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Prostate cancer is the second most common cancer in men and represents a significant healthcare burden worldwide. Therapeutic options in the metastatic castration-resistant setting remain limited, despite advances in androgen deprivation therapy, precision medicine and targeted therapies. In this review, we summarize the role of immunotherapy in prostate cancer and offer perspectives on opportunities for future development, based on current knowledge of the immunosuppressive tumor microenvironment. Furthermore, we discuss the potential for synergistic therapeutic strategies with modern radiotherapy, through modulation of the tumor microenvironment. Emerging clinical and pre-clinical data suggest that radiation can convert immune desert tumors into an inflamed immunological hub, potentially sensitive to immunotherapy.
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Introduction

Prostate cancer (PCa) is the world’s second most common cancer in men and the fifth leading cause of cancer death (1). Age is the major risk factor, with a median age of 67 years at diagnosis, and few before the age of 50 (2). The majority of cases are diagnosed at the localized stage, with approximately 20% presenting with de-novo metastatic disease (2). The introduction of prostate specific antigen (PSA) screening has resulted in increased numbers of early diagnoses in asymptomatic men, with incidence increasing by 40% globally since 2006 (3).

Even though radical prostatectomy, external beam radiotherapy (EBRT), and brachytherapy are the definitive treatments for localized disease, relapse is common (4), particularly in high risk disease [clinical T stage of at least cT2c, Gleason score of at least 8, or PSA greater than 20 ng/ml (5)].

Much progress has been made for the treatment of patients with metastatic PCa: chemotherapy with taxanes, next generation androgen inhibition, poly (ADP-ribose) polymerase (PARP) inhibition and nuclear isotope-based treatments have all shown to have significant impact on disease outcome. However, resistance to treatment is inevitable and in the majority of cases the diagnosis of metastatic PCa will be the cause of death for the patient (6).

Immunotherapy has curative potential, and immune checkpoint inhibitors (ICI) have become central to the treatment of several cancers (7–9). However, only a small number of PCa patients have responded favourably to ICI, indicating that more research is needed (10, 11). Radiation therapy (RT) has shown to cause, in select cases, an abscopal effect, in which radiation to a metastatic deposit causes tumor regression outside the irradiated field. Radiotherapy-induced systemic anti-tumor activity appears to be immunologically mediated (12, 13), and it has been demonstrated using high-dose hypofractionated RT schemas (>5 Gray (Gy) per fraction). Nonetheless, confirmation of abscopal effects when RT is administered alone has been extremely rare in clinical practice; however, the idea of administering RT in concert with ICI has sparked expectations that the abscopal effect may be frequently achieved. Unfortunately, randomized clinical trials in PCa combining hypofractionated RT with ICI have not translated in increased survival benefits (14) renewing the interest for continuing research in this field.

As a result of advancements in radiation technology, such as stereotactic body radiation therapy (SBRT), large radiation doses per fraction (>5 Gy) can be safely administered in clinical practice and high-dose hypofractionated schemes are now considered standard-of-care (15–17). Table 1 summarizes current standard normo-fractionated and hypofractionated high dose radiation schemas used for primary and metastatic
PCa. Hypofractionated SBRT releases immunogenic tumor associated antigens over a period of several days (18, 19), therefore ICI should be precisely timed to coincide with the peak of tumor antigen presentation following RT in order to attempt clinical translation. Similarly, the immunological effects of RT might be schedule dependent, for instance Dewan et al. showed that in mouse models 3 fractions of 8 Gy with anti-cytotoxic T lymphocyte antigen 4 (CTLA4) antibody were effective in inducing an anti-tumor immune response, able to inhibit the tumor locally and systemically, whereas 5 fractions of 6 Gy were inferior, and a single fraction of 20 Gy was ineffective when combined with anti-CTLA4 (20). Even if all of these treatment regimens are considered hypofractionated high-dose RT, it is evident that a better knowledge of the triggered immune-biology will be required before radio-immunotherapy combinations can be translated to the clinic.


Table 1 | Radiation schemas currently used for primary and metastatic PCa.



A handful of papers have studied the use of low dose radiotherapy (LDRT): doses between 0.5-2 Gy. LDRT can potentially cause dramatic remodeling of the tumor microenvironment (TME) by upregulating cytokines and chemokines, increasing immune cell infiltration, and normalizing tumor vasculature (21, 22). These events, taken together, stimulate anti-tumor T cell responses. Recent translational research has supported this biology, with increased CD4+, CD8+ T cell, as well as T effector-memory signatures, localized to tumor islets in a PCa patient undergoing LDRT and combinatorial immunotherapy (22).

We summarize the state of immunotherapy in PCa and offer perspectives on short-term opportunities for future development of immunotherapy in PCa based on current knowledge of the immunosuppressive TME. Furthermore, we discuss how RT could improve treatment responses to immunotherapy.


Immunotherapy in Prostate Cancer

In recent years, immunotherapy and adoptive T cell therapy has resulted in paradigm shifts in the therapeutic landscape across multiple tumors owing primarily from the development of antibodies targeting immune-checkpoints such as CTLA4, programmed death receptor 1 (PD1) and its ligand (PD-L1), and the development of commercially available chimeric antigen-receptor (CAR-T) cells in haematological malignancies (7–9, 23, 24). These remarkable results have not been replicated in the context of PCa. Except in patients with microsatellite instability, ICI has failed to demonstrate meaningful clinical benefits (25). Approximately 3% of PCa patients harbor a mutation in one of the four mismatch repair genes. This small subgroup has shown long-term responses to ICI (25).

Initial basket trials of the PD1 inhibitors, nivolumab and pembrolizumab, included metastatic castration resistant prostate cancer (mCRPC) patients, but efficacy in this tumor type was minimal (11, 26). In one of the basket trials, pembrolizumab had a response rate of 17% in selected PD-L1 positive patients (26). This enriched group accounted for only 14% of all screened patients. Keynote-199, a Phase II study compared pembrolizumab monotherapy to placebo in 258 mCRPC patients who had progressed after docetaxel. PD-L1 expression was used to stratify the cohorts. In the PD-L1 positive and PD-L1 negative cohorts, response rates were 5% and 3%, respectively (27). A recent phase III trial (IMbassador250) of atezolizumab, an inhibitor of PD-L1, in combination with enzalutamide was stopped early due to futility (28).

Single agent ipilimumab did not improve overall survival (OS) versus placebo in a phase III clinical trial of minimally symptomatic chemotherapy-naïve mCRPC patients (29). Neo-adjuvant ipilimumab stimulated an influx of T cells in prostate tumors (30). However, despite evidence of T cell recruitment and trafficking, clinical responses to ipilimumab were rare, which eludes to a profoundly immunosuppressive TME, which impedes the anti-tumor T cell response (31).

Further efforts with dual ICI resulted in the Checkmate 650 phase II trial (32), which was motivated by evidence of PD-L1 upregulation following neo-adjuvant administration of ipilimumab and androgen deprivation therapy (ADT) (33). Patients received ipilimumab 3mg/kg and nivolumab 1mg/kg every three weeks for four cycles, followed by nivolumab as a single agent until unacceptable toxicity or progression. Patients were stratified based on prior exposure to chemotherapy, with overall response rates of 25% and 10%, respectively (32). Interestingly, four patients, two in each cohort, had a complete response. Patients whose tumors expressed PD-L1 ≥1% had better outcomes (36.4% versus 12.1%). These slightly higher response rates came at the expense of increased toxicity, with higher rates of grade 3-4 adverse events (42-53%) and treatment-related deaths (4.4%).

Immune checkpoint blockade has subsequently been combined with chemotherapy. The cohort B of the Keynote-365 evaluated the efficacy of pembrolizumab in combination with docetaxel and prednisone, following progression on first-line androgen biosynthesis inhibitors (34). PSA responses were seen in 34% and the overall response rate was 23%, in those with measurable disease. Toxicity was however significant, with 44.2% developing grade 3-4 adverse effects, including five deaths due to toxicity.

Beyond PD-L1 expression and microsatellite instability, efforts are being made to identify predictive biomarkers for ICI. An exploratory analysis of the Checkmate 650 trial revealed that patients with high tumor mutational burden (TMB) and errors in DNA damage repair (DDR) had better outcomes. Patients with a TMB above or below the median (74.5 mutations/patient) had an objective response rate of 50.0% (95% CI 26.0-74.0) and 5.3% (95% CI 0.1-26.0), respectively, and an OS of 19 versus 10.1 months (32). The overall response rates in patients with DDR defects increased from 23.1% to 36.4% (32). The presence of CD8+ tumor-infiltrating lymphocytes (TILs) and interferon gamma (IFNγ) response signatures have been shown to be predictive biomarkers for ipilimumab response in mCRPC (35). Additional predictive biomarkers for ICI activity include lactate dehydrogenase and C reactive protein levels (36), early rise in lymphocytes and eosinophils (37), and inactivation of CDK12 (38).

Vaccine-based therapies have shown activity in the treatment of PCa. Sipuleucel-T is a first-in-class adoptive cell-based vaccine approved by the Federal Drug Administration (FDA) for metastatic PCa (39). This autologous vaccine modifies patient’s dendritic cells (DC) ex-vivo, resulting in the expression of a recombinant fusion protein of prostatic acid phosphatase (PAP), a prostate-cancer specific antigen, with granulocyte macrophage colony-stimulating factor (GM-CSF), an immune stimulatory protein. The engineered autologous antigen-presenting cells are then re-administered to patients, without preconditioning chemotherapy. Sipuleucel-T has been evaluated in the neoadjuvant setting before radical prostatectomy. Prostatectomy specimens contained a 3-fold increase in activated T-cells following administration of Sipuleucel-T (40). In the metastatic setting, a Phase III trial of mildly symptomatic PCa patients, without visceral metastases, demonstrated a four-month improvement in OS versus placebo, without a progression free survival (PFS) or symptomatic benefit (41). Interestingly OS was substantially longer in the African American versus Caucasian PSA-matched subgroups at 35.3 versus 25.8 months, which may probably highlight the importance of HLA polymorphisms in antigen-presentation and immune activation.

Adoptive T cell therapy is currently being explored in PCa, following the major advances seen with CAR-T cell therapy in haematological malignancies (23, 24). CAR-T cells targeting prostate-specific antigens such as PSA, prostate-specific membrane antigen (PSMA), and prostate stem cell antigen (PSCA) are currently under clinical development (42). Multiple next-generation PSMA CAR-T cells with additional immunomodulatory ligands to dampen immunosuppressive signals, such as transforming growth factor beta (TGFβ) or PD1 decoy receptors are under development (43–45). Kloss et al. have shown cellular persistence and efficacy in a PCa mouse model with their PSMA-directed CAR-T, with co-expression of a TGFβ receptor (44). Another PSMA-targeted CAR-T product, with a dominant negative TGFβ receptor, has been evaluated in a first-in-human Phase I trial of ten mCRPC patients (45). The results confirmed safety, T cell expansion, and tumor-site trafficking; a decline in PSA was seen in 6 patients (median decline -33.2%, range -11.6% to -98.3%) (45).



An Immunosuppressive Tumor Microenvironment

Prostate cancer is an immunologically ‘cold’ tumor (32, 46). Histopathological evaluation shows an ‘immune-desert’, defined as the absence of lymphocytes, or ‘immune-excluded’ phenotype, where T cells remain trapped in the stroma without penetrating the intraepithelial tumor islets (47).

