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Prostate cancer, the second most common cancer in men, often progresses to castration-resistant prostate cancer despite androgen deprivation therapy. Immunotherapy, revolutionary in cancer treatment, has limited efficacy in prostate cancer due to its “cold tumor” nature. Peptides, with unique advantages, offer new hope. This review explores how peptide-based tumor immunotherapy can transform prostate cancer from a “cold” to a “hot” state. It modulates the immunosuppressive tumor microenvironment by regulating non-immune cells (such as cancer-associated fibroblasts, endothelial cells, and adipose stromal cells), repolarizing tumor-associated macrophages, activating NK cells, and tuning cytokines. Additionally, peptides can induce immunogenic cell death (ICD) in prostate cancer cells through ferroptosis, pyroptosis, and autophagy modulation. The review also revisits existing prostate cancer immunotherapies, including immune checkpoint blockade, CAR T cell therapy, and dendritic cell vaccines, highlighting how peptides can enhance their effectiveness and safety. Finally, two peptide-based immunotherapy strategies in the development stage, peptide-integrated Proteolysis-Targeting Chimera therapy and peptide-involved epigenomic therapy, are introduced, showing great potential for future prostate cancer treatment.
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1 INTRODUCTION
Prostate cancer (PCa) ranks as the second most common cancer in men and is the sixth leading cause of cancer-related deaths among them (Culp et al., 2020). Androgens play a crucial role in the development and advancement of PCa. While androgen deprivation therapy (ADT), often combined with supplementary treatments like radical prostatectomy and radiotherapy, can effectively manage and slow down the disease’s progression in its early stages (Wala et al., 2023), the development of castration resistance is an inevitable outcome. As a result, a significant proportion of patients will eventually progress to castration-resistant prostate cancer (CRPC) (Nguyen et al., 2015).
Immunotherapy has revolutionized cancer treatment, providing lasting responses and wide-ranging applicability across multiple cancer types (Zhang and Zhang, 2020). By modulating autoimmune responses, enhancing antigen presentation, and disrupting inhibitory tumor microenvironment (TME), this groundbreaking approach strengthens the immune system’s ability to detect and eliminate cancer cells (Chow et al., 2022). Notably, immunotherapy has achieved significant advancements in the treatment of certain genitourinary tumors (Mehta et al., 2017).
Despite its promise, immunotherapy in PCa has yet to deliver transformative outcomes, largely because PCa is classically considered a “cold tumor” (Bhatia et al., 2023). When compared to highly immunogenic tumors such as melanoma, PCa poses unique challenges for immunotherapy (Topalian et al., 2019). Its TME often displays immunosuppression, marked by a preponderance of regulatory T (Treg) cells, myeloid-derived suppressor cells, and M2 macrophages, which facilitate immune evasion (Kwon et al., 2021). Additionally, prostate tumors generally harbor fewer neoantigens due to their relatively low mutational load, thereby reducing their immunogenicity. Consequently, PCa frequently exhibits resistance to immunotherapeutic strategies (Subudhi et al., 2020).
Since the introduction of insulin almost a century ago, more than 80 peptide drugs have reached the market for a wide range of diseases, including diabetes, cancer, osteoporosis, and multiple sclerosis (Muttenthaler et al., 2021). Peptides represent a unique class of pharmaceuticals comprising amino acids, with molecular weights spanning from small molecules to proteins (Abbas et al., 2019). The scientific community has increasingly recognized numerous advantages of peptides over small molecules and biological agents. These benefits encompass lower production costs, enhanced tumor tissue penetration, decreased immunogenicity and toxicity, straightforward target binding, versatile sequence selectivity, and remarkable efficacy (Liu et al., 2019). Many peptides utilized in cancer immunotherapy are derived from the functional domains of proteins and exhibit specific activities such as receptor binding (Achilefu et al., 2002), responsiveness to stimuli (Gupta et al., 2023), cell penetration (Song et al., 2019), and modulation of cell signaling pathways (Hanold et al., 2017). Notably, peptides have the potential to augment immune responses in the context of tumor immunotherapy (Sun et al., 2018).
In this review, we discuss how peptide-based tumor immunotherapy transforms PCa from a “cold” to a “hot” state by modulating the TME of PCa and inducing ICD in PCa cells, thereby enhancing the response of PCa to immunotherapy. Subsequently, we will review the existing modifications in PCa tumor immunotherapy that have entered clinical trials but have yet to achieve substantial breakthroughs, along with the potential improvements peptides can offer in this regard. Finally, we introduce two areas of peptide-based immunotherapy for PCa that are currently in the development stage.
2 TRANSFORMING THE IMMUNOSUPPRESSIVE PROSTATE CANCER TUMOR MICROENVIRONMENT: FROM “COLD” TO “HOT” WITH PEPTIDES
The TME of PCa is distinguished by T cell exhaustion and immunosuppressive activity of Treg cells, M2 macrophages, and quiescent NK cells (Kang et al., 2022). Furthermore, the intricate crosstalk between PCa cells and stromal cells, including Cancer-associated fibroblasts (CAFs), endothelial cells, and adipose stromal cells (ASCs), contributes to the progression of PCa (Heidegger et al., 2022). In the following, we will introduce the utilization of peptides to modulate the functions of these cells, thereby improving the immunosuppression within the TME of PCa Figure 1.
