammatory state, leading to the accumulation of an immune-suppressive population of Myeloid-derived suppressor cells (MDSC) within the TME [19]. MDSCs make up a group of immature myeloid cells (IMCs) that have been shown to exhibit strong immuno-suppressive functions of T and natural killer (NK) cells. Under normal conditions, the MDSCs differentiate into macrophages, granulocytes or tissue-resident dendritic cells. During an inflammatory response, these immature myeloid cells become activated to monocytes and neutrophils [20].



Over time, prostate tumor cells accumulate genetic alterations that allow them to move from the primary tumor site and metastasize to different anatomic sites. Bone, being a major metastatic site for advanced PCa in humans, has been found to have large populations of MDSCs in animal models [21,22]. Hossain et al. found a significantly increased percentage of MDSC in the blood of both mCRPC and localized tumor groups compared to the controls [23]. MDSCs were also found to be significantly increased in the circulation of mCRPC patients, in both untreated and docetaxel-treated groups compared to the controls, with significantly inhibited CD4+ T-cell proliferation seen in both groups [24]. Furthermore, previous studies have also demonstrated an upregulation in the production of chemokines that promote the recruitment of MDSCs to the PCa TME, with a remarkable decreased expression of small molecules responsible for the recruitment of cytotoxic T lymphocytes (CTL) [25]. This provides further evidence that the PCa TME, in part, promotes the presence of these immune suppressor cells leading to a diminished anti-tumor immune response that may otherwise help control progression of the disease.




2.2. Altered Major Histocompatibility Complex Class I Expression


Major Histocompatibility Complex (MHC) Class I proteins are typically found on the cell surface and have an important anti-tumor role presenting tumor antigens to CTLs resulting in an immunostimulatory signaling cascade leading to T cell activation and target cell destruction [8,26]. Loss of MHC I is one mechanism of immune evasion [26] that has been demonstrated in metastatic PCa cell lines and clinical specimens. Loss of MHC I occurs through defective synthesis and transport of MHC molecules, processing of tumor antigens, and loss of critical proteins required for cell-surface expression [27].




2.3. Low Tumor Mutational Burden


Neoantigen expression on the cell surface of tumor cells via MHC Class I/Class II molecules and activation of APCs and CTLs is essential in generating an anti-tumor immune response leading to tumor cell apoptosis [28]. TMB is a quantitative measure of the total number of mutations per coding region. Because some cancers result in a higher TMB, there is a subsequent increase in tumor neoantigen expression and thus, anti-tumor immune response [28]. PCa, however, has low somatic TMB and thus, decreased neoantigen expression compared to other tumor-types [8]. In fact, one study found mean somatic mutational rates at a frequency of 0.9 per megabase, approximately 10 times lower than reported for melanoma [29]. This highlights a potential lack of T-cell co-stimulation and activation in the PCa TME, which prohibits the generation of a powerful adaptive immune response following antigen presentation; a key step in immunotherapy effectiveness [8].




2.4. Interferon Pathway


Interferons (INF1) are a group of immunostimulatory cytokines released in response to cellular detection of invading pathogens [8]. Activation and expression of INF1 gene has also been shown to be crucial in mounting an efficient anti-tumor immune response through the release of cytokines that ultimately lead to an increase in the expression of immune costimulatory molecules, activation of adaptive immune cells, and an increase in TIL killing [30].



Interferon-gamma, INF-γ, a potent cytokine known to modulate tumor immunity and tumoricidal effects, has been shown to be highly elevated in patients with PCa after radiation [31]. Kundu et al. found that IFNγ can induce epithelial-to-mesenchymal transition in PCa cells leading to the downstream activation and expression of IFN-stimulated genes, PCa cell death and tumor regression [31,32]. Further animal models have also demonstrated that loss of tumor-intrinsic type I IFN can occur in proliferating PCa cells in bone and that the loss suppresses anti-tumor and therapeutic responses, in addition to promoting bone PCa cell activation and cancer progression [33]. These all highlight the importance of INF1 and their role in an anti-tumor immune response.