For those few patients with TILs infiltrating the TME, the T lymphocytes express mostly an exhausted and terminally differentiated phenotype (48, 49). In this exhausted phenotype, there is upregulation of negative checkpoints including PD1/PD-L1 (50, 51), CTLA4, lymphocyte activation gene 3 (LAG3), T cell immunoglobulin and mucin domain 3 (TIM3) and V-domain Ig suppressor of T cell activation (VISTA) (33, 48). They display low variability of the T cell receptor (TCR), due to reduced clonal differentiation of the TCR beta variable chain, which results in a restricted repertoire of peptide recognition and binding (51) (Figure 1A).




Figure 1 | Mechanisms of immunosuppression in the prostate cancer TME. (A) The TILs present are functionally exhausted, expressing a terminally differentiated phenotype. High PD1/PD-L1 signalling leads to a clonally restricted TCR repertoire. (B) The abundant Tregs produce immunosuppressive cytokines (IL10, TGFβ, IL35), reduce IL2 concentrations through binding with CD25, and have direct cytolytic effects over T cells through granzyme and perforin secretion. (C) The immunosuppressive secretome of TAMs inhibit immune effector cells function and migration. Androgen receptor signalling via TREM plays a crucial role in production of immunosuppressive cytokines. (D) MDSC modulate metabolic pathways through the production of nitrate oxide and reactive oxygen species, which induce T cell anergy and apoptosis. CD8 T cell function is inhibited through the production of IL10, TGFβ, and the reduction in arginine and tryptophan concentrations. IL23 promotes androgen resistance and tumorigenesis. (E) CAFs reduce cell trafficking and migration through the production of a stromal extra-cellular matrix barrier. Tumor promoting CAFs inhibit immune effector cell function through the production of an immunosuppressive secretome. (F) Structurally and functionally aberrant tumor neo-vasculature impedes effector cells trafficking and migration. VEGF induces downregulation of vascular adhesion molecules to impede cellular anchorage and extravasation.



While the presence of intraepithelial CD8 TILs has been associated with improved survival in many solid tumors (52), this association is less defined in PCa. One study reported lower biochemical progression-free survival (bPFS) rates following radical prostatectomy in those with high intraepithelial TILs (p<0.37) (53). Another study of 51 men with advanced PCa with nodal metastases demonstrated a correlation between CD8+ TILs and poorer clinical prognosis (54). Guan et al. recently performed single cell RNA sequencing (scRNAseq) to characterize the TILs from eight mCRPC patients, progressing on enzalutamide prior to pembrolizumab treatment (55). Surprisingly, the number of CD8 T cells did not distinguish pembrolizumab responders from non-responders. Unsupervised clustering analysis demonstrated that CD8 T cell expression of inhibitory genes, and genes associated with cytotoxicity correlated with response to ICI (55), highlighting that an understanding of the functional state of TILs is crucial. In addition, this study identified a negative correlation between androgen receptor signalling and response to ICI. The scientists demonstrated that the combination of androgen receptor inhibition with pembrolizumab induced T cell activation and increased T cell polyfunctionality in their mouse model (55), supporting the potential for combinatorial ADT and ICI. However, this therapeutic approach has been evaluated in metastatic PCa patients in the IMbassador250 trial, of enzalutamide and atezolizumab, which was not shown to be clinically efficacious (28). The translational research performed in the IMbassador250 trial showed that the few patients with longer PFS treated with enzalutamide and atezolizumab had higher numbers of CD8+ T cell and genomic signatures linked to an immune reactive phenotype (IFN signalling, chemokines mediating T cell activation and recruitment [C-X-C motif ligand (CXCL) 9], and genes involving antigen presentation [antigen peptide transporter 1 (TAP1)] (28).

The TILs in PCa are unable to be reinvigorated with ICI, likely due to their exhausted and terminally-differentiated state, and due to the high immunological pressure dictated by an immunosuppressive TME which includes regulatory T cells (Tregs) (56–58), tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSC), and cancer-associated fibroblasts (CAFs) (31), and they deserve to be described here (Figure 1).

Regulatory T cells (Tregs) are potent suppressors of inflammation and anti-tumor immune responses. Tregs in the PCa TME constitutively express the interleukin 2 (IL2) receptor, CD25, the gene Forkhead box protein P3 (Foxp3), along with the immune checkpoints CTLA4, inducible T cell co-stimulator (ICOS), LAG3, TIM3, OX40, and 4-1BB (59) (Figure 1B). The high expression of CD25 sequesters IL2 from the TME. This impedes effector T cell activation, which requires IL2 as the third activation signal. In addition, Tregs exert their immunosuppressive function via the production of the potent immunosuppressive cytokines: interleukin 10 (IL10), TGFβ, and interleukin 35 (IL35) (59). Furthermore, Tregs can have direct cytotoxic effects on effector cells through the production of granzyme (Grz) and perforin (Prf) (59, 60). They alter the TME metabolic profile through the expression of CD39 and CD73, which increases extra-cellular adenosine concentrations and in turn inhibits effector T cell activation and proliferation (60). Their immunosuppressive activity is not limited to effector T cells. Tregs thwart the activity of DC through the downregulation of the crucial co-stimulatory molecule, B7, after interaction with CTLA4, and the loss of MHC class II after binding with LAG3 (60). Tregs also steer macrophages to a pro-tumoral M2-like phenotype (61), and potentiate MDSC proliferation (60) (Figure 1B).

Miller et al. demonstrated higher levels of intra-tumoral Tregs in PCa compared to normal prostatic tissue, in addition to increased peripheral blood Treg concentrations (56). The intra-tumoral Treg population plays a key role in tumorigenesis in early PCa, and several studies have identified CD4+CD25+ TIL concentration as a prognostic biomarker (62, 63). The analysis of 1778 PCa specimens obtained upon radical prostatectomy revealed up to 103 Tregs per 0.6 mm tissue, with the highest Treg numbers correlated with higher rates of PSA-recurrence (p=0.0151) (62). Furthermore, a higher number of intra-tumoral Treg cells was associated with a more advanced tumor stage (p=0.0355) and higher Ki67 labelling index (p<0.0001) (62).

Tumor-associated macrophages are a dynamic and versatile cellular group whose functions include phagocytosis and antigen presentation, in addition to regulating TME homeostasis (64). They exist across a polarised spectrum, with the M1-like phenotype secreting pro-inflammatory cytokines and chemokines, and the M2-like phenotype mediating immunosuppression via the production of IL10, TGFβ, prostaglandin E2 (PGE2) and matrix metalloproteinase-7 (MMP7) (65). Hypoxia-induced lactate, a product of tumoral anaerobic metabolism, is a key inducer of the M2-like phenotype (66). The dynamic TAM phenotype is also regulated via the C-X-C chemokine receptor type 2 (CXCR2) axis. Inhibition of CXCR2 induced a pro-inflammatory TAM phenotype and prevented PCa growth in Phosphastase and Tensin Homolog deleted on Chromosome
10 (PTEN)-deficient mice (67).

TAMs impair effective T cell migration and infiltration through the stromal tissue promoting the immune-excluded or desert phenotype (68). Being of myeloid origin, TAMs play a role in amino acid metabolism, along with MDSC. They express the enzymes arginase-1 and 2 that degrade arginine, necessary for T cell activation and proliferation (69) (Figure 1C).

The presence of TAMs is a predictive biomarker for biochemical relapse after radical prostatectomy in localised PCa (70, 71). The M2-like phenotype (CD163+) correlate with more aggressive tumors with higher Gleason score, higher metastases rates and lower cancer-specific survival in a 234 patient Swedish cohort (72). While the M1-like phenotype (CD204+) TAMs are associated with a lower T stage in 135 patients from a Japanese cohort (73).

Emerging evidence identifies the importance of the macrophage cell surface receptor Triggering Receptor Expressed on Myeloid cells (TREM) in PCa tumorigenesis. Androgen receptor signalling in TAMs produces anti-inflammatory cytokines, which is mediated by TREM1 (74). Indeed transcriptomic analysis of 491 localised PCa revealed shorter disease-free survival (DFS) in men with high TREM1 expression compared to low (p=0.0042) (74). TREM2 expression has also recently been shown to be inversely correlated to prognosis in multiple cancers. Targeting of TREM2 with monoclonal antibodies reduced tumor growth and increased response to anti-PD1 blockade in a pre-clinical model (75) and could offer potential for combinatorial treatments in PCa (Figure 1C).

Another cellular hallmark of the TME are the MDSC. This heterogeneous group of immature myeloid cells with strong immunosuppressive capacity are classified into two major groups: granulocytic or polymorphonuclear (PMN)-MDSC (CD11b+ CD14-CD15+ or CD11b+CD14-CD66b+) and monocytic MDSC (CD11b+CD14+HLA-DRlow/-CD15-) (76, 77). PMN-MDSC share morphological and phenotypic characteristics of neutrophils, whereas monocytic MDSC are similar to monocytes. Comprehensive transcriptome and cell profile analyses identified MDSCs as a prominent TME population in PCa tumors with PTEN/Smad4 deficiency (78). MDSCs manipulate cellular metabolic pathways through the production of nitric oxide (NO), reactive oxygen species (ROS) and peroxynitrite (PNT), which inhibits effector T cell proliferation and induces T cell apoptosis (76). Feng et al. identified a crucial protein of the T-cell receptor signaling pathway, named lymphocyte-specific protein tyrosine kinase (LCK), which is nitrated by MDSC in a mCRPC mouse model, impairing T-cell function and mediating resistance to ICI (79). The enzyme arginase-1 metabolizes L-arginine to L-ornithine and urea. Myeloid cell arginase-mediated L-arginine depletion profoundly suppresses T cell immune responses and this has emerged as a fundamental mechanism of tumor-associated immunosuppression (77). MDSC-induced indoleamine 2,3-dioxygenase (IDO) decreases tryptophan concentrations in theTME (77) IDO converts tryptophan to kynurenine, depleting tryptophan concentrations which are required for T cell proliferation, and eventually results in T cells stagnating in G0 phase (76). IDO activity is increased in the PCa TME compared to benign inflammatory states, such as benign prostatic hyperplasia, and is a predictive biomarker for relapse after radical prostatectomy (80).

Adenosine levels are increased through the cell surface expression of CD39, which cleaves adenosine triphosphate (ATP) to adenosine monophosphate (AMP), and CD73, which in turn converts AMP to adenosine. This free extra-cellular adenosine inhibits effector T cells and favours Treg immunosuppressive activity via the adenosine receptors 2A and 2B (76). The major anti-inflammatory cytokines produced by MDSC are IL10 and TGFβ which are also highly immune suppressive (76). Furthermore Calcinotto et al. recently demonstrated the key role of interleukin 23 (IL23) secreting MDSCs in androgen resistance and tumor progression in castration resistant mice (81). The administration of an anti-IL23 alone or with enzalutamide was highly effective in reversing the resistance to castration and increased mice OS (81).