[image: Figure 1]FIGURE 1 | Peptide-based tumor immunotherapy transforms the immunosuppressive prostate cancer tumor microenvironment from “cold” to “hot.”
2.1 Orchestrating the non-immune cells in the tumor microenvironment with peptides
2.1.1 Peptide mediation in cancer-associated fibroblast-induced extracellular matrix remodeling
Cancer cells recruit CAFs, which are crucial in shaping the malignant TME. Activated CAFs facilitate tumor cell growth, invasiveness, and drug resistance by depositing extracellular matrix (ECM) and secreting cytokines, chemokines, and growth factors (Gascard and Tlsty, 2016). A seemingly straightforward therapeutic approach would be to directly target and eliminate CAFs. However, recent studies have shown that depleting αSMA (+) fibroblasts paradoxically heightens the risk of tumor invasion or migration (Özdemir et al., 2014). To address this concern, peptide-based tumor immunotherapy research has shifted its focus to inhibiting the recruitment and activation of CAFs by PCa cells, with the goal of functionally modulating CAFs instead.
In response to androgen stimulation, PCa cells recruit and activate CAFs, which significantly enhance the size of PC organoids by remodeling the ECM (Di Donato et al., 2015). The stapled peptide Rh-2025u, derived from the androgen receptor (AR), disrupts the interaction between androgen-bound AR and Filamin A (FlnA), thereby preventing the formation of the AR/FlnA complex. By inhibiting this complex, Rh-2025u further suppresses the migration of CAFs (Di Donato et al., 2021a). Specifically, the AR/FlnA complex, in conjunction with integrin β1, forms a ternary complex that regulates focal adhesion kinase, paxillin, and Rac, collectively orchestrating the migration of prostate CAFs (Di Donato et al., 2021b). Rh-2025u effectively disrupts the downstream signaling of this ternary complex, thus inhibiting the migration process of prostate CAFs (Di Donato et al., 2021a).
Cancer cells’ phenotypes and molecular functions are intrinsically tied to signals originating from outside the cell, particularly through interactions with ECM (Winkler et al., 2020). These ECM components undergo modifications by binding with soluble factors, including growth factors and other ECM-associated proteins (Hynes, 2009). The surface receptors on cancer cells engage with ECM components and ECM-bound factors, facilitating cell adhesion and signaling, which in turn regulate a wide array of processes such as proliferation, differentiation, migration (Gonzalez and Medici, 2014). In the TME of PCa, prostate stromal cells, especially CAFs, secrete insulin-like growth factors (IGFs), thereby promoting extracellular matrix remodeling (Goel et al., 2006). Normally, IGF-IR expression is observed in prostate epithelial cells and PCa cells (Ryan et al., 2007). Increasing evidence suggests that IGFs play a crucial role in the development of PCa, including in the process of epithelial-mesenchymal transition (Kawada et al., 2006). LCS-7, a peptide mycotoxin derived from leucinostatin (LCS)-A, binds to the crucial carboxylate group of Glu59 on the mitochondrial ATP synthase subunit c, effectively inhibiting ATP synthase activity. This leads to mitochondrial dysfunction and subsequently impedes IGFs synthesis. Studies have demonstrated that LCS-7 significantly retards the growth of mouse xenograft tumors (Ohishi et al., 2020).
2.1.2 Peptide regulation of angiogenesis through endothelial cells
Endothelial cells play a crucial role as a non-immune component within the TME. They contribute to the development and expansion of tumor blood vessels by secreting angiogenic factors like Vascular Endothelial Growth Factor (VEGF) and engaging in interactions with macrophages and tumor cells, ultimately influencing the migration and invasion of tumor cells (Arab et al., 2023).
The synthetic NBD peptide, which mimics the S100A4-binding domain of MetAP2, has been demonstrated to regulate the expression of genes related to angiogenesis and suppress capillary formation in murine endothelial cells (Takenaga et al., 2021). MetAP2, an effector protein of S100A4 known to be involved in angiogenesis, binds to S100A4 in a calcium-dependent manner. When calcium binds to S100A4, it undergoes a significant conformational change, forming a hydrophobic binding pocket that can interact with MetAP2 (Ochiya et al., 2015). The NBD peptide effectively blocks this binding pocket, thus inhibiting the interaction between S100A4 and its effector proteins, including MetAP2 (Takenaga et al., 2021).
2.1.3 Peptide modulation of epithelial-mesenchymal transition via adipose stromal cells
ASCs secrete adipokines, including mitogenic factors, that foster a tumorigenic microenvironment through paracrine signaling. These adipokines facilitate processes such as tumor epithelial-mesenchymal transition (EMT), suppress the immune system, and counteract apoptosis, all of which contribute to cancer progression (Saha et al., 2023).
To effectively target and eliminate ASCs, hunter-killer peptides such as D-CAN have been devised (Su et al., 2019). D-CAN is composed of two essential parts: an ASC-binding domain (peptide CSWKYWFGEC) and a pro-apoptotic fragment (Daquinag et al., 2017). Notably, the ASC-binding peptide CSWKYWFGEC selectively binds to decorin (DCN), a unique marker expressed on the ASC surface (Daquinag et al., 2017). Consequently, this peptide serves as a potent tool for delivering ASC-targeted therapy, with the aim of inhibiting obesity-associated EMT and progression of PCa.