2.5. Loss of PTEN


Tumor suppressor proteins have an important role in immune cell maturation and activation. Within the TME, loss of these proteins can limit several immune response pathways that lead to a pro-tumorigenic state. PTEN has been shown to antagonize signaling pathways that lead to tumor growth while modulating the activation of INF1 and NK-κB pathways [34]. In PCa, mutations or deletions in PTEN have been found in up to 25% of primary cancers after radical prostatectomy and as many as 70% of mCRPCs. Similarly, PTEN-deficient prostate cancers have been shown to have higher regulatory T cell densities, suggesting an expansion of immunosuppressive factors in the TME [34]. In other cancers, such as melanoma, PTEN-silenced mouse models demonstrate a significantly reduced therapeutic activity of tumor-specific TILs compared with those with an intact PTEN gene [35]. Although these findings need to be validated in PCa, the data provide evidence for a possible mechanistic role of PTEN in altering the immune milieu and response to immunotherapy in the PCa TME.




2.6. Androgen Receptor Signaling


The nuclear androgen receptor (AR) transcription factor has an important role in maintaining optimal function and physiology of the human prostate. The binding of dihydrotestosterone (DHT) to the AR triggers a cascade of pathways mediating this physiology. ADT works to limit signaling pathways critical to AR activation [36].



More recent evidence has shown that the use of ADT and androgen withdrawal can alter the PCa TME. In the short term, androgen deprivation either by surgical castration or anti-androgen therapy targeting the AR signaling pathway has been reported to result in an increase in the number of TILs, and decrease in the number of Tregs supporting an antitumor response to ADT [37]. PCa mouse models have demonstrated that ADT initially induces a pro-inflammatory infiltrate, but that this ultimately decreases with the development of castration resistance and induction of more immune tolerance to PCa antigens [38]. The initial infiltration of CD8+ T cells seen in the TME of men with high-risk localized PCa who received ADT plus a cell-based vaccine (Cy/GVAX) in the neoadjuvant setting is initially increased with the use of ADT. However, a proportional increase in FoxP3+ T regulatory cells (Tregs) was simultaneously seen, [39] suggesting that attempts to remove these Treg cells may be essential in stimulating an anti-tumor immune response following AR antagonist therapy.





3. Therapies Targeting Immune Resistance


3.1. Immune Checkpoint Inhibitors


Early Phase Studies



The development of immune checkpoint inhibitors (ICIs) has revolutionized oncologic immunotherapeutics over the last decade. Normally, checkpoint proteins and their corresponding receptors keep immune responses in check. Antibodies that inhibit the checkpoint inhibitors, programmed death ligand 1 (PD1/PD-L1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), have demonstrated long-term survival benefits and antitumor effects in malignancies such as renal cell carcinoma, melanoma, non-small cell lung cancer, and urothelial carcinoma [40,41,42].



There has been conflicting evidence on the role of PD-L1 expression in the PCa immune response. Some studies have surprisingly demonstrated that low levels of PD-L1 expression is associated with PCa progression [43,44]. This may help explain why anti-PD-L1 monotherapies have had limited success in mCRPC. For example, PD-L1 expression was rarely observed in specimens of patients with primary PCa, especially in the context of PTEN loss, whereas PD-L1 expression was increased in response to proinflammatory signals in vitro [44]. Interestingly, in the neoadjuvant setting, one study reported downregulation of PD-L1 expression in radical prostatectomy tumor specimens in patients previously treated with abiraterone and prednisone [43].



On the other end, there have been reports suggesting increased PD-L1 expressed in mCRPC [45]. One study reported upregulation of PD-L1 expression in the PCa tissue and circulating dendritic cells in enzalutamide-resistant tissues in both patients and mouse models [46]. This observation suggests that resistance to enzalutamide may be associated with increased PD-L1 expression on the target immune and cancer cells, rather than a through an AR pathway. These variations in PD-L1 expression in PCa tumors suggest that levels of immune checkpoint molecule expression may vary at different stages of PCa progression and according to previous therapies received [45].



Most ICI monotherapies have shown limited survival benefit in patients with mCRPC, with the exception of pembrolizumab (PD-1 inhibitor), which is FDA-approved for microsatellite instability (MSI) high status, DNA mismatch repair (MMR) enzyme deficiency, or high tumor burden [47,48,49]. In the phase II KEYNOTE-199 study, pembrolizumab monotherapy demonstrated objective response rates between 3–5% in patients with mCRPC previously treated with docetaxel, as well as durable antitumor activity among patients with mCRPC resistant to enzalutamide [47]. Thus, the community has shifted towards studying combination therapies of two different ICI or combining ICI with other treatment modalities sequentially or in parallel.