Myeloid-derived suppressor cells also have direct cellular inhibition of natural killer (NK) cells via membrane bound TGFβ (82), in addition to inhibition of DC and B cells (76). MDSC recruitment to the TME is mediated by tumor-derived pro-inflammatory signals. Toll-like receptor 9 (TLR9) expression by PCa cells, which appears central to tumorigenesis, stimulates recruitment of PMN-MDSCs via the proteins S100A8 and S100A9, and upregulates the transcription factor STAT3 which in turn inhibits CD8 T cell anti-tumor activity (83). This chemotactic pathway can be counterbalanced through direct inhibition of the STAT3 transcription factor (83). Chemokines responsible for MDSC recruitment include CXCL5 (78), and interleukin 8 (IL8), which also induces castration-resistance and tumorigenesis (84). Inhibition of IL8 in addition to ICI delayed castration resistance and increased CD8+ T cell infiltration in PCa murine models (84). Furthermore direct inhibition of MDSC via the multikinase inhibitor, cabozantinib, has demonstrated anti-tumor efficacy in mCRPC mouse models, when combined with anti-CTLA4 and anti-PD1 monoclonal antibodies (85) (Figure 1D).

The last key cellular group are CAFs. They are the most abundant cell in the peri-tumoral stroma (31). Their main function is the production of the extra-cellular matrix, which acts as a physical barrier, impeding trafficking and infiltration of immune-effector cells (86). In addition to providing structure, the stroma plays an essential role in tumor metabolism and waste removal (87). CAFs exhibit cellular plasticity, responding to TME-induced pressures, with epigenetic modulation resulting in cellular heterogeneity along a spectrum between tumor-promoting and tumor-restraining phenotypes (86). One study identified three different CAF subpopulations after transcriptomic analysis of 13 prostate tumors (88). They generate an immunosuppressive milieu through the production of cytokines, such as interleukin 6 (IL6) (89), growth factors such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), chemokines such as CXCL12, as well as matrix metalloproteinases, TGFβ and PGE2 (86) (Figure 1E).

In addition, PCa tumorigenesis and castrate resistance is promoted via signalling through cholesterol and steroid biosynthesis pathways (90). Through contact-dependant and paracrine-mediated cross-talk with tumor cells, CAFs promote metastases through epithelial to mesenchymal transition of malignant cells and the polarisation of TAMs to the M2-like phenotype (91) (Figure 1E).

Angiogenesis is a fundamental process to tumor growth and the establishment of an immunosuppressive TME. Cancer neo-vasculature is structurally and functionally aberrant, which produces a hypoxic environment with low pH and high interstitial fluid pressure due to altered lymphatic drainage (87). Angiogenesis is predominantly mediated via the VEGF family, composed of VEGF-A, -B, -C, -D and placental growth factor, which act on the three VEGF receptors (VEGFR) 1-3 (92). Catecholeaminergic signalling pathways (93), as well as PGE2 (94) are also implicated in immune suppression. Hypoxia is the main stimulus for VEGF production by tumor cells and other TME cellular components, including CAFs, TAMs, and MDSC (95). Myeloid-derived monocytes expressing Tie-2 have recently been shown to play a crucial role because the ligand for Tie-2, socalled angiopoeitein-2 (Ang-2), is produced by angiogenic tumor vessels and is a chemoattractant for Tie-2 expressing monocytes. Hypoxia upregulates Tie-2 expression onmonocytes and, together with Ang-2, downregulates monocyte anti-tumoral functions (96). VEGF mediates an immunosuppressive effect through various mechanisms. Firstly, effector T cell trafficking and infiltration into the TME is reduced due to the abnormal tumor vasculature, which reduces T cell tumor penetration. Furthermore, VEGF induces down-regulation of adhesion molecules on vascular endothelial cells, such as intercellular adhesion molecule (ICAM)1/2 and vascular cell adhesion molecule (VCAM)1 (97), needed for lymphocyte’s vascular wall migration. Secondly, binding of VEGF to its receptor (VEGFR) modulates the interconnected TME cellular members. This triggers STAT3 signalling in MDSC, recruitment of Tregs and inhibition of CD8+ T cells and DC (98). High stromal expression of VEGF receptor 2 in prostatectomy specimen is a predictive biomarker for relapse (99).

Finally, the vasculature of solid tumors expresses Fas ligand, which is a death receptor (Fas-L, also called CD95L). VEGF-A, IL-10, and PGE2 all work in concert to increase Fas-L expression in endothelial cells, allowing endothelial cells to kill CD8+ T cells while leaving Tregs unaffected (100). Paracrine tumor processes can thus create a tumor endothelial barrier to T lymphocytes (100) (Figure 1F).

In addition to the immunosuppressive cellular interplay of the TME, tumor intrinsic factors also contribute to the cold tumor phenotype. Because of the low frequency of somatic mutations, the number of immunogenic neo-antigens has also been described to be relatively low (101). Genomic mutations in the tumor suppressor gene PTEN, present in 49% of mCRPC patients (102), leads to activation of the phosphatidylinositol 3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway and is strongly associated with an aggressive phenotype and adverse oncological outcomes (103). Loss of PTEN function impedes effector T cell trafficking, inhibits autophagy, and promotes resistance to immunotherapy (104). The therapeutic potential of this axis has been evaluated with everolimus, an mTOR inhibitor, which failed to improve survival in addition to carboplatin for patients with mCRPC in the post-docetaxel setting (105). This therapeutic approach deserves further investigation considering recent evidence of improved efficacy of checkpoint inhibitors when combined with a selective PI3Kβ inhibitor in melanoma murine models (104).

The downregulation of MHC class I on tumor cells reduces antigen presentation and facilitates cancer immune editing (106). Prostatic acid phosphatase, present in malignant prostate cells and normal prostatic epithelium (107), increases extra-cellular adenosine concentrations, which inhibits effector T cell and DC function, and stimulates T regs, CAFs and MDSCs (31).

This profoundly immunosuppressive and interconnected TME underpins the poor clinical results of ICI. These adaptations highlight the complex cellular and metabolic signalling pathways that immunotherapies need to overcome to achieve an anti-tumor immune response. Thus, innovative immunotherapy strategies are needed to obtain clinically meaningful patient outcomes.




Re-programming a Cold TME With Combinatorial Therapies

Various strategies for inflaming the cold TME have been proposed to enhance response to immunotherapies in immune-excluded and “cold” non-inflamed tumors. Methods include increasing local inflammation by inducing DNA damage through RT, chemotherapy, targeted therapies, or ablative therapies with heat or cold (radiofrequency ablation, microwave ablation or cryoablation), as reviewed in (108) (Figure 2).




Figure 2 | Targets for multi-modality therapeutic strategies. As we gain further granularity on the dynamic interconnected TME, new therapeutic targets are being identified which, in combination with low and high dose irradiation (SBRT), can induce immune infiltration into cold tumors. Multi-modality treatment strategies are needed to overcome the abundance of immunosuppressive factors in the prostate TME. RT is a non-invasive modality with the potential to augment anti-tumor immune responses. The in-situ vaccination effect of high-dose RT should be boosted by promoting antigen presentation, T cell priming and activation. LDRT can remodel the TME. This needs to be leveraged through combination strategies with immunotherapy and emerging novel drugs.



The use of chemotherapy in combination with ICI has improved response rates and OS in many tumor types (109–111), and several studies are currently underway combining docetaxel chemotherapy and ICI in metastatic castration sensitive and resistant PCa (NCT03879122, NCT03834506, NCT04100018).

The combination of PARP inhibitors with ICI is currently being explored, after improved survival was demonstrated in mCRPC patients harbouring mutations in Breast Cancer genes (BRCA)1/2 (112). There is scientific rational that PARP inhibitors are immunogenic. They induce genomic catastrophe in homologous recombination deficient tumors. The resulting cytosolic DNA fragment debris triggers IFNγ production via activation of the stimulator of interferon gene (STING) pathway (113, 114). A phase I/II trial evaluated the combination of durvalumab, an anti-PD-L1 monoclonal antibody, with olaparib in seventeen mCRPC patients (115). Nine (53%) had a PSA response, with a radiological response rate seen in four (44%). Similarly, pembrolizumab and olaparib were investigated in the KEYNOTE-365 cohort A phase II trial. This trial enrolled 41 docetaxel-pretreated mCRPC patients to receive pembrolizumab 200 mg i.v. every three weeks and Olaparib 400 or 300 mg capsules twice a day (116). Confirmed PSA response rate was 9% in 82 patients with a baseline PSA assessment. Median time to PSA progression was 3.7 months (95% CI, 2.8-4.4) (116). Due to the activity observed with the combination, subsequent phase III trials were designed and are currently ongoing: pembrolizumab and olaparib versus a second androgen biosynthesis inhibitor (KEYLYNK-010 NCT03834519), and nivolumab with rucaparib, docetaxel or enzalutamide (NCT03338790).

Innovative strategies with new immune stimulatory agents are also being evaluated, such as STING-agonists in combination with ICI (NCT03956680, NCT03843359), and Toll-like receptors (TLR) agonists (TLR3: NCT02643303).

Modulation of the tumor neo-vasculature is another potential therapeutic avenue. Inhibition of VEGF, and cell adhesion molecules such as ICAM1, increases endothelial translocation and trafficking of effector T cells into the excluded or deserted TME (108). Therapeutic successes have been seen with the combinatorial approach of anti-angiogenesis agents and ICI in other tumor types (117–119), which awaits to be reproduced in PCa (120).

Additional innovative strategies under investigation include targeting metabolic pathways in MDSC, M2-like TAMs, and Tregs, as well as augmenting the presence and function of tumor-specific effector lymphocytes (108).

The first attempts to target MDSCs were made with a drug called tasquinimod. This small drug molecule inhibits the protein S100A9, which plays a key role in the recruitment of PMN-MDSC (83, 121). In a phase II clinical trial 201 mCRPC patients were randomized to tasquinimod or placebo, allowing for crossover from the placebo arm (122). A prolongation of both the PFS and OS was seen in patients receiving tasquinimod, with hazard ratios of 0.52 (95% CI 0.35-0.78, p=0.001) and 0.64 (95% CI 0.42-0.97, p=0.034), respectively (122). A subsequent phase III trial of chemotherapy-naïve mCRPC patients randomized patients to tasquinimod or placebo, with evidence of improved PFS (HR 0.64, 95% CI 0.54-0.75, p<0.001) but not OS (HR 1.10, 95% CI 0.94-1.28, p=0.25) (123). Despite these discouraging results, trials should now focus in combining tasquinimod with ICI to deplete MDSCs immunosuppressive activity while boosting T cell killing capacity.

Based on important pre-clinical research discussed earlier, current clinical trials are targeting MDSC in PCa. A Phase I/II of an anti-IL23 antibody in combination with enzalutamide is currently recruiting for mCRPC patients (NCT04458311). Another Phase Ib/II trial is evaluating an anti-IL8 inhibitor in combination with nivolumab and degarelix (NCT03689699). IDO is being targeted in a combinatorial strategy in a Phase I/II trial of the IDO inhibitor, epacadostat, in association with a bi-functional fusion protein against PDL1 and VEGF, an IL15 agonist and a vaccine targeting the transcription factor brachyury (NCT03493945) (Table 2). Similarly, therapeutic approaches to repolarize immunosuppressive TAMs are underway. A phase I/II trial of AZD5069, a CXCR2 antagonist, in combination with enzalutamide is currently recruiting patients with mCRPC (NCT03177187).


Table 2 | MDSC-directed immunotherapy.





High Dose Irradiation Triggering in-situ Vaccination

There is emerging evidence that RT can be an effective non-invasive approach to stimulate immunomodulatory effects at local and potentially systemic levels. Radiotherapy has been shown to initiate a pro-inflammatory cascade, correct aberrant angiogenesis, and potentially augment systemic responses to immunotherapy (124). Anecdotal reports of the abscopal effect, where the irradiation of a metastatic lesion results in the regression of lesions outside of the irradiated field, demonstrates the potential of a RT-induced systemic anti-tumor response (125). Case reports of the abscopal effect in patients resistant to ICI who responded systemically after receiving palliative RT treatment have boosted enthusiasm for using RT as an immunogenic trigger (125–127).