2.2 Repolarizing tumor-associated macrophages with peptides
Tumor-associated macrophages (TAMs) play a central role within the TME, and their reprogramming is intricately linked to the transformation of this environment (Xiang et al., 2021). TAMs can be broadly classified into M1 and M2 phenotypes. M1 TAMs display antitumorigenic characteristics, secreting cytokines like IL-12 to directly eliminate tumor cells and recruiting cytotoxic T cells for indirect antitumor effects (Li et al., 2021). In contrast, M2 TAMs, which are associated with tumor immunosuppression and angiogenesis, proliferate with tumor growth and dominate the immunosuppressive TME. Their immunosuppressive activities are mediated by the release of factors such as IL-6, contributing to resistance to immunotherapies (Chen et al., 2021). A study revealed that cathelicidin-related antimicrobial peptide (CRAMP) derived from PCa facilitates the differentiation of immature myeloid progenitors into macrophages and further polarizes them into the M2 phenotype within the TME (Cha et al., 2016). This aligns with the notion that PCa is characterized as a “cold” tumor. Consequently, a promising therapeutic strategy for treating tumors involves targeting M2-like TAMs by inhibiting their recruitment, altering their phenotype, and disrupting their functional activities.
RP-182 is a synthetic, 10-amino acid amphipathic analog of host defense peptides, meticulously crafted to elicit a conformational shift in the CD206 mannose receptor present on M2-like TAMs (Jaynes et al., 2020). Upon activation of this receptor in both human and murine M2-like macrophages by RP-182, it initiates a cascade of cellular events encompassing endocytosis, phagosome-lysosome fusion, and autophagy. As a result, RP-182 reprograms these M2-like TAMs into an antitumor M1-like phenotype, thereby augmenting both innate and adaptive antitumor immune responses. This reprogramming also enhances the phagocytosis of PCa cells by the modified TAMs (Jaynes et al., 2020).
Moreover, research efforts have centered on leveraging M2pep for the targeted delivery of CSF-1R siRNA (Sun et al., 2023b). The CSF-1/CSF-1R signaling axis plays a pivotal role in dictating the polarization state of TAMs. By employing small interfering RNA (siRNA) to knock down CSF-1R expression, studies have demonstrated successful reprogramming of TAMs, shifting them from the M2 phenotype to the M1 phenotype (Li et al., 2020). To enhance the precision of cellular delivery, M2pep was integrated into amphiphilic cationic β-Cyclodextrin (CD) nanocarriers for the encapsulation of CSF-1R siRNA (Sun et al., 2023b).
Lastly, research has shown that utilizing an M2-targeting peptide-modified liposome carrier for YY1-targeted therapy in M2 macrophages is highly effective in inhibiting PCa cell lung metastasis and exhibits synergistic antitumor effects when combined with PD-1 blockade (Chen et al., 2023). Yin Yang 1 (YY1), a highly conserved C2H2 zinc finger nuclear transcription factor that is overexpressed in M2 macrophages within PCa tissues, plays a crucial role in this process (Cho et al., 2018). During M2 macrophage polarization, the IL-4/STAT6 signaling pathway upregulates YY1, leading to the formation of a liquid-liquid phase separation (LLPS) structure. Within this LLPS, YY1 interacts with transcriptional cofactors such as p300, p65, and CEBPB to enhance IL-6 expression in macrophages (Tsang et al., 2020). To specifically target and silence YY1 in M2 macrophages, researchers have synthesized the M2 macrophage-targeting peptide M2pep, identified through a subtractive phage display approach, onto a liposome carrier loaded with YY1 siRNA (M2pep-siYY1) (Chen et al., 2023).
2.3 Activation of natural killer cells with peptide
Natural killer (NK) cells are pivotal in inhibiting cancer progression by eradicating mutant cells through death receptors and cytotoxic granules. However, within the TME, these NK cells frequently exhibit exhaustion (Jia et al., 2023). Hence, ongoing research in PCa is focused on developing peptide-based immunotherapies aimed at reversing NK cell exhaustion and enhancing their cytotoxic functions.
A novel antibody has been created that harnesses antibody-dependent cellular cytotoxicity (ADCC) to activate NK cells. This antibody features a specific cancer cell-binding peptide, LTVSPWY (LTV peptide), fused to the Fc domain of human IgG1. Identified through peptide phage display libraries, the LTV peptide exhibits high affinity and specificity for binding to PCa cells (Sioud et al., 2015). Preliminary findings suggest that this peptide-Fc fusion protein enhances NK cell activation and demonstrates ADCC against cancer cells. Furthermore, it boasts improved tissue penetration and reduced toxicity due to its targeted delivery, making it a promising antitumor agent that could potentially overcome the limitations of traditional monoclonal antibodies, which may not elicit a response in all patients (Sioud et al., 2015).