The thought behind combinatorial strategies is to turn PCa from an immunologically “cold” cancer, to a more “hot” TME [44]. Data from the ongoing CHECKMATE-650 phase II trial, using the combination of anti-PD-1 (nivolumab) and anti-CTLA-4 (ipilimumab) therapy in patients with asymptomatic or minimally symptomatic mCRPC, some of whom had previously received cabazitaxel, reported an objective response of 26% in the chemotherapy-naive patients [50]. Determining the balance between efficacy and toxicity is critical when combining therapies. In the CHECKMATE-650 trial, treatment-related toxicity was significant, and only 40–50% of the patients completed all four treatment cycles.



Apart from radiation therapy, the combination of other therapies with ICI is currently being evaluated and underway. The KEYNOTE-365 is a non-randomized phase Ib/II umbrella trial of patients with mCRPC who progressed on chemotherapy and hormonal therapy to evaluate the efficacy of pembrolizumab and olaparib (PARP inhibitor), pembrolizumab and docetaxel/prednisone, and pembrolizumab and enzalutamide. The objective response rate of chemotherapy-naïve, abiraterone-treated mCRPC patients receiving the combination of enzalutamide and pembrolizumab was shown to be 20% (NCT02861573) [51,52]. COSMIC-021, a phase Ib trial, is studying the combination of cabozantinib (tyrosine kinase inhibitor) and atezolizumab (PD-L/PD-L1 inhibitor) in mCRPC [53].



Late Phase Studies



More recently, a long-term survival advantage was reported in the phase III trial of iplilimumab versus placebo after radiotherapy in docetaxel-treated mCRPC patients [54]. However, another phase 3 trial (CA184-095) looking at ipilimumab in docetaxel-naïve mCRPC patients without any prior radiation showed no OS benefit, despite a significant improvement in progression-free survival (PFS) [6]. One thought is that the use of radiation and/or chemotherapy prior to ICI use can lead to improved survival advantages by converting the “cold” TME into a “hot” immunologically active TME. In preclinical studies, significantly increased survival advantages have been seen in murine CRPC models treated with radiation with either combination PD-1 or PD-L1 therapy compared to ICI alone [55]. In addition to direct killing of tumor cells and increased mutations within tumor-derived peptides, Philippou et al. demonstrated increased immune infiltration in the TME of mice with mCRPC, along with upregulated PD-1/PD-L1 expression and CD8+ T cell infiltration after radiotherapy treatment [56].




3.2. Cellular Therapies—Chimeric Antigen Receptor T Cells


Pre-clinical studies have focused on targeted therapies against specific cancer stem cells. Cancer stem cells are a subpopulation of cancer cells with self-renewing capabilities, which are distinguished by the types of proteins expressed on their cell surface. Common cell-surface markers used in the identification of PCa stem cells include CD44, CD133, and epithelial cell adhesion molecule (EpCaM) [57].



Cancer stem cell–targeting immunotherapy has recently been attempted in PCa with chimeric antigen receptor (CAR) T cells. CAR T cells are cell-based vaccines that are a burgeoning new area of interest in immunotherapy. The precisely ex vivo engineered receptors allow the T cells to recognize and bind to specific antigens or proteins on tumor cells. Once created, the CAR T cells are engineered to express a synthetic receptor that has high affinity for specific tumor cells targeting tumor-associated antigens (TAAs) in a non-HLA complex-restricted manner [58], and are then expanded and then infused into the patient to target and kill cells carrying the specific antigen.



PCa has several overexpressed cell-surface tumor antigens, such as EpCAM, prostate stem cell antigen (PSCA) and prostate specific membrane antigen (PSMA). In one preclinical model for metastatic PCa, CAR T cells were engineered against EpCaM-expressing cancer stem cells in a murine PCa model that demonstrated inhibited tumor growth and prolonged mouse survival [59]. A preclinical model showed that PSMA-directed CAR T cells combined with docetaxel induced PCa tumor regression in a xenograft model [60]. There are several promising ongoing trials using CAR T cells to target antigens expressed in PCa including PSCA (NCT02744287), PSMA (NCT01140373), EpCAM (NCT03013712), and NY-ESO-1 (NCT03159585).