Pre-clinical mice models, in addition to translational clinical research, supports the hypothesis that the abscopal effect is an immunologically mediated phenomenon (13, 128). The abscopal effect was seen in mice models after administering a single fraction of RT (6 Gy), which was not reproduced in athymic mice (12). Formenti et al. reported a Phase I trial of 39 patients with metastatic non-small cell lung cancer treated with ipilimumab and high-dose RT (5 X 6 Gy or 3 X 9 Gy) to a single metastatic lesion (128). Objective responses were observed in 18% of enrolled patients, and 31% had disease control. The production of type I IFN following RT correlated with clinical responses (128). Functional analysis in one responding patient showed the rapid in vivo expansion of CD8 T cells recognizing a neoantigen encoded in a gene upregulated by radiation, supporting the hypothesis that one explanation for the abscopal response is radiation-induced tumor neo-antigens.

Unfortunately, randomized clinical trials have now conclusively established that abscopal effects are intrinsically incidental, even when RT is combined with ICI (129, 130).

High dose RT induces cell death due to the accumulation of double-strand DNA breaks, leading to critical DNA injury. The resulting cell necrosis and apoptosis induce the release of tumor-associated antigens, which act as damage-associated molecular patterns (DAMPs) (131). These cytosolic DNA fragments trigger activation of the STING pathway, resulting in the production of IFNγ. However, this cellular pathway can be inhibited by administering RT doses of above 12-18 Gy, through the production of DNA exonuclease Trex1, which degrades cytosolic DNA (132).

This process of pro-inflammatory cytokine production and immune cell activation is called immunogenic cell death (133–135). Necrotic cell death also produces other DAMPs which include high-mobility group box-1 (HMGB1), which activates TLR4 on antigen presenting cells (136). Cellular stress leads to membrane translocation of calreticulin from the endoplasmic reticulum, which elicits activation of DCs, who in turn secrete pro-inflammatory cytokines, such as IL6 and tumor necrosis factor alpha (TNFα) (137).

In addition, RT can exert pro-inflammatory responses in surviving tumor cells through multiple mechanisms. High dose RT stimulates the production by the tumor of pro-inflammatory cytokines, such as TNFα, interleukin 1 (IL1), IL6 and interleukin 8 (IL8) (138), increasing the recruitment of activated T cells and myeloid cells, and stimulates the maturation and recruitment of DCs (13). Antigen presentation is further facilitated through the upregulation of MHC class I molecules on irradiated cells and antigen presenting cells (18). The trafficking and infiltration of effector cells is augmented through the production of chemotactic chemokines, such as CXCL9, CXCL10, and CXCL16, and the upregulation of vascular adhesion molecules ICAM and VCAM (139).



Combination of High Dose Irradiation With Immunotherapy

While single-agent ipilimumab showed no survival benefit versus placebo for mCRPC chemotherapy-naïve patients (29), another phase III trial combined ipilimumab with a single fraction of RT (8 Gy) in the post-chemotherapy setting (14) and showed a non-statistically significant improvement in OS at a median follow-up of 11 months (14). This trial randomised patients, who have progressed after docetaxel, to receive ipilimumab 10 mg/kg or placebo every three weeks for up to four cycles, following the administration of a single fraction of bone-directed RT (8 Gy) (14). Final analysis results reveal however a crossing of the curves at 7-8 months, and subsequent sustained survival in the ipilimumab and RT arm, with 4-year OS of 10% versus 3.3% (140). The high dose RT administered prior to ICI may have played a synergistic role in the delayed separation of the curves seen in this study (14).

Analysis of the combination of sipuleucel-T and ipilimumab in mCRPC patients revealed improved radiographic PFS in those with prior high dose external beam RT or brachytherapy to the prostate (141). In addition, translational analysis showed higher PD1 and VISTA expression levels in circulating peripheral T cells, and lower CTLA4 expression (141). This is evidence of long-term immune modulation following high dose RT. Similarly, long-term immune modulation by high dose RT was observed in patients undergoing prostate-directed SBRT (36.25 Gy in 5 fractions) for localised disease (142). In this study patients peripheral blood mononuclear cells produced IFNγ in vitro upon exposure to known prostate specific antigens (PSA, PSCA, and PSMA) at day 40 post SBRT (142). This study shows that an RT-induced in-situ vaccination in PCa might be observed several weeks after treatment.

Considering the multitude of potent interconnected immunosuppressive pathways activated in PCa, it is unlikely that RT to a single lesion without any additional immunological intervention will induce a sustained systemic anti-tumor response, except in exceptional circumstances. The inflammatory trigger must boost systemic innate and adaptive immunity and dampen immunosuppressive signals to alter the TME composition of distant lesions, which is determined by local interactions between the host and the genetic and epigenetic states of often clonally distinct tumor deposits. Decades of cancer vaccine failures show that all distant lesions require local reprogramming of the TME in addition to eliciting a systemic immune response (143). This explains why abscopal effects are rarely observed in clinical trials, despite SBRT-induced in-situ vaccination being observed primarily in pre-clinical models. Irradiation of all metastatic deposits could overcome this tumor local immune resistance, however this approach is not feasible due to severe toxicity of high dose irradiation when irradiating multi-metastatic deposits.

Thus, innovative strategies must be employed to potentiate an abscopal effect. The in-situ vaccination response requires bolstering through combinatorial immunotherapeutic approaches to counteract the potent immunosuppressive TME. Combination of RT and immunotherapy trials that targets innate and adaptive immunity are currently underway. In the oligometastatic setting, SBRT and durvalumab (NCT03795207), SBRT and pembrolizumab, and ADT and a TLR9 agonist (NCT03007732) are currently enrolling. Two ongoing Phase II trials are investigating the combinations of sipuleucel-T vaccine with external beam RT (NCT01807065) and SBRT (NCT01818986) for patients with mCRPC. Another Phase II trial is evaluating the addition of a dendritic cell vaccine to high dose adjuvant RT in localised high-risk PCa (NCT02107430).

The combination of CAR-T therapy and high dose RT (20-35 Gy) is gaining scientific interest in lymphomas, due to its effectiveness as a bridging therapy (144), and the fact that it may improve responses to CAR-T cells (145). A recent study compared patients who received RT prior to CAR-T cell therapy to those who did not, and found that those who received RT prior to CAR-T cell therapy had a better 1-year PFS of 78%, compared to 44% in those who did not receive RT within 30 days of infusion, with no increase in toxicity (146). There is scientific rational that RT has the potential to augment CAR-T cell therapy efficacy through increasing target antigen expression. Preclinical data demonstrates that RT increases antigen release and priming, in a dose dependent fashion (147). Weiss et al. demonstrated that combining a single fraction of RT (4 Gy) with NKG2D-CAR-T cells enhanced the number of CAR-T cells that reached the tumor site, boosted interferon-secretion, improved therapeutic efficacy, and extended mouse survival in a glioblastoma model (148). There are currently multiple Phase I clinical trials underway targeting PSMA (NCT04249947, NCT04227275) and PSCA (NCT03873805, NCT02744287) CAR-T cells in mCRPC, however a combinatorial approach with concurrent RT warrants evaluation.

Radionuclide therapy in combination with immunotherapy is currently being explored in PCa. Radionuclides like Radium-223 and Lutetium-177 (177Lu)-PSMA-671 selectively deliver high-dose RT, and are now standard-of-care in the management of metastatic PCa (149, 150). Emerging evidence is accumulating demonstrating their efficacy in combination with ICI in PCa. Results of Radium-223 in combination with atezolizumab were discouraging, with increased toxicity without clinical benefit (151), however strategies with 177Lu-PSMA-671 appear promising. Recently Aggarwal et al. reported on the use of a single dose of 177Lu-PSMA-671 with pembrolizumab in a chemotherapy naïve mCRPC population, with PSMA-avid disease (152). The overall response rate was 44%, with four (22.2%) patients displaying durable responses (5.4-17.8 months) (152). The PRINCE trial also evaluated 177Lu-PSMA-671 with pembrolizumab in the mCRPC setting (153). Thirty-seven patients, some having received prior docetaxel, with PSMA-avid FDG non-avid disease, received 6 cycles of the radionuclide in addition to pembrolizumab, 73% demonstrated a PSA response, defined as at least 50% reduction in PSA, and seven of the nine patients with measurable disease (78%) had a partial response by Response Evaluation Criteria in Solid Tumors (RECIST) (153). Radium-223 in combination with niraparib was shown to be safe and tolerable in a Phase I trial (154), with a subsequent Phase II trial pending results. Similar phase I/II clinical trials of Radium-223 in combination with olaparib (NCT03317392), and 177Lu-PSMA-671 with olaparib are also being conducted (NCT03874884).



Low Dose Radiotherapy to Reprogram the Tumor Microenvironment

An innovative strategy to reprogram the TME is LDRT. There is emerging evidence that LDRT may have immune-stimulatory effects (124, 155). Radiotherapy doses of up to 2 Gy can induce DNA damage and trigger activation of the STING pathway, leading to DC activation (156). Translational research has demonstrated the upregulation of TLR signalling molecules on human monocytes after irradiation with 0.05 and 0.1 Gy (157). LDRT can remodel the TME, attenuating pro-tumorigenic TAMs, increasing effector T cell trafficking and function (124) and reducing TGFβ production (158). Furthermore, Tregs may be more sensitive to LDRT compared to effector T cells (159), and indeed low-dose total body irradiation reduced Tregs and prolonged OS in a melanoma model (160). Klug et al. reported on the immunomodulatory effect of a single fraction of LDRT in pancreatic cancer pre-clinical model, where 2 Gy reprogrammed TAMs to an anti-tumorigenic M1-like phenotype and corrected aberrant tumor vasculature allowing for correct T cell trafficking (21).

Recent pre-clinical evidence from our group demonstrates that LDRT can overcome immune resistance in immune desert tumors, including PCa, increasing T cell infiltration and response to ICI (22). Initially, we administered 0.5-2 Gy external beam LDRT to the peritoneal cavity of ovarian tumor-bearing mice, or localized 1 Gy external beam RT to subcutaneous Lewis lung carcinoma tumors (22). We discovered that 0.5 to 2 Gy RT can inflame cold tumors by increasing the frequency of CD8+, CD4+, CD11b+, CD11c+ cells in the TME (22). 1 Gy LDRT resulted in the greatest immune cell infiltration and the highest CD8+:Foxp3+ cell ratio (22). T-cell inflammation subsided after one week, but weekly cyclic 1 Gy administration resulted in ongoing immune cell recruitment into ovarian tumors.

In light of these findings, a combinatorial protocol was created, combining LDRT with ICI, nivolumab and ipilimumab, in addition to low-dose cyclophosphamide, to attenuate Tregs, and an CD40 agonist to stimulate antigen presentation (22). This orthogonal combination was administered once a week for three weeks. 83% of mice exhibited a tumor response (22). Deconvolution of the treatment protocol revealed that all agents were required for full benefit (22).