Moreover, in a study, an innovative strategy was employed to enhance the therapeutic index of interleukin-12 (IL-12) by targeting its delivery to tumors (Gasparri et al., 2019). IL-12 is a highly immunostimulatory cytokine capable of activating NK cells, but its systemic administration is hampered by toxicity concerns (Berraondo et al., 2018). To address this challenge, the researchers utilized a tumor-targeting peptide, Iso1, which recognizes the αvβ3 integrin overexpressed on tumor vessels and cells. They conjugated Iso1 to gold nanoparticles loaded with IL-12 (Iso1/Au/IL-12) and evaluated this nanoformulation in murine models of PCa. The findings revealed that this sophisticated delivery system facilitated the administration of minuscule yet therapeutically effective doses of IL-12 directly to PCa cells, triggering the activation of NK cells (Gasparri et al., 2019).
2.4 Modulating cytokines in the tumor microenvironment using peptides
Cytokines play pivotal roles in orchestrating immune responses and driving the progression of PCa (Mao et al., 2021). Pro-inflammatory cytokines, such as IL-1β and IL-2, augment the infiltration of cytotoxic T lymphocytes (Li and Ruffell, 2022). Conversely, in CRPC, levels of anti-inflammatory cytokines including IL-4, IL-6, and IL-10 are elevated, while TNF-α and IL-17 upregulate PD-L1 expression, further intensifying immunosuppression (Cheng et al., 2024). Additionally, TGF-β and IL-10 dampen autoimmune responses (Wise et al., 2000). Thus, modulating these cytokines emerges as a critical approach in immunotherapy for PCa.
IL27pepL, also known as 27pepL, is a novel derivative of the cytokine IL-27. This derivative is created by modifying the C-terminus of IL-27 with a specific short peptide called pepL (LSLITRL). PepL, consisting of the amino acid sequence Leu-Ser-Leu-Ile-Thr-Arg-Leu, has the unique ability to bind to the interleukin-6 receptor α (IL-6Rα) that is frequently overexpressed in tumor cells (Figueiredo Neto et al., 2020). By utilizing peptides, such as pepL, that bind to receptors upregulated in tumor cells, such as IL-6Rα, researchers aim to directly target the cytokine to tumor tissue and enhance the bioactivity of IL-27 (Figueiredo et al., 2021). IL-27 plays a central role in boosting interferon-gamma (IFNγ) production by inducing the T-box transcription factor 21 (Tbx21) and fostering T helper 1 (Th1) cell differentiation (Takeda et al., 2003). Meanwhile, IL-18 potentiates the immune system by stimulating the proliferation of various immune effector cells and enhancing major histocompatibility complex (MHC) class I expression (Tse et al., 2011). Remarkably, the sequential administration of these cytokines—first 27pepL, followed by IL-18—exerts a synergistic effect, significantly amplifying their bioactivity and efficacy against prostate tumors (Figueiredo et al., 2021). This strategy not only maximizes the therapeutic potential of each cytokine but also offers a versatile approach to incorporating gene delivery and recombinant cytokines as tools to enhance anti-cancer treatment efficacy.
A recent study has demonstrated that peptide 5a, sourced from chromogranin A and designed to target αvβ6 and αvβ8 integrins, exhibits remarkable inhibitory effects on TGFβ activation in PCa cells that overexpress these receptors (Monieri et al., 2023). Both αvβ6 and αvβ8 integrins facilitate TGFβ activation by interacting with the RGD sequence present in the latent, inactive LAP (latency-associated peptide)-TGFβ complex. Peptide 5a disrupts this interaction by specifically binding to the binding site of the LAP/TGFβ complex, thereby impeding TGFβ activation (Van Aarsen et al., 2008). More specifically, the RGDL motif and stapled alpha-helix structure of peptide 5a mimic the binding interactions with the proTGFβ1/αvβ6 complex, effectively preventing TGFβ from being activated (Nardelli et al., 2019). This dual-targeting mechanism enhances the specificity, effectiveness, and therapeutic promise of peptide 5a. By zeroing in on tumors and inhibiting immunosuppressive cytokines like TGFβ, peptide 5a has the potential to augment antitumor immunity, presenting a fresh approach to modulating cytokines within the TME (Monieri et al., 2023).
However, TGF-β signaling is intricate. In its SMAD pathway, TGF-β binds to type II receptors, leading to the phosphorylation of downstream R-SMADs (R-SMAD2 and R-SMAD3) (Cao and Kyprianou, 2015). These phosphorylated R-SMADs form complexes with cytosolic SMAD4 and translocate to the nucleus, regulating gene expression that results in G1 cell cycle arrest and apoptosis in early-stage PCa cells (Jones et al., 2009). Beyond the SMAD pathway, various non-SMAD pathways, such as MAPK, c-Src, m-TOR, RhoA, RAS, PI3K/Akt, and protein phosphatase 2A/p70s6K are also regulated by TGF-β. Consequently, TGF-β’s role in PCa cells is complex, exhibiting tumor-inhibitory effects in early stages and tumor-promoting effects in advanced stages, along with its immunosuppressive function (Collazo et al., 2014). Therefore, solely inhibiting the tumor-promoting actions of TGF-β may pose challenges in achieving a therapeutic effect.