3.3. Vaccines


Vaccination has been an important strategy in addressing anti-cancer immunity. The major categories of anti-tumor vaccines include dendritic cell-based, viral vector-based, cell-based, peptide-based, and DNA/mRNA-based. As with other therapies in development, the use of vaccines in PCa requires a deep understanding of the key immune mechanisms in the TME, PCa mutational load, and the expression profile of PCa-specific tumor antigens [58].



3.3.1. Dendritic and Other Cell-Based Vaccines


Sipuleucel-T


Early Phase Studies



The Sipuleucel-T vaccine involves the ex vivo expansion and activation of patient-derived peripheral blood mononuclear cells (PBMCs) with a recombinant prostatic acid phosphatase fusion protein [61,62]. The basis for this vaccine came from early mouse studies that showed dendritic cells could be removed, activated ex vivo with tumor-associated antigens, and replaced in vivo [63]. Sipuleucel-T has been investigated earlier in the course of PCa. A phase II trial assessed the use of neoadjuvant Sipuleucel-T in men who were planning to undergo radical prostatectomy, but did not observe any tumor downstaging [64]. There have also been a number of studies looking at its use in nonmetastatic biochemical recurrent (BCR) disease. One phase II study of Sipuleucel-T in 13/18 patients with BCR observed an increase in PSA doubling times (PSADT), but no decrease in absolute PSA levels [65]. Another phase II trial randomly administered Sipuleucel-T to patients with BCR after radical prostatectomy while on ADT. Although they also saw an increase in PSADTs, they did not find any difference in the primary endpoint of time to develop biochemical failure following ADT [66]. Therefore, current evidence does not support Sipuleucel-T use in patients with BCR after primary treatment, advanced disease with visceral mets, or in men with non-metastatic CRPC.



Late Phase Studies



Based on the phase III IMPACT trial [61], Sipuleucel-T was the first FDA approved autologous cellular therapeutic vaccine for patients with mCRPC with no visceral metastasis and little to no symptoms. In the trial, CRPC patients receiving the treatment had a median survival 4.1 months longer than placebo-treated patients, although the time to disease progression was not significantly different [61]. However, greater than 50% of patients in the placebo group with disease progression crossed over to receive the vaccine, and these patients had significantly longer overall survival (OS) times compared to the group that did not cross over (20 months vs. 9.8 months). Thus, the absolute survival benefit of Sipuleucel-T may be greater than initially observed.




GVAX Prostate


Early Phase Studies



GVAX is a GM-CSF-secreting tumor cell vaccine made from irradiating tumor antigens from the PCa hormone-sensitive cell line, LNCaP, and the hormone refractory cell line, PC-3 [67,68]. An initial phase I/II study where patients with metastatic hormone-refractory PCa were treated with GVAC saw a statistically significant decrease in PSA velocity and a trend towards a dose-dependent survival benefit in patients receiving the vaccine [68].



Late Phase Studies



This ultimately led to two phase III trials (VITAL-1 and VITAL-2) that were both terminated early based on the results of an unplanned futility assessment, where the combination of GVAX and docetaxel resulted in an increased mortality rate compared to the chemotherapy monotherapy group alone (NCT00133224). Although the use of GVAX in the mCRPC setting has been limited to date, the use GVAX in combination with cyclophosphamide followed by degarelix vs. degarelix alone is being investivated in the neoadjuvant setting in high risk localized PCa [39].




DCVAC/PCa


Early Phase Studies



DCVAC/PCa is a dendritic cell vaccine formed by in vitro activation of autologous dendritic cells with the LNCaP killed PCa cell line, which has shown conflicting results. One phase I/II trial observed a 6–7 months OS advantage for mCRPC patients receiving DCVAC/PCa and docetaxel/prednisone [69]. A subsequent phase II randomized trial of DCVAC with docetaxel compared to docetaxel alone did not observe a survival benefit in mCRPC [70].



Late Phase Studies



The phase III VIABLE trial results, presented at the 30th annual meeting of the Society for Immunotherapy of cancer, was a randomized, double-blinded, placebo-controlled trial, where DCVAC/PCa in combination with docetaxel and prednisone was compared to docetaxel/prednisone alone in mCRPC (NCT02111577). The preliminary report did not demonstrate a survival benefit in those receiving DCVAC/PCA, with OS times of 23.9 compared to 24.3 (results available on Clinicaltrial.gov NCT02111577).