Using this encouraging pre-clinical data, we rationally designed a Phase I clinical trial for low TIL-infiltrated solid tumours (tumors with less than 5 CD8+ T cells per high power field by immuno-histochemistry), combining LDRT with metronomic cyclophosphamide, ICI targeting CTLA4 and PD1, together with aspirin to reduce PGE2-induced immune suppression. Overall disease control rate of the eight immunotherapy-naïve patients was 87.5%, which is striking for this immunologically cold tumor population (22). Responses were seen in PCa patients (22). A response was seen in all irradiated lesions in those who responded, and subsequent progression occurred outside the irradiated field, highlighting the critical role of locally delivered LDRT to modulate the TME.

Translational analysis confirms the inflammatory effect of LDRT with the immunotherapy combination. Pre and post LDRT biopsies revealed a ‘hot’ TME in responding patients, with increased total CD4+ and CD8+ TILs, as well as upregulation of genes involved in immune cell activation (22). Furthermore, tumors had a high levels of CD4+ T cell infiltration, which was associated with a significant increase in TCR clonal diversity in peripheral blood (22). Non-responders had upregulation of transcriptomic signatures associated with tolerogenic DCs and M2-like TAMs. These encouraging clinical results add weight to the RT-based combinatorial therapeutic approach.

Pre-clinical data also suggests that LDRT may enhance the efficacy of adoptive cellular therapies. DeSelm et al. discovered that LDRT of 2 Gy sensitized tumors to CAR-T cell therapy, in a murine model of pancreatic cancer with heterogeneous antigen expression (161). This augmented anti-tumor effect was not due to increasing target antigen expression on antigen-negative tumor cells but more to an immunomodulatory effect of LDRT (161). The authors found that sLeA-targeted CAR-T cells produce TNF-related apoptosis-inducing ligand (TRAIL) upon engaging sLeA+ tumor cells, and eliminated sLeA− tumor cells previously exposed to systemic or local LDRT in a TRAIL-dependent manner (161).These results suggest a synergistic therapeutic effect of LDRT in combination with CAR-T cell therapy in solid tumors, which merits prospective evaluation in a Phase I/II trial.

Strategies of combining LDRT with SBRT have also been investigated, in attempts to maximise the systemic anti-tumor response (158). Barsoumian et al. have developed a strategy entitled ‘Radscopal’, in which high-dose RT is administered to the primary lesion, and LDRT delivered to metastatic lesions. This translational research demonstrated success across multiple mouse models, with increased survival, which was not replicated in the absence of the LDRT to metastatic sites, or high dose RT to all sites. Reponses were further increased with concomitant ICI, with anti-PD1 and anti-CTLA4 monoclonal antibodies. LDRT polarised TAM to the M1-like phenotype, increased NK cell infiltration and reduced TGFβ production (158). The potential of LDRT in combination with SBRT and ICI deserves exploration in future Phase I/II trials.



Conclusion

Over the last decade, there have been significant advances in radiation and systemic therapies for localized and metastatic PCa. While these new therapies have improved survival, responses are not durable. More work is needed to render PCa responsive to immunotherapies.

As we gain granularity on the complex and dynamic TME, multiple key immune regulators have been identified. Orthogonal combinatorial therapies that target the immunosuppressive TME, while boosting innate and adaptive immunity, may achieve anti-tumor immune responses in PCa.

RT is a non-invasive modality with immune modulatory effects, which can be combined with immunotherapy for synergistic anti-tumor responses. High dose RT can trigger in-situ tumor vaccination. SBRT appears to be a promising approach for precisely targeting tumor deposits; however, when attempting to irradiate all metastasis in multi-metastatic patients, the high dose schemas of SBRT will pose toxicity issues. New innovative approaches include LDRT to large fields, either alone or in combination with SBRT to selected lesions (22, 158). Emerging evidence supports this alternative therapeutic method for sensitising PCa to immunotherapy (22). As our group demonstrated, the local effects of radiation on one metastasis should be expanded to all metastatic lesions in order to elicit an anti-tumor immune response (22). This approach will require integration with immunotherapy strategies, based on druggable targets upregulated by RT, that address the immunosuppressive TME, while also engaging RT-induced immune responses.

We believe that multi-modality trials that include novel radiation strategies are needed in PCa. Rapid clinical development requires robust pre-clinical tumor models, such as in vitro human organoids (162), and neo-adjuvant clinical trials to allow clinical and pathological evaluation of therapeutic combinations. The use of high throughput technology to interrogate tumor biopsies and peripheral blood will be critical in the search for predictive biomarkers. Identification of biomarkers which reflect the immune landscape, such as cytokines, circulating TILs, and anti-tumor autoantibodies, in addition to tumor-specific biomarkers, is essential to enrich clinical trial populations (163). Furthermore, adapting standard imaging methods to accurately capture the immune response is required to assess response to treatment. Radiomics analysis of multiple standard imaging modalities, magnetic resonance imaging (MRI), computed tomography (CT) and positron-emission tomography (PET), incorporated with machine learning and artificial intelligence, is emerging as a promising field (164).



Author Contributions

FH devised the concept of this paper. All authors contributed to writing and revising the manuscript. AM and FH designed the figures. All authors contributed to the article and approved the submitted version.


Funding

Open access funding was provided by the University of Lausanne.



Acknowledgments

Prostate Cancer Foundation Challenge Award (18CHAL08). Ludwig Institute for Cancer Research. Centre Hospitalier Universitaire Vaudois.



References

1. Ferlay, J, Colombet, M, Soerjomataram, I, Mathers, C, Parkin, DM, Pineros, M, et al. Estimating the Global Cancer Incidence and Mortality in 2018: GLOBOCAN Sources and Methods. Int J Cancer (2019) 144(8):1941–53. doi: 10.1002/ijc.31937

2. Altekruse SF, KC, and Krapcho, M. SEER Cancer Statistics Review 1975-2007. National Cancer Institute (2010).

3. Global Burden of Disease Cancer C, Fitzmaurice, C, Akinyemiju, TF, Al Lami, FH, Alam, T, Alizadeh-Navaei, R, et al. Global, Regional, and National Cancer Incidence, Mortality, Years of Life Lost, Years Lived With Disability, and Disability-Adjusted Life-Years for 29 Cancer Groups, 1990 to 2016: A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol (2018) 4(11):1553–68. doi: 10.1200/JCO.2018.36.15_suppl.1568

4. Parker, C, Castro, E, Fizazi, K, Heidenreich, A, Ost, P, Procopio, G, et al. Prostate Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann Oncol (2020) 31(9):1119–34. doi: 10.1016/j.annonc.2020.06.011

5. D’Amico, AV, Whittington, R, Malkowicz, SB, Schultz, D, Blank, K, Broderick, GA, et al. Biochemical Outcome After Radical Prostatectomy, External Beam Radiation Therapy, or Interstitial Radiation Therapy for Clinically Localized Prostate Cancer. JAMA (1998) 280(11):969–74. doi: 10.1001/jama.280.11.969

6. Sartor, O, and de Bono, JS. Metastatic Prostate Cancer. N Engl J Med (2018) 378(7):645–57. doi: 10.1056/NEJMra1701695

7. Xin Yu, J, Hubbard-Lucey, VM, and Tang, J. Immuno-Oncology Drug Development Goes Global. Nat Rev Drug Discov (2019) 18(12):899–900. doi: 10.1038/d41573-019-00167-9

8. Robert, C. A Decade of Immune-Checkpoint Inhibitors in Cancer Therapy. Nat Commun (2020) 11(1):3801. doi: 10.1038/s41467-020-17670-y

9. Ribas, A, and Wolchok, JD. Cancer Immunotherapy Using Checkpoint Blockade. Science (2018) 359(6382):1350–5. doi: 10.1126/science.aar4060

10. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 Blockade in Tumors With Mismatch-Repair Deficiency. N Engl J Med (2015) 372(26):2509–20. doi: 10.1056/NEJMoa1500596

11. Topalian, SL, Hodi, FS, Brahmer, JR, Gettinger, SN, Smith, DC, McDermott, DF, et al. Safety, Activity, and Immune Correlates of Anti–PD-1 Antibody in Cancer. N Engl J Med (2012) 366(26):2443–54. doi: 10.1056/NEJMoa1200690

12. Demaria, S, Ng, B, Devitt, ML, Babb, JS, Kawashima, N, Liebes, L, et al. Ionizing Radiation Inhibition of Distant Untreated Tumors (Abscopal Effect) is Immune Mediated. Int J Radiat Oncol Biol Phys (2004) 58(3):862–70. doi: 10.1016/j.ijrobp.2003.09.012

13. Formenti, SC, and Demaria, S. Systemic Effects of Local Radiotherapy. Lancet Oncol (2009) 10(7):718–26. doi: 10.1016/S1470-2045(09)70082-8

14. Kwon, ED, Drake, CG, Scher, HI, Fizazi, K, Bossi, A, van den Eertwegh, AJ, et al. Ipilimumab Versus Placebo After Radiotherapy in Patients With Metastatic Castration-Resistant Prostate Cancer That had Progressed After Docetaxel Chemotherapy (CA184-043): A Multicentre, Randomised, Double-Blind, Phase 3 Trial. Lancet Oncol (2014) 15(7):700–12. doi: 10.1016/S1470-2045(14)70189-5

15. Jackson, WC, Silva, J, Hartman, HE, Dess, RT, Kishan, AU, Beeler, WH, et al. Stereotactic Body Radiation Therapy for Localized Prostate Cancer: A Systematic Review and Meta-Analysis of Over 6,000 Patients Treated On Prospective Studies. Int J Radiat Oncol Biol Phys (2019) 104(4):778–89. doi: 10.1016/j.ijrobp.2019.06.1912

16. Ost, P, Bossi, A, Decaestecker, K, De Meerleer, G, Giannarini, G, Karnes, RJ, et al. Metastasis-Directed Therapy of Regional and Distant Recurrences After Curative Treatment of Prostate Cancer: A Systematic Review of the Literature. Eur Urol (2015) 67(5):852–63. doi: 10.1016/j.eururo.2014.09.004

17. Palma, DA, Olson, R, Harrow, S, Gaede, S, Louie, AV, Haasbeek, C, et al. Stereotactic Ablative Radiotherapy for the Comprehensive Treatment of Oligometastatic Cancers: Long-Term Results of the SABR-COMET Phase II Randomized Trial. J Clin Oncol (2020) 38(25):2830–8. doi: 10.1200/JCO.20.00818

18. Reits, EA, Hodge, JW, Herberts, CA, Groothuis, TA, Chakraborty, M, Wansley, EK, et al. Radiation Modulates the Peptide Repertoire, Enhances MHC Class I Expression, and Induces Successful Antitumor Immunotherapy. J Exp Med (2006) 203(5):1259–71. doi: 10.1084/jem.20052494

19. Garnett, CT, Palena, C, Chakraborty, M, Tsang, KY, Schlom, J, and Hodge, JW. Sublethal Irradiation of Human Tumor Cells Modulates Phenotype Resulting in Enhanced Killing by Cytotoxic T Lymphocytes. Cancer Res (2004) 64(21):7985–94. doi: 10.1158/0008-5472.CAN-04-1525

20. Dewan, MZ, Galloway, AE, Kawashima, N, Dewyngaert, JK, Babb, JS, Formenti, SC, et al. Fractionated But Not Single-Dose Radiotherapy Induces an Immune-Mediated Abscopal Effect When Combined With Anti-CTLA-4 Antibody. Clin Cancer Res (2009) 15(17):5379–88. doi: 10.1158/1078-0432.CCR-09-0265