3 IGNITING IMMUNOGENIC CELL DEATH IN PROSTATE CANCER CELLS WITH PEPTIDES
Promoting tumor cell apoptosis is a common anti-cancer strategy. Lycosin-I, a common helical antibacterial peptide isolated from tarantula venom, features a hydrophilic α-helical structure (Tan et al., 2016). By inactivating the STAT3 pathway, high concentrations of lycosin-I induce apoptosis in PCa cells (Shen et al., 2018). This is significant because STAT3 has been shown to be overactivated and overexpressed in PCa. The STAT3 signaling pathway is closely associated with cell proliferation, differentiation, and apoptosis, and its dysregulation can lead to abnormal cell proliferation and malignant transformation (Pencik et al., 2023). Traditionally, it was believed that apoptotic cells, when rapidly phagocytosed, underwent a silent death that did not elicit an immune response. This modality of cell death was widely regarded as immunologically silent or even tolerogenic (Krysko and Vandenabeele, 2010). Therefore, considering that PCa is often classified as a “cold” tumor with a suppressed immune microenvironment, merely promoting apoptosis in PCa cells may not yield satisfactory clinical outcomes.
In recent years, a novel concept of ICD has emerged, highlighting the crucial role of the immune system in cancer therapy efficacy (Li et al., 2022). The immunogenic characteristics of ICD are primarily mediated by damage-associated molecular patterns (DAMPs), which are molecules secreted, released, or exposed on the surface of dying, stressed, or injured cells (Krysko et al., 2012). Here is an introduction to peptide-induced ICD for enhancing immunotherapy in PCa.
3.1 Peptide-induced ferroptosis in prostate cancer cells
The peptide TEP-FFG-CRApY leverages ferroptosis to elicit an immunogenic response (Wang et al., 2024). Ferroptosis, an iron-dependent, non-classical programmed cell death pathway, is triggered by excessive lipid peroxidation in cellular membranes when the balance between peroxidation and its repair is disrupted (Dixon and Olzmann, 2024). This peptide comprises three functional domains: a photosensitizer (TEP) for reactive oxygen species (ROS) generation, a self-assembly motif (FFG), and a GPX4-targeting sequence (CRApY). Upon internalization into tumor cells, TEP-FFG-CRApY transforms from nanoparticles to nanofibers in response to alkaline phosphatase (ALP) activity, facilitating lysosomal membrane permeabilization (LMP). This not only releases endogenous iron ions but also targets and degrades GPX4, a critical regulator of ferroptosis, under light exposure. The released iron ions further amplify ferroptosis via the Fenton reaction, generating more ROS. The immunogenic ferroptosis induced by TEP-FFG-CRApY enhances tumor immunogenicity by promoting dendritic cells (DCs) maturation and increasing T-cell infiltration into tumors (Wang et al., 2024). Notably, activated T cells secrete IFN-γ, which further downregulates the expression of SLC7A11 and SLC3A2, fostering a self-amplifying loop of ferroptosis (Wang et al., 2024). Thus, TEP-FFG-CRApY represents a novel approach to trigger immunogenic ferroptosis in “cold” tumors, such as PCa, potentiating immunotherapy by stimulating a robust anti-tumor immune response and long-term immune memory.
3.2 Peptide-triggered pyroptosis in prostate cancer cells
Pyroptosis stands out as another remarkable form of ICD, adept at potently activating the antitumor immune response (Loveless et al., 2021). A recent study presents a novel nano-photosensitizer, named YBS-BMS NPs-RKC, which innovatively combines pH-responsive induction of immunogenic pyroptosis with immune checkpoint blockade (ICB). This nano-photosensitizer employs a pH-responsive polymer equipped with the cell membrane-anchoring peptide RKC as its delivery vehicle. It is further encapsulated with YBS, a near-infrared-activated semiconductor polymer photosensitizer, and BMS-202, a small molecule inhibitor targeting the PD-1/PD-L1 complex. YBS-BMS NPs-RKC effectively induces immunogenic pyroptosis in PCa cells (Wang et al., 2023). During this process, the release of DAMPs and cytokines prompts the maturation of dendritic cells and the activation of tumor-specific T cells, thereby facilitating the infiltration of cytotoxic T lymphocytes (CTLs) into the TME (Wang et al., 2023).
3.3 Peptide modulation of autophagy in prostate cancer cells
Autophagy constitutes a highly conserved mechanism in evolution that employs lysosomes to degrade cytoplasmic components. Maintaining an invariable, foundational level of autophagy is pivotal for preserving cellular homeostasis (Mizushima and Komatsu, 2011). Nevertheless, autophagy’s involvement in cancer is notably complex; it acts as a tumor suppressor in the initial stages but facilitates tumor progression in later stages (Miller and Thorburn, 2021). Additionally, autophagy’s capacity to degrade ferritin, contingent on the expression of NCOA4 (nuclear receptor coactivator 4), has the potential to induce ferroptosis (Hou et al., 2016).