3.3.2. Viral Vector-Based Vaccines


PSA-TRICOM


Prostvac is a viral vector-based vaccine created by inserting a recombinant plasmid with a PSA transgene into a poxvirus along with plasmids coding for three viral T-cell costimulatory molecules (TRICOM). Arlen et al. found that the addition of TRICOM (LFA-1, ICAM, and B7-1) had a dramatic synergistic effect on catalyzing a targeted immune response compared to constructs without co-stimulatory molecules or carrying just one or two molecules [71]. Prostvac utilizes two different recombinant pox virus-based vectors (vaccinia and fowlpox viruses) to generate a T-cell response in PCa patients [72]. Patients first receive a vaccinia-based priming vaccine (Prostvac-V) and then receive monthly poxvirus-based vaccines as boosters (Prostvac-F). The effect of Prostvac in combination with GM-CSF was studied in a placebo-controlled phase II study in men with minimally symptomatic mCRPC who had not had prior chemotherapy. Patients who received Prostvac and GM-CSF had a 44% reduction in mortality [73]. However, the subsequent phase III PROSPECT trial that randomly assigned patients with mCRPC to received Prostvac with adjuvant GM-CSF or placebo showed no difference in overall survival [74].




Adenovirus/PSA


Research on adenovirus-based vaccines has been underway for decades, and highlighted by the recent use of the Johnson & Johnson and Astrazeneca COVID-19 vaccines, which are both adenovirus vaccines [75,76]. Adenoviral vaccines are yet another vector that can be used to target specific tumor antigens. A barrier to adenovirus-based vaccines are the existing antibodies from previous adenoviral exposures that can neutralize the adenovirus before the vaccine can induce a T cell response. Siemens et al. developed a way to circumvent neutralizing adenoviral antibodies by delivering the adenoviral vaccine targeting PSA (Ad/PSA) with gelfoam, a collagen-based matrix [77]. It was proven to be safe in a phase I trial and the majority of patients demonstrated anti-PSA T cell responses [78]. PSA doubling time were also seen to be increased in about half of the patients. An ongoing phase II trial is studying the use of Ad/PSA in patients with mCRPC (NCT00583024). There is also a phase I study of an adenovirus vaccine with three target antigens; PSA, brachyury, and MUC-1 in patients with mCRPC [79]. Adenovirus vaccines boost high expression levels of the transgenes, but its ability to infect target cells is conditional on the cell’s expression of Ad receptor, which is not universally expressed on cancer cells.





3.3.3. DNA/mRNA-Based Vaccines


DNA-based cancer vaccines are based on an expression plasmid engineered from a target antigen, which is then presented via MHC class II molecules to activate CD4+ T cells. In PCa, prostatic acid phosphatase (PAP) is a promising target antigen because its expression is exclusive to prostatic tissue, both normal and malignant, and has a rodent homolog for preclinical models [80,81]. McNeel et al. administered a DNA vaccine encoding PAP to patients with BCR cancer and observed amplified antigen-specific cytotoxic T-cell responses, termed PAP-specific IFNγ secreting T-cells [81]. They concluded that multiple immunizations were needed to elicit these T-cell immune responses. Some individuals in the study had a ≥200% increase in PSA doubling time and most of these patients had long term PAP-specific IFNγ secreting T-cell immune responses [82].



Another DNA vaccine was assessed in a phase I/II trial for patients with PCa. This vaccine encoded an HLA-A2-binding epitope from PSMA fused to a domain of fragment C of the tetanus toxin. The vaccine was safe and well tolerated, and was shown to induce PSMA-specific CD8+ T cells along with a CD4+ T cell help. Despite no effect of DNA vaccine dose on outcome, PSADT increased from 11.97 months pre-treatment to 16.82 months over a 72-week follow-up [83].



Messenger RNA (mRNA) vaccines are also in development for immunotherapeutic purposes. mRNA vaccines are created by using bacterial RNA polymerase with the template DNA encoding an antigen of interest. After mRNA translation, the antigen is presented to the immune system to stimulate an immune response. Trials using mRNA vaccines to treat cancer are currently underway for esophageal, pancreatic, gastric, ovarian, and skin cancers [84]. One ongoing trial is studying the use of an mRNA vaccine targeting antigens expressed in prostate cancer complexed with liposomes for stability (RNA-LPX). More specifically, the mRNA encodes for 5 antigens (PAP, PSA and 3 undisclosed antigens) expressed de novo and metastatic prostatic cancer. This mRNA cancer vaccine is being tested with or without adjuvant cemiplimab in men with mCRPC (NCT04382898).