21. Klug, F, Prakash, H, Huber, PE, Seibel, T, Bender, N, Halama, N, et al. Low-Dose Irradiation Programs Macrophage Differentiation to an iNOS(+)/M1 Phenotype That Orchestrates Effective T Cell Immunotherapy. Cancer Cell (2013) 24(5):589–602. doi: 10.1016/j.ccr.2013.09.014

22. Herrera, FG, Ronet, C, Ochoa de Olza, M, Barras, D, Crespo, I, Andreatta, M, et al. Low Dose Radiotherapy Reverses Tumor Immune Desertification and Resistance to Immunotherapy. Cancer Discov (2021) 12(1):108-33. doi: 10.1158/2159-8290.CD-21-0003

23. Neelapu, SS, Locke, FL, Bartlett, NL, Lekakis, LJ, Miklos, DB, Jacobson, CA, et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N Engl J Med (2017) 377(26):2531–44. doi: 10.1056/NEJMoa1707447

24. Schuster, SJ, Bishop, MR, Tam, CS, Waller, EK, Borchmann, P, McGuirk, JP, et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N Engl J Med (2018) 380(1):45–56. doi: 10.1056/NEJMoa1804980

25. Abida, W, Cheng, ML, Armenia, J, Middha, S, Autio, KA, Vargas, HA, et al. Analysis of the Prevalence of Microsatellite Instability in Prostate Cancer and Response to Immune Checkpoint Blockade. JAMA Oncol (2019) 5(4):471–8. doi: 10.1001/jamaoncol.2018.5801

26. Hansen, AR, Massard, C, Ott, PA, Haas, NB, Lopez, JS, Ejadi, S, et al. Pembrolizumab for Advanced Prostate Adenocarcinoma: Findings of the KEYNOTE-028 Study. Ann Oncol (2018) 29(8):1807–13. doi: 10.1093/annonc/mdy232

27. Antonarakis, ES, Piulats, JM, Gross-Goupil, M, Goh, J, Ojamaa, K, Hoimes, CJ, et al. Pembrolizumab for Treatment-Refractory Metastatic Castration-Resistant Prostate Cancer: Multicohort, Open-Label Phase II KEYNOTE-199 Study. J Clin Oncol (2020) 38(5):395–405. doi: 10.1200/JCO.19.01638

28. Powles, T, Yuen, KC, Gillessen, S, Kadel, EE, Rathkopf, D, Matsubara, N, et al. Atezolizumab With Enzalutamide Versus Enzalutamide Alone in Metastatic Castration-Resistant Prostate Cancer: A Randomized Phase 3 Trial. Nat Med (2022) 28(1):144–53. doi: 10.1038/s41591-021-01600-6

29. Beer, TM, Kwon, ED, Drake, CG, Fizazi, K, Logothetis, C, Gravis, G, et al. Randomized, Double-Blind, Phase III Trial of Ipilimumab Versus Placebo in Asymptomatic or Minimally Symptomatic Patients With Metastatic Chemotherapy-Naive Castration-Resistant Prostate Cancer. J Clin Oncol (2017) 35(1):40–7. doi: 10.1200/JCO.2016.69.1584

30. Chen, H, Liakou, CI, Kamat, A, Pettaway, C, Ward, JF, Tang, DN, et al. Anti-CTLA-4 Therapy Results in Higher CD4+ICOShi T Cell Frequency and IFN-Gamma Levels in Both Nonmalignant and Malignant Prostate Tissues. Proc Natl Acad Sci USA (2009) 106(8):2729–34. doi: 10.1073/pnas.0813175106

31. Stultz, J, and Fong, L. How to Turn Up the Heat on the Cold Immune Microenvironment of Metastatic Prostate Cancer. Prostate Cancer Prostatic Dis (2021) 24(3):697-717. doi: 10.1038/s41391-021-00340-5

32. Sharma, P, Pachynski, RK, Narayan, V, Flechon, A, Gravis, G, Galsky, MD, et al. Nivolumab Plus Ipilimumab for Metastatic Castration-Resistant Prostate Cancer: Preliminary Analysis of Patients in the CheckMate 650 Trial. Cancer Cell (2020) 38(4):489–99 e3. doi: 10.1016/j.ccell.2020.08.007

33. Gao, J, Ward, JF, Pettaway, CA, Shi, LZ, Subudhi, SK, Vence, LM, et al. VISTA Is an Inhibitory Immune Checkpoint That Is Increased After Ipilimumab Therapy in Patients With Prostate Cancer. Nat Med (2017) 23(5):551–5. doi: 10.1038/nm.4308

34. Appleman, LJ, Kolinsky, MP, Berry, WR, Retz, M, Mourey, L, Piulats, JM, et al. KEYNOTE-365 Cohort B: Pembrolizumab (Pembro) Plus Docetaxel and Prednisone in Abiraterone (Abi) or Enzalutamide (Enza)–Pretreated Patients With Metastatic Castration-Resistant Prostate Cancer (mCRPC)—New Data After an Additional 1 Year of Follow-Up. J Clin Oncol (2021) 39(6_suppl):10–. doi: 10.1200/JCO.2021.39.6_suppl.10

35. Subudhi, SK, Vence, L, Zhao, H, Blando, J, Yadav, SS, Xiong, Q, et al. Neoantigen Responses, Immune Correlates, and Favorable Outcomes After Ipilimumab Treatment of Patients With Prostate Cancer. Sci Transl Med (2020) 12(537):eaaz3577. doi: 10.1126/scitranslmed.aaz3577

36. Simeone, E, Gentilcore, G, Giannarelli, D, Grimaldi, AM, Caraco, C, Curvietto, M, et al. Immunological and Biological Changes During Ipilimumab Treatment and Their Potential Correlation With Clinical Response and Survival in Patients With Advanced Melanoma. Cancer Immunol Immunother (2014) 63(7):675–83. doi: 10.1007/s00262-014-1545-8

37. Delyon, J, Mateus, C, Lefeuvre, D, Lanoy, E, Zitvogel, L, Chaput, N, et al. Experience in Daily Practice With Ipilimumab for the Treatment of Patients With Metastatic Melanoma: An Early Increase in Lymphocyte and Eosinophil Counts Is Associated With Improved Survival. Ann Oncol (2013) 24(6):1697–703. doi: 10.1093/annonc/mdt027

38. Wu, YM, Cieslik, M, Lonigro, RJ, Vats, P, Reimers, MA, Cao, X, et al. Inactivation of CDK12 Delineates a Distinct Immunogenic Class of Advanced Prostate Cancer. Cell (2018) 173(7):1770–82 e14. doi: 10.1016/j.cell.2018.04.034

39. Cheever, MA, and Higano, CS. PROVENGE (Sipuleucel-T) in Prostate Cancer: The First FDA-Approved Therapeutic Cancer Vaccine. Clin Cancer Res (2011) 17(11):3520–6. doi: 10.1158/1078-0432.CCR-10-3126

40. Fong, L, Carroll, P, Weinberg, V, Chan, S, Lewis, J, Corman, J, et al. Activated Lymphocyte Recruitment Into the Tumor Microenvironment Following Preoperative Sipuleucel-T for Localized Prostate Cancer. J Natl Cancer Inst (2014) 106(11):dju268. doi: 10.1093/jnci/dju268

41. Kantoff, PW, Higano, CS, Shore, ND, Berger, ER, Small, EJ, Penson, DF, et al. Sipuleucel-T Immunotherapy for Castration-Resistant Prostate Cancer. N Engl J Med (2010) 363(5):411–22. doi: 10.1056/NEJMoa1001294

42. Wolf, P, Alzubi, J, Gratzke, C, and Cathomen, T. The Potential of CAR T Cell Therapy for Prostate Cancer. Nat Rev Urol (2021) 18(9):556–71. doi: 10.1038/s41585-021-00488-8

43. Bear, AS, Fraietta, JA, Narayan, VK, O’Hara, M, and Haas, NB. Adoptive Cellular Therapy for Solid Tumors. Am Soc Clin Oncol Educ Book (2021) 41):57–65. doi: 10.1200/EDBK_321115

44. Kloss, CC, Lee, J, Zhang, A, Chen, F, Melenhorst, JJ, Lacey, SF, et al. Dominant-Negative TGF-Beta Receptor Enhances PSMA-Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer Eradication. Mol Ther (2018) 26(7):1855–66. doi: 10.1016/j.ymthe.2018.05.003

45. Narayan, V, Barber-Rotenberg, J, Fraietta, J, Hwang, W-T, Lacey, SF, Plesa, G, et al. A Phase I Clinical Trial of PSMA-Directed/Tgfβ-Insensitive CAR-T Cells in Metastatic Castration-Resistant Prostate Cancer. J Clin Oncol (2021) 39(6_suppl):125–. doi: 10.1200/JCO.2021.39.6_suppl.125

46. Elia, AR, Caputo, S, and Bellone, M. Immune Checkpoint-Mediated Interactions Between Cancer and Immune Cells in Prostate Adenocarcinoma and Melanoma. Front Immunol (2018) 9:1786. doi: 10.3389/fimmu.2018.01786

47. Hegde, PS, and Chen, DS. Top 10 Challenges in Cancer Immunotherapy. Immunity (2020) 52(1):17–35. doi: 10.1016/j.immuni.2019.12.011

48. Yunger, S, Bar El, A, Zeltzer, LA, Fridman, E, Raviv, G, Laufer, M, et al. Tumor-Infiltrating Lymphocytes From Human Prostate Tumors Reveal Anti-Tumor Reactivity and Potential for Adoptive Cell Therapy. Oncoimmunology (2019) 8(12):e1672494. doi: 10.1080/2162402X.2019.1672494

49. Bronte, V, Kasic, T, Gri, G, Gallana, K, Borsellino, G, Marigo, I, et al. Boosting Antitumor Responses of T Lymphocytes Infiltrating Human Prostate Cancers. J Exp Med (2005) 201(8):1257–68. doi: 10.1084/jem.20042028

50. Ebelt, K, Babaryka, G, Frankenberger, B, Stief, CG, Eisenmenger, W, Kirchner, T, et al. Prostate Cancer Lesions Are Surrounded by FOXP3+, PD-1+ and B7-H1+ Lymphocyte Clusters. Eur J Cancer (2009) 45(9):1664–72. doi: 10.1016/j.ejca.2009.02.015

51. Sfanos, KS, Bruno, TC, Meeker, AK, De Marzo, AM, Isaacs, WB, and Drake, CG. Human Prostate-Infiltrating CD8+ T Lymphocytes Are Oligoclonal and PD-1+. Prostate (2009) 69(15):1694–703. doi: 10.1002/pros.21020

52. Fridman, WH, Pagès, F, Sautès-Fridman, C, and Galon, J. The Immune Contexture in Human Tumours: Impact on Clinical Outcome. Nat Rev Cancer (2012) 12(4):298–306. doi: 10.1038/nrc3245

53. Ness, N, Andersen, S, Valkov, A, Nordby, Y, Donnem, T, Al-Saad, S, et al. Infiltration of CD8+ Lymphocytes Is an Independent Prognostic Factor of Biochemical Failure-Free Survival in Prostate Cancer. Prostate (2014) 74(14):1452–61. doi: 10.1002/pros.22862

54. Petitprez, F, Fossati, N, Vano, Y, Freschi, M, Becht, E, Lucianò, R, et al. PD-L1 Expression and CD8(+) T-Cell Infiltrate Are Associated With Clinical Progression in Patients With Node-Positive Prostate Cancer. Eur Urol Focus (2019) 5(2):192–6. doi: 10.1016/j.euf.2017.05.013