Autophagy is primarily governed by LC3 proteins, specifically microtubule-associated protein 1 light chain 3 (MAP1LC3), commonly known as LC3. These proteins are indispensable for autophagosome formation and the sequestration of cargo into these vesicles (Jacquet et al., 2021). When autophagy initiates, LC3-I undergoes a critical modification involving conjugation to phosphatidylethanolamine (PE), converting it to LC3-II, which then localizes to the lipid membrane of nascent autophagosomes (Amaravadi et al., 2011). LC3 proteins feature a unique amino acid sequence known as the LC3 interacting region (LIR), facilitating interactions with other proteins and integral participation in the autophagy machinery (Lazova et al., 2012). The LIR domain presents an attractive target for designing ligands that interact with the LC3 subfamily through a structure-based drug design strategy. Researchers have adopted a computational approach that has proven effective in identifying biologically active peptides and developing a novel peptide (pep6). By using the structure of the bacterial protein RavZ as a scaffold, they engineered pep6 to bind LC3B, resulting in the inhibition of autophagy in PCa cells (Albani et al., 2024).
Specifically, mitophagy, a well-recognized type of autophagy tailored for specific cargo, plays a pivotal role in maintaining mitochondrial quality by eliminating defective mitochondria (Meng et al., 2022). The peptide Herdegradin, which downregulates EGFR, stimulates mitophagy through the mTORC2/Akt pathway, effectively inhibiting the growth of EGFR-positive cancers, such as PCa, ultimately inducing the death of PCa cells (Katreddy et al., 2018). Recently, the tyrosine kinase activity of EGFR has become a prime therapeutic target in PCa treatment. Yet, the clinical success of EGFR tyrosine kinase inhibitors in PCa has been hampered (Xiong et al., 2020). Hence, enhancing mitophagy through diverse mechanisms offers promising new strategies to overcome drug resistance in PCa (Katreddy et al., 2018).
4 REVISITING IMMUNOTHERAPY FOR PROSTATE CANCER
4.1 Advancing immune checkpoint blockade therapy with peptide-based innovations
Immunotherapy for solid tumors primarily leverages inhibitors targeting programmed cell death-1 (PD-1)/programmed cell death ligand-1 (PD-L1) and cytotoxic T lymphocyte antigen-4 (CTLA-4), collectively known as ICB (Sun et al., 2023a).
However, a clinical trial utilizing nivolumab, a PD-1 inhibitor, in patients with metastatic castration-resistant prostate cancer (mCRPC) failed to demonstrate notable objective response rates (Topalian et al., 2012). Subsequently, clinical studies with pembrolizumab, another anti-PD-1 monoclonal antibody, in mCRPC patients also proved ineffective, indicating that monotherapy with PD-1 inhibitors in this patient population did not yield significant objective responses (Scheid et al., 2016).
The phosphorylation-mimetic peptide S249/T252, derived from the retinoblastoma protein (RB), represents a novel advancement designed to emulate the phosphorylated state of RB at specific residues, S249 and T252, which are key targets of CDK4/6 kinases (Jin et al., 2019). This peptide’s development is rooted in the groundbreaking discovery that hyperphosphorylated RB functions as a potent suppressor of NF-κB activity and PD-L1 transcription, unveiling a previously unknown tumor suppressor role of RB (Burkhart and Sage, 2008). Specifically, phosphorylated RB interacts with the NF-κB protein p65, effectively inhibiting the transcriptional activity of NF-κB (Narasimha et al., 2014). By mimicking this phosphorylated state, the S249/T252 peptide aims to disrupt the RB-NF-κB interaction and inhibit NF-κB-mediated PD-L1 transcription, thereby strengthening cancer immunity and overcoming immune evasion mechanisms triggered by both conventional and targeted therapies (Jin et al., 2019). Additionally, this peptide has demonstrated its capacity to suppress radiotherapy-induced upregulation of PD-L1 and enhance the therapeutic efficacy of radiation in vivo, establishing it as a promising therapeutic agent in cancer treatment (Jin et al., 2019).
Another study aimed to downregulate the expression of immune checkpoint molecules on T cells using the SIINFEKL peptide vaccine (Jeon et al., 2024). Prior research has indicated that T cells activated in the presence of toll-like receptor (TLR) stimulation, particularly TLR3 and TLR9, undergo alterations in the expression of several immune checkpoint molecules, resulting in a decrease in PD-1 expression (Hao et al., 2023). Consequently, this study employed a strategy combining TLR agonists with αCTLA-4 or αLAG-3 antibodies to bolster the efficacy of a cancer vaccine. It is noteworthy that the combination of αPD-1 with TLR3 and TLR9 agonists failed to achieve this effect, owing to the activation of Treg cells (Jeon et al., 2024). These findings hint that the optimal pairing of TLR agonists with ICB may enhance the potency of human anticancer vaccines.
Moreover, the use of ICB alone offers limited therapeutic benefits. An alternative approach to improving therapeutic outcomes is to combine ICB with other treatments (Rotte, 2019). The previously mentioned nano-photosensitizer, known as YBS-BMS NPs-RKC, is ingeniously designed to elicit pH-responsive immunogenic pyroptosis and ICB. This is achieved by integrating the PD-1/PD-L1 complex small molecule inhibitor BMS-202 with a cell membrane-anchoring peptide RKC and a near-infrared-activated semiconductor polymer photosensitizer YBS (Wang et al., 2023). This study introduces a potent, self-synergistic platform for the immunotherapy of PCa.