3.3.4. Listeria monocytogenes-Based Vaccines


Listeria monocytogenes (Lm) is an intracellular bacteria pathogen, which has been used as a vaccine vector for the delivery of antigens in various settings [85,86,87]. When antigens are fused to a truncated form of Listeriolysin O (LLO), the fusion protein has been shown to rapidly be taken up by APCs, resulting in the formation of tumor antigen-specific CTLs. In addition to stimulating an anti-tumor response, Lm-based immunotherapies have been shown to have immunomodulating effects, reducing the number and function of immunosuppressive Tregs and MDSCs within the TME of mouse models with upregulation of PD-L1 expression [87,88].



ADXS31-142 is a live, attenuated, bioengineered Lm-LLO immunotherapy designed to secrete an antigen-adjuvant fusion protein consisting of a fragmented LLO protein fused to human PSA [88]. The agent is currently under exploration in combination with pembrolizumab as part of a phase 1/2 KEYNOTE-046 trial (NCT02325557) and appears to be safe and tolerable in patients with mCRPC. Current results indicate medial overall survival of 33.7 months for patients with mCRPC treated with the combination vaccine and ICI. Improvements in median overall survival have also been seen in patients with prior visceral metastases of 16.4 months compared to 11 months in those undergoing current standard of care [89].





3.4. Adenosine Receptor Antagonists


Adenosine receptors A2a and A2b are upregulated by some cancer cells and work to prevent lymphocytes and myeloid cells from infiltrating tumor cells. A2a and A2b are G protein-coupled receptors (GCPRs) that are expressed in PCa cells [90]. Etrumedenant is a new dual adenosine A2a/A2b receptor antagonist developed to target PCa. ARC-6 is an ongoing phase Ib/II open label trial evaluating etrumedenant with zimberelimab (PD-1 inhibitor) and docetaxel in patients with mCRPC (NCT04381832).




3.5. Bi-Specific T-Cell Engagers (BiTEs)


Another developing area in immunotherapeutics for CRPC is bispecific monoclonal antibodies called bi-specific T-cell engagers (BiTEs), which conjugate simultaneously with tumor antigens and T cells. The FDA approved blinatumomab, a BiTE, for use in B-cell acute lymphoblastic leukemia [91]. In a preclinical study, an oncolytic adenovirus was engineered to encode a fibroblast activation protein BiTE to attack stromal fibroblasts in PCa tissue [92]. Pasotuxizumab is a BiTE that engages CD3 on T cells and targets PSMA on PCa cells, and a recent phase I trial showed that it had a dose-dependent PSA response, including two long term responders out of total of nine patients [93]. AMG 160 is a PSMA targeting BiTE being studied in a phase I trial in CRPC patients who are unable to receive or failed taxane therapy (NCT03792841). Preliminary results presented at ESMO Virtual Congress 2020, AMG 160 monotherapy has shown a manageable safety profile, with responses by PSA decline (>50% decline) in greater than one third of patients. In addition, evidence of response via imaging was seen in 2 patients with partial responses with an additional 8 patients demonstrating stable disease. HPN424 is an CD3/PSMA-targeting monoclonal antibody, although it is trispecific rather than bispecific. HPN424 has an albumin-binding domain, which is designed to extend the half-life of the compound. There is a phase I study for HPN424 in patients with mCRPC who have progressed on systemic therapy (NCT03577028).





4. Combination Strategies


Due to the complex nature of immunotherapy, multifaceted combination therapies are being investigated. Trials are underway to study various permutations of treatments that include antigen vaccines, DNA vaccines, and checkpoint inhibitors. A current study is examining the effect of a neoantigen DNA vaccine in combination with PROSTVAC, nivolumab and ipilimumab (NCT03532217). Another trial is evaluating ipilimumab in combination with GVAX [94]. Pembrolizumab combination therapies in mCRPC are being investigated in KEYNOTE-365 (NCT02861573) a phase Ib/II study mentioned in the previous section with four different study medications (pembrolizumab, docetaxel, enzalutamide, Olaparib, abiraterone and prednisone). Ongoing studies are investigating combination Sipuleucel-T with atezolizumab (NCT03024216), ipilimumab (NCT01804465), radiation (NCT02463799, NCT01818986, NCT01807065), and chemotherapy (NCT01420965). A list of ongoing studies is included in Table 1.