55. Guan, X, Polesso, F, Wang, C, Sehrawat, A, Hawkins, RM, Murray, SE, et al. Androgen Receptor Activity in T Cells Limits Checkpoint Blockade Efficacy. Nature (2022). doi: 10.1038/s41586-022-04522-6

56. Miller, AM, Lundberg, K, Ozenci, V, Banham, AH, Hellstrom, M, Egevad, L, et al. CD4+CD25high T Cells Are Enriched in the Tumor and Peripheral Blood of Prostate Cancer Patients. J Immunol (2006) 177(10):7398–405. doi: 10.4049/jimmunol.177.10.7398

57. Meng, F, Han, X, Min, Z, He, X, and Zhu, S. Prognostic Signatures Associated With High Infiltration of Tregs in Bone Metastatic Prostate Cancer. Aging (Albany NY) (2021) 13(13):17442–61. doi: 10.18632/aging.203234

58. Kiniwa, Y, Miyahara, Y, Wang, HY, Peng, W, Peng, G, Wheeler, TM, et al. CD8+ Foxp3+ Regulatory T Cells Mediate Immunosuppression in Prostate Cancer. Clin Cancer Res (2007) 13(23):6947–58. doi: 10.1158/1078-0432.CCR-07-0842

59. Karpisheh, V, Mousavi, SM, Naghavi Sheykholeslami, P, Fathi, M, Mohammadpour Saray, M, Aghebati-Maleki, L, et al. The Role of Regulatory T Cells in the Pathogenesis and Treatment of Prostate Cancer. Life Sci (2021) 284:119132. doi: 10.1016/j.lfs.2021.119132

60. Li, C, Jiang, P, Wei, S, Xu, X, and Wang, J. Regulatory T Cells in Tumor Microenvironment: New Mechanisms, Potential Therapeutic Strategies and Future Prospects. Mol Cancer (2020) 19(1):116. doi: 10.1186/s12943-020-01234-1

61. Romano, M, Fanelli, G, Tan, N, Nova-Lamperti, E, McGregor, R, Lechler, RI, et al. Expanded Regulatory T Cells Induce Alternatively Activated Monocytes With a Reduced Capacity to Expand T Helper-17 Cells. Front Immunol (2018) 9(1625). doi: 10.3389/fimmu.2018.01625

62. Flammiger, A, Weisbach, L, Huland, H, Tennstedt, P, Simon, R, Minner, S, et al. High Tissue Density of FOXP3+ T Cells Is Associated With Clinical Outcome in Prostate Cancer. Eur J Cancer (2013) 49(6):1273–9. doi: 10.1016/j.ejca.2012.11.035

63. Watanabe, M, Kanao, K, Suzuki, S, Muramatsu, H, Morinaga, S, Kajikawa, K, et al. Increased Infiltration of CCR4-Positive Regulatory T Cells in Prostate Cancer Tissue Is Associated With a Poor Prognosis. Prostate (2019) 79(14):1658–65. doi: 10.1002/pros.23890

64. Xiang, X, Wang, J, Lu, D, and Xu, X. Targeting Tumor-Associated Macrophages to Synergize Tumor Immunotherapy. Signal Transduct Target Ther (2021) 6(1):75. doi: 10.1038/s41392-021-00484-9

65. Zhou, J, Tang, Z, Gao, S, Li, C, Feng, Y, and Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front Oncol (2020) 10:188. doi: 10.3389/fonc.2020.00188

66. Lin, Y, Xu, J, and Lan, H. Tumor-Associated Macrophages in Tumor Metastasis: Biological Roles and Clinical Therapeutic Applications. J Hematol Oncol (2019) 12(1):76. doi: 10.1186/s13045-019-0760-3

67. Di Mitri, D, Mirenda, M, Vasilevska, J, Calcinotto, A, Delaleu, N, Revandkar, A, et al. Re-Education of Tumor-Associated Macrophages by CXCR2 Blockade Drives Senescence and Tumor Inhibition in Advanced Prostate Cancer. Cell Rep (2019) 28(8):2156–68.e5. doi: 10.1016/j.celrep.2019.07.068

68. Peranzoni, E, Lemoine, J, Vimeux, L, Feuillet, V, Barrin, S, Kantari-Mimoun, C, et al. Macrophages Impede CD8 T Cells From Reaching Tumor Cells and Limit the Efficacy of Anti–PD-1 Treatment. Proc Natl Acad Sci (2018) 115(17):E4041–E50. doi: 10.1073/pnas.1720948115

69. Grzywa, TM, Sosnowska, A, Matryba, P, Rydzynska, Z, Jasinski, M, Nowis, D, et al. Myeloid Cell-Derived Arginase in Cancer Immune Response. Front Immunol (2020) 11:938. doi: 10.3389/fimmu.2020.00938

70. Gannon, PO, Poisson, AO, Delvoye, N, Lapointe, R, Mes-Masson, AM, and Saad, F. Characterization of the Intra-Prostatic Immune Cell Infiltration in Androgen-Deprived Prostate Cancer Patients. J Immunol Methods (2009) 348(1-2):9–17. doi: 10.1016/j.jim.2009.06.004

71. Larionova, I, Tuguzbaeva, G, Ponomaryova, A, Stakheyeva, M, Cherdyntseva, N, Pavlov, V, et al. Tumor-Associated Macrophages in Human Breast, Colorectal, Lung, Ovarian and Prostate Cancers. Front Oncol (2020) 10:566511. doi: 10.3389/fonc.2020.566511

72. Lundholm, M, Hägglöf, C, Wikberg, ML, Stattin, P, Egevad, L, Bergh, A, et al. Secreted Factors From Colorectal and Prostate Cancer Cells Skew the Immune Response in Opposite Directions. Sci Rep (2015) 5:15651. doi: 10.1038/srep15651

73. Takayama, H, Nonomura, N, Nishimura, K, Oka, D, Shiba, M, Nakai, Y, et al. Decreased Immunostaining for Macrophage Scavenger Receptor Is Associated With Poor Prognosis of Prostate Cancer. BJU Int (2009) 103(4):470–4. doi: 10.1111/j.1464-410X.2008.08013.x

74. Cioni, B, Zaalberg, A, van Beijnum, JR, Melis, MHM, van Burgsteden, J, Muraro, MJ, et al. Androgen Receptor Signalling in Macrophages Promotes TREM-1-Mediated Prostate Cancer Cell Line Migration and Invasion. Nat Commun (2020) 11(1):4498. doi: 10.1038/s41467-020-18313-y

75. Molgora, M, Esaulova, E, Vermi, W, Hou, J, Chen, Y, Luo, J, et al. TREM2 Modulation Remodels the Tumor Myeloid Landscape Enhancing Anti-PD-1 Immunotherapy. Cell (2020) 182(4):886–900.e17. doi: 10.1016/j.cell.2020.07.013

76. Yang, Y, Li, C, Liu, T, Dai, X, and Bazhin, AV. Myeloid-Derived Suppressor Cells in Tumors: From Mechanisms to Antigen Specificity and Microenvironmental Regulation. Front Immunol (2020) 11:1371. doi: 10.3389/fimmu.2020.01371

77. Bronte, V, Brandau, S, Chen, S-H, Colombo, MP, Frey, AB, Greten, TF, et al. Recommendations for Myeloid-Derived Suppressor Cell Nomenclature and Characterization Standards. Nat Commun (2016) 7(1):12150. doi: 10.1038/ncomms12150

78. Wang, G, Lu, X, Dey, P, Deng, P, Wu, CC, Jiang, S, et al. Targeting YAP-Dependent MDSC Infiltration Impairs Tumor Progression. Cancer Discov (2016) 6(1):80–95. doi: 10.1158/2159-8290.CD-15-0224

79. Feng, S, Cheng, X, Zhang, L, Lu, X, Chaudhary, S, Teng, R, et al. Myeloid-Derived Suppressor Cells Inhibit T Cell Activation Through Nitrating LCK in Mouse Cancers. Proc Natl Acad Sci USA (2018) 115(40):10094–9. doi: 10.1073/pnas.1800695115

80. Banzola, I, Mengus, C, Wyler, S, Hudolin, T, Manzella, G, Chiarugi, A, et al. Expression of Indoleamine 2,3-Dioxygenase Induced by IFN-Gamma and TNF-Alpha as Potential Biomarker of Prostate Cancer Progression. Front Immunol (2018) 9:1051. doi: 10.3389/fimmu.2018.01051

81. Calcinotto, A, Spataro, C, Zagato, E, Di Mitri, D, Gil, V, Crespo, M, et al. IL-23 Secreted by Myeloid Cells Drives Castration-Resistant Prostate Cancer. Nature (2018) 559(7714):363–9. doi: 10.1038/s41586-018-0266-0

82. Li, H, Han, Y, Guo, Q, Zhang, M, and Cao, X. Cancer-Expanded Myeloid-Derived Suppressor Cells Induce Anergy of NK Cells Through Membrane-Bound TGF-Beta 1. J Immunol (2009) 182(1):240–9. doi: 10.4049/jimmunol.182.1.240

83. Won, H, Moreira, D, Gao, C, Duttagupta, P, Zhao, X, Manuel, E, et al. TLR9 Expression and Secretion of LIF by Prostate Cancer Cells Stimulates Accumulation and Activity of Polymorphonuclear MDSCs. J Leukoc Biol (2017) 102(2):423–36. doi: 10.1189/jlb.3MA1016-451RR

84. Lopez-Bujanda, ZA, Haffner, MC, Chaimowitz, MG, Chowdhury, N, Venturini, NJ, Patel, RA, et al. Castration-Mediated IL-8 Promotes Myeloid Infiltration and Prostate Cancer Progression. Nat Cancer (2021) 2(8):803–18. doi: 10.1038/s43018-021-00227-3

85. Lu, X, Horner, JW, Paul, E, Shang, X, Troncoso, P, Deng, P, et al. Effective Combinatorial Immunotherapy for Castration-Resistant Prostate Cancer. Nature (2017) 543(7647):728–32. doi: 10.1038/nature21676

86. Chen, Y, McAndrews, KM, and Kalluri, R. Clinical and Therapeutic Relevance of Cancer-Associated Fibroblasts. Nat Rev Clin Oncol (2021) 18(12):792–804. doi: 10.1038/s41571-021-00546-5

87. Dvorak, HF, Weaver, VM, Tlsty, TD, and Bergers, G. Tumor Microenvironment and Progression. J Surg Oncol (2011) 103(6):468–74. doi: 10.1002/jso.21709

88. Chen, S, Zhu, G, Yang, Y, Wang, F, Xiao, YT, Zhang, N, et al. Single-Cell Analysis Reveals Transcriptomic Remodellings in Distinct Cell Types That Contribute to Human Prostate Cancer Progression. Nat Cell Biol (2021) 23(1):87–98. doi: 10.1038/s41556-020-00613-6

89. Cheteh, EH, Sarne, V, Ceder, S, Bianchi, J, Augsten, M, Rundqvist, H, et al. Interleukin-6 Derived From Cancer-Associated Fibroblasts Attenuates the P53 Response to Doxorubicin in Prostate Cancer Cells. Cell Death Discov (2020) 6:42. doi: 10.1038/s41420-020-0272-5