4.2 Enhancing CAR T-Cell safety with peptide-based approach
A recent Phase 1 first-in-human trial exploring PSCA-CAR T cell therapy has shown promising bioactivity and initial signs of clinical success. However, the intended dose escalation of CAR T cells was hindered by on-target toxicity, which cause cystitis. Notably, five out of 14 patients treated experienced cytokine release syndrome of Grade 1 or 2 (Dorff et al., 2024). One of the primary obstacles in CAR T cell therapy is the scarcity of a tumor-specific antigen uniquely expressed in cancer cells. Consequently, CAR T cells are frequently directed towards tumor-associated antigens (TAAs) that, despite being overexpressed in tumors, may also be found in healthy organs and tissues, posing the risk of severe or even fatal adverse effects (Albert et al., 2017). Moreover, managing CAR T cells after infusion is particularly challenging due to their unpredictable nature. They proliferate rapidly upon encountering targets and release cytokines, but there is limited understanding of how they will react individually. The absence of a safety mechanism or “switch” further increases the risk of severe or fatal side effects, such as tumor lysis syndrome and cytokine release syndrome (Jureczek et al., 2019). Therefore, there is a pressing need to improve the persistence, specificity, and safety of CAR T cell therapy to overcome these challenges and enhance its therapeutic potential.
A study has focused on pinpointing tumor-specific antigens to bolster CAR T-cell therapy. In particular, for neuroendocrine PCa (NEPC), it uncovered potential antigens by leveraging the Isoform peptides derived from RNA splicing through the Immunotherapy target Screening (IRIS) platform (Pan et al., 2023). This platform utilizes extensive tumor and normal transcriptome datasets, paired with sophisticated analytical tools, to detect tumor antigens arising from alternative splicing (AS), a mechanism where various mRNA isoforms are produced from a single gene (Baralle and Giudice, 2017). By applying the IRIS platform to NEPC RNA-seq data, numerous potential TCR targets were forecasted, with 48 epitopes being prioritized through stringent selection criteria. These epitopes demonstrated NEPC-specific expression akin to neoantigens and were encoded by microexons, presenting promising new avenues for immunotherapeutic interventions in NEPC (Pan et al., 2023).
Researchers have recently unveiled the advanced, controllable modular universal CAR T cells (UniCAR) platform technology, tailored to elevate the performance and safety profile of CAR T-cell therapy. Instead of targeting TAAs, UniCARs are engineered to recognize the human peptide sequence E5B9, also known as the UniCAR epitope, which is a fragment of the human nuclear autoantigen La/SS-B and absent in living cells (Jureczek et al., 2019). The UniCAR system is comprised of target modules (TMs) and T cells armed with UniCAR receptors (Meyer et al., 2021). These bispecific TMs possess the capability to bridge the gap between tumor cell surfaces and UniCAR-equipped T cells. Crucially, UniCAR T cells remain inactive until they encounter a corresponding TM, thereby enabling finely tuned control over their activation status (Peschke et al., 2023).
4.3 The potential of peptide-based redevelopment of dendritic cell vaccines
After considerable endeavors, sipuleucel-T stands alone as the immunotherapeutic agent that has yielded a significant survival benefit in a randomized Phase 3 clinical trial (Kantoff et al., 2010). Nevertheless, its withdrawal from use in Europe is a notable point. The complexity of its administration, its high cost, and supply constraints due to limited manufacturing capabilities have all contributed to its prescription challenges (Jarosławski and Toumi, 2015).
Peptides can enhance the antigenicity of DC vaccines. Researchers have crafted an innovative DC vaccine designed to bolster antigenicity by harnessing the potent synergy of MAGE-A2, a cancer/testis antigen notably upregulated in PCa, and long peptides (LPs) serving as the antigen source (Bakhshi et al., 2023). Utilizing LPs, in particular, offers several advantages compared to traditional short peptides. Notably, LPs can elicit robust responses from both CD4+ and CD8+ T cells, ensuring a more comprehensive and enduring antigen presentation. Moreover, LPs encompass a wider range of HLA types and harbor multiple epitopes, potentially sparking more vigorous and sustained antitumor activity (Corradin et al., 2010). In this study, DCs were loaded with MAGE-A2 LPs, and their capacity to stimulate T cell proliferation and induce cytotoxic T cells (CTLs) that produce IFN-γ and efficiently eliminate PCa cell lines (PC3 and LNCaP) was assessed. The findings underscore the promise of this DC vaccine as a cornerstone for advancing and enhancing PCa immunotherapy (Bakhshi et al., 2023).
Additionally, researchers have ventured into developing a Tn-MUC1 glycopeptide-DC vaccine (Scheid et al., 2016). MUC1, a glycoprotein naturally occurring on the surface of ductal epithelial cells, undergoes significant alterations during malignant transformation, including loss of polarization and overexpression in a hypoglycosylated form (Nath and Mukherjee, 2014). This altered state features truncated carbohydrates known as T or Tn tumor antigens, among which Tn-MUC1, carrying Tn carbohydrates, emerges as a promising candidate for immunotherapy. The enhanced antigenicity of glycosylated Tn-MUC1 renders it an attractive target for immune-based therapies (Scheid et al., 2016).