5. Conclusions


Despite the early success of Sipuleucel-T in advanced PCa, immune therapies have proven effective in few patients with mCRPC. The poor response of PCa to these therapies is thought to be multifactorial—likely a result of the complex interplay between the TME, immune evasion mechanisms, and subsequent malignant disease progression. The role of immunotherapy as monotherapy or combination-based therapy in treating metastatic PCa is growing. The incentive for gaining a deeper understanding of the TME and mechanisms of immune resistance lies in the opportunity to further the development of vaccines, checkpoint inhibitors, and combination strategies in the treatment of advanced PCa.
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Figure 1. Immunotherapeutic categories designed to overcome immune resistance mechanisms in the tumor microenvironment of prostate cancer: (1) adoptive cell transfer, (2) Immune checkpoint inhibitors, (3) antibody–drug conjugates, (4) viral vector-based vaccines, (5) cell-based vaccines, (6) Adenosine receptor antagonists; (7) DNA/mRNA- based vaccines, and (8) Bispecific T-cell engagers. 
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Table 1. Current ongoing clinical trials of immunotherapeutics in prostate cancer.
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	Agent (s)
	Mechanism
	Clinical Phase
	Indication
	Clinical Trial ID





	DCVAC/PCa/docetaxel/prednisone
	Autologous DC vaccine + chemotherapy
	III
	mCRPC
	NCT02111577 (VIABLE)



	Ad/PSA
	Adenovirus-based vaccine with PSA gene
	II
	mCRPC
	NCT00583024



	W_pro1/cemiplimab
	mRNA-based vaccine monotherapy complexed with liposomes +/− IC
	I/II
	mCRPC
	NCT04382898 (PRO-MERIT)



	CAR T cell-PSCA (BPX-601)
	Autologous T cell-based vaccine
	I/II
	mCRPC
	NCT02744287



	CAR T cell-PSMA
	CAR T cell-based vaccine
	I
	mCRPC
	NCT01140373



	Entrumadenant/zimberelimab/enzalutamide/docetaxel/AB680
	Adenosine receptor antagonist + ICI + CD73 inhibitor + ADT + chemotherapy
	I/II
	mCRPC
	NCT04381832 (ARC-6)



	AMG160/pembrolizumab
	PSMA-targeting Bispecific T-cell Engager + ICI
	I
	mCRPC
	NCT03792841



	HPN424
	PSMA-targeting Bispecific T-cell Engager
	I/II
	mCRPC
	NCT03577028



	PROSTVAC/Ipilimumab/Nivolumab/Neoantigen DNA vaccine
	Viral vector-based vaccine + ICI+ DNA vaccine
	I
	HSPC
	NCT03532217



	Pembrolizumab/enzalutamide/docetaxel/olaparib/abiraterone/prednisone
	ICI + ADT + PARP inhibitor + chemotherapy
	I/II
	mCRPC
	NCT02861573

(KEYNOTE-365)



	Atezolizumab/Sipuleucel-T
	ICI + DC Vaccine
	Ib
	mCRPC
	NCT03024216



	Ipilimumab/Sipuleucel-T
	ICI + DC Vaccine
	II
	mCRPC
	NCT01804465



	Sipuleucel-T/CT-011/Cyclophosphamide
	DC Vaccine + ICI + chemotherapy
	I
	mCRPC
	NCT01420965



	Nivolumab/Ipilimumab/Cabazitaxel/Prednisone
	ICI + chemotherapy
	II
	mCRPC
	NCT02985957 (CheckMate 650)







mCRPC metastatic castration-resistant prostate cancer; ICI immune checkpoint inhibitor; HSPC hormone-sensitive prostate cancer; PSA prostate-specific antigen; PSMA prostate-specific membrane antigen; DC dendritic cell; ADT androgen deprivation therapy; CAR T chimeric antigen receptor T cells; PARP poly ADP ribose polymerase.
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