5 PEPTIDE-BASED IMMUNOTHERAPY FOR PROSTATE CANCER AT THE DEVELOPMENT STAGE
5.1 Peptide-integrated PROTAC strategy
PROTAC (Proteolysis-Targeting Chimera) drug design constitutes an innovative approach to the development of cancer therapies, leveraging the induction of protein degradation (Paiva and Crews, 2019). It features a heterodifunctional molecule integrating two crucial ligands: one targeting and binding to the protein of interest, and another engaging with an E3 ligase, a pivotal element within the ubiquitin-proteasome system tasked with marking proteins for degradation (Zeng et al., 2021). PROTAC drugs exhibit notable advantages in drug design, enhancing specificity and efficacy while mitigating toxicity. These benefits arise from their capacity to interact over larger surfaces, thereby addressing the limitations posed by the shallow binding pockets typical of small molecule drugs (Zhang et al., 2024). Moreover, peptide-based PROTAC drugs offer even greater advantages. Thanks to their expanded interface with the target protein, peptide PROTACs demonstrate superior potency, higher selectivity, and reduced toxicity compared to low molecular weight compounds, especially when targeting proteins lacking well-defined binding pockets (Kargbo, 2019).
A recent study introduces a peptide PROTAC specifically designed to target and degrade the cysteine-histidine-rich 1 (CH1) domain of p300, a vital co-activator involved in oncogenic signaling pathways, particularly in PCa (Zhang et al., 2024). p300 holds a central position in tumor biology, influencing cancer cell survival, proliferation, metastasis, immune evasion, and drug resistance. Notably, its overexpression and hyperactivation are key drivers in the progression of CRPC (Xu et al., 2020). By employing PROTAC technology to degrade p300, the oncogenic effects are disrupted. RNA-Seq analysis of PCa cells treated with this p300-targeting peptide PROTAC revealed substantial induction of apoptosis and modulation of immune-related pathways (Zhang et al., 2024). These findings indicate that the PROTAC not only impacts cancer cell viability but also alters the immune microenvironment, presenting a promising therapeutic approach.
5.2 Peptide-involved epigenomic therapy
The peptide ST101 functions as a potent inhibitor of C/EBPβ (CCAAT/enhancer binding protein β), a basic leucine zipper (bZIP) transcription factor frequently upregulated or overactivated in numerous cancers (Darvishi et al., 2022). C/EBPβ plays crucial roles in regulating genes implicated in organ development, immune and inflammatory responses, such as IL-6 expression, and macrophage differentiation (Portale et al., 2024). Historically, transcription factors like C/EBPβ have posed therapeutic challenges due to their absence of enzymatic activity and well-defined small-molecule binding sites, rendering them difficult to target directly with traditional drugs (Hattori et al., 2003). However, research has demonstrated that deleting the C/EBPβ leucine zipper domain not only halts dimerization and DNA binding but also augments ubiquitination and proteasomal degradation of C/EBPβ (Bushweller, 2019). Given these insights and C/EBPβ’s emerging role as a key driver in diverse cancers, scientists aimed to develop a novel anticancer agent in the form of a C/EBPβ antagonist peptide. The resulting peptide, ST101, is tailored to target the leucine zipper domain of C/EBPβ, binding with nanomolar affinity to disrupt dimerization and DNA binding at consensus sites. Exposure to ST101 enhances ubiquitination and proteasome-dependent degradation of C/EBPβ, reducing its protein levels (Darvishi et al., 2022). In vitro studies have shown that ST101 promotes G0–G1 phase arrest and dose-dependent cell death in various tumor cell lines, including PCa cells, without affecting normal human immune cells (Darvishi et al., 2022).
6 CONCLUSION
PCa remains a significant global health concern, with ADT and immunotherapy facing limitations in effectively treating the disease, especially in its advanced stages. Peptide-based immunotherapy has emerged as a promising approach, offering multiple strategies to enhance the treatment of PCa. Peptides can reverse the immunosuppressive state of PCa by modulating the TME, inhibiting angiogenesis, and modulating the EMT. They also repolarize macrophages, activate NK cells, and regulate cytokines. Peptides induce ICD through ferroptosis, pyroptosis, and autophagy modulation, releasing DAMPs to activate the immune response, enhancing immunogenicity, and making cancer cells more susceptible to the immune system. They improve immunotherapeutic strategies by enhancing cancer immunity in checkpoint blockade, identifying specific tumor antigens, improving safety in CAR T-cell therapy, and boosting antigenicity in DC vaccines. Emerging strategies, such as peptide-based PROTACs and epigenomic therapy, offer new treatment options for advanced or resistant cases. However, despite the significant progress made in peptide-based immunotherapy for PCa, there are still challenges to overcome. The translation of pre-clinical findings to clinical applications requires further investigation, and issues such as peptide delivery, stability, and potential side effects need to be addressed. Additionally, more research is needed to optimize the combination of peptide-based therapies with other existing treatment modalities to achieve the best possible outcomes for patients.
In conclusion, peptide-based immunotherapy represents a highly innovative and promising area of research in PCa treatment. With continued research and development, it has the potential to revolutionize the way PCa is managed, offering new hope for patients worldwide.
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