90. Neuwirt, H, Bouchal, J, Kharaishvili, G, Ploner, C, Jöhrer, K, Pitterl, F, et al. Cancer-Associated Fibroblasts Promote Prostate Tumor Growth and Progression Through Upregulation of Cholesterol and Steroid Biosynthesis. Cell Commun Signal (2020) 18(1):11. doi: 10.1186/s12964-019-0505-5

91. Comito, G, Giannoni, E, Segura, CP, Barcellos-de-Souza, P, Raspollini, MR, Baroni, G, et al. Cancer-Associated Fibroblasts and M2-Polarized Macrophages Synergize During Prostate Carcinoma Progression. Oncogene (2014) 33(19):2423–31. doi: 10.1038/onc.2013.191

92. Hanahan, D, and Folkman, J. Patterns and Emerging Mechanisms of the Angiogenic Switch During Tumorigenesis. Cell (1996) 86(3):353–64. doi: 10.1016/S0092-8674(00)80108-7

93. Yang, EV, Sood, AK, Chen, M, Li, Y, Eubank, TD, Marsh, CB, et al. Norepinephrine Up-Regulates the Expression of Vascular Endothelial Growth Factor, Matrix Metalloproteinase (MMP)-2, and MMP-9 in Nasopharyngeal Carcinoma Tumor Cells. Cancer Res (2006) 66(21):10357–64. doi: 10.1158/0008-5472.CAN-06-2496

94. Jain, S, Chakraborty, G, Raja, R, Kale, S, and Kundu, GC. Prostaglandin E2 Regulates Tumor Angiogenesis in Prostate Cancer. Cancer Res (2008) 68(19):7750–9. doi: 10.1158/0008-5472.CAN-07-6689

95. Jiang, X, Wang, J, Deng, X, Xiong, F, Zhang, S, Gong, Z, et al. The Role of Microenvironment in Tumor Angiogenesis. J Exp Clin Cancer Res (2020) 39(1):204. doi: 10.1186/s13046-020-01709-5

96. Lewis, CE, De Palma, M, and Naldini, L. Tie2-Expressing Monocytes and Tumor Angiogenesis: Regulation by Hypoxia and Angiopoietin-2. Cancer Res (2007) 67(18):8429–32. doi: 10.1158/0008-5472.CAN-07-1684

97. van der Woude, LL, Gorris, MAJ, Halilovic, A, Figdor, CG, and de Vries, IJM. Migrating Into the Tumor: A Roadmap for T Cells. Trends Cancer (2017) 3(11):797–808. doi: 10.1016/j.trecan.2017.09.006

98. Yang, J, Yan, J, and Liu, B. Targeting VEGF/VEGFR to Modulate Antitumor Immunity. Front Immunol (2018) 9:978. doi: 10.3389/fimmu.2018.00978

99. Nordby, Y, Andersen, S, Richardsen, E, Ness, N, Al-Saad, S, Melbo-Jorgensen, C, et al. Stromal Expression of VEGF-A and VEGFR-2 in Prostate Tissue Is Associated With Biochemical and Clinical Recurrence After Radical Prostatectomy. Prostate (2015) 75(15):1682–93. doi: 10.1002/pros.23048

100. Motz, GT, Santoro, SP, Wang, LP, Garrabrant, T, Lastra, RR, Hagemann, IS, et al. Tumor Endothelium FasL Establishes a Selective Immune Barrier Promoting Tolerance in Tumors. Nat Med (2014) 20(6):607–15. doi: 10.1038/nm.3541

101. Alexandrov, LB, Nik-Zainal, S, Wedge, DC, Aparicio, SA, Behjati, S, Biankin, AV, et al. Signatures of Mutational Processes in Human Cancer. Nature (2013) 500(7463):415–21. doi: 10.1038/nature12477

102. Robinson, D, Van Allen, EM, Wu, YM, Schultz, N, Lonigro, RJ, Mosquera, JM, et al. Integrative Clinical Genomics of Advanced Prostate Cancer. Cell (2015) 161(5):1215–28.

103. Jamaspishvili, T, Berman, DM, Ross, AE, Scher, HI, De Marzo, AM, Squire, JA, et al. Clinical Implications of PTEN Loss in Prostate Cancer. Nat Rev Urol (2018) 15(4):222–34. doi: 10.1038/nrurol.2018.9

104. Peng, W, Chen, JQ, Liu, C, Malu, S, Creasy, C, Tetzlaff, MT, et al. Loss of PTEN Promotes Resistance to T Cell-Mediated Immunotherapy. Cancer Discov (2016) 6(2):202–16. doi: 10.1158/2159-8290.CD-15-0283

105. Vaishampayan, U, Shevrin, D, Stein, M, Heilbrun, L, Land, S, Stark, K, et al. Phase II Trial of Carboplatin, Everolimus, and Prednisone in Metastatic Castration-Resistant Prostate Cancer Pretreated With Docetaxel Chemotherapy: A Prostate Cancer Clinical Trial Consortium Study. Urology (2015) 86(6):1206–11. doi: 10.1016/j.urology.2015.08.008

106. Bander, NH, Yao, D, Liu, H, Chen, YT, Steiner, M, Zuccaro, W, et al. MHC Class I and II Expression in Prostate Carcinoma and Modulation by Interferon-Alpha and -Gamma. Prostate (1997) 33(4):233–9. doi: 10.1002/(SICI)1097-0045(19971201)33:4<233::AID-PROS2>3.0.CO;2-I

107. Muniyan, S, Chaturvedi, NK, Dwyer, JG, Lagrange, CA, Chaney, WG, and Lin, MF. Human Prostatic Acid Phosphatase: Structure, Function and Regulation. Int J Mol Sci (2013) 14(5):10438–64. doi: 10.3390/ijms140510438

108. Ochoa de Olza, M, Navarro Rodrigo, B, Zimmermann, S, and Coukos, G. Turning Up the Heat on Non-Immunoreactive Tumours: Opportunities for Clinical Development. Lancet Oncol (2020) 21(9):e419–e30. doi: 10.1016/S1470-2045(20)30234-5

109. Burtness, B, Harrington, KJ, Greil, R, Soulieres, D, Tahara, M, de Castro, G Jr., et al. Pembrolizumab Alone or With Chemotherapy Versus Cetuximab With Chemotherapy for Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck (KEYNOTE-048): A Randomised, Open-Label, Phase 3 Study. Lancet (2019) 394(10212):1915–28. doi: 10.1016/S0140-6736(19)32591-7

110. Gadgeel, S, Rodriguez-Abreu, D, Speranza, G, Esteban, E, Felip, E, Domine, M, et al. Updated Analysis From KEYNOTE-189: Pembrolizumab or Placebo Plus Pemetrexed and Platinum for Previously Untreated Metastatic Nonsquamous Non-Small-Cell Lung Cancer. J Clin Oncol (2020) 38(14):1505–17. doi: 10.1200/JCO.19.03136

111. Paz-Ares, L, Luft, A, Vicente, D, Tafreshi, A, Gumus, M, Mazieres, J, et al. Pembrolizumab Plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. N Engl J Med (2018) 379(21):2040–51. doi: 10.1056/NEJMoa1810865

112. de Bono, J, Mateo, J, Fizazi, K, Saad, F, Shore, N, Sandhu, S, et al. Olaparib for Metastatic Castration-Resistant Prostate Cancer. N Engl J Med (2020) 382(22):2091–102. doi: 10.1056/NEJMoa1911440

113. Herceg, Z, and Wang, ZQ. Functions of Poly(ADP-Ribose) Polymerase (PARP) in DNA Repair, Genomic Integrity and Cell Death. Mutat Res (2001) 477(1-2):97–110. doi: 10.1016/S0027-5107(01)00111-7

114. Dias, MP, Moser, SC, Ganesan, S, and Jonkers, J. Understanding and Overcoming Resistance to PARP Inhibitors in Cancer Therapy. Nat Rev Clin Oncol (2021) 18(12):773–91. doi: 10.1038/s41571-021-00532-x

115. Karzai, F, VanderWeele, D, Madan, RA, Owens, H, Cordes, LM, Hankin, A, et al. Activity of Durvalumab Plus Olaparib in Metastatic Castration-Resistant Prostate Cancer in Men With and Without DNA Damage Repair Mutations. J Immunother Cancer (2018) 6(1):141. doi: 10.1186/s40425-018-0463-2

116. Yu, EY, Piulats, JM, Gravis, G, Laguerre, B, Arija, JAA, Oudard, S, et al. KEYNOTE-365 Cohort A Updated Results: Pembrolizumab (Pembro) Plus Olaparib in Docetaxel-Pretreated Patients (Pts) With Metastatic Castration-Resistant Prostate Cancer (mCRPC). J Clin Oncol (2020) 38(6_suppl):100. doi: 10.1200/JCO.2020.38.6_suppl.100

117. Socinski, MA, Jotte, RM, Cappuzzo, F, Orlandi, F, Stroyakovskiy, D, Nogami, N, et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N Engl J Med (2018) 378(24):2288–301. doi: 10.1056/NEJMoa1716948

118. Makker, V, Rasco, D, Vogelzang, NJ, Brose, MS, Cohn, AL, Mier, J, et al. Lenvatinib Plus Pembrolizumab in Patients With Advanced Endometrial Cancer: An Interim Analysis of a Multicentre, Open-Label, Single-Arm, Phase 2 Trial. Lancet Oncol (2019) 20(5):711–8. doi: 10.1016/S1470-2045(19)30020-8

119. Taylor, MH, Lee, CH, Makker, V, Rasco, D, Dutcus, CE, Wu, J, et al. Phase IB/II Trial of Lenvatinib Plus Pembrolizumab in Patients With Advanced Renal Cell Carcinoma, Endometrial Cancer, and Other Selected Advanced Solid Tumors. J Clin Oncol (2020) 38(11):1154–63. doi: 10.1200/JCO.19.01598

120. Cereda, V, Formica, V, and Roselli, M. Issues and Promises of Bevacizumab in Prostate Cancer Treatment. Expert Opin Biol Ther (2018) 18(6):707–17. doi: 10.1080/14712598.2018.1479737

121. Wang, S, Song, R, Wang, Z, Jing, Z, Wang, S, and Ma, J. S100A8/A9 in Inflammation. Front Immunol (2018) 9:1298. doi: 10.3389/fimmu.2018.01298

122. Armstrong, AJ, Häggman, M, Stadler, WM, Gingrich, JR, Assikis, V, Polikoff, J, et al. Long-Term Survival and Biomarker Correlates of Tasquinimod Efficacy in a Multicenter Randomized Study of Men With Minimally Symptomatic Metastatic Castration-Resistant Prostate Cancer. Clin Cancer Res (2013) 19(24):6891–901. doi: 10.1158/1078-0432.CCR-13-1581

123. Sternberg, C, Armstrong, A, Pili, R, Ng, S, Huddart, R, Agarwal, N, et al. Randomized, Double-Blind, Placebo-Controlled Phase III Study of Tasquinimod in Men With Metastatic Castration-Resistant Prostate Cancer. J Clin Oncol (2016) 34(22):2636–43. doi: 10.1200/JCO.2016.66.9697

124. Ochoa de Olza, M, Bourhis, J, Irving, M, Coukos, G, and Herrera, FG. High Versus Low Dose Irradiation for Tumor Immune Reprogramming. Curr Opin Biotechnol (2020) 65:268–83. doi: 10.1016/j.copbio.2020.08.001

125. Postow, MA, Callahan, MK, Barker, CA, Yamada, Y, Yuan, J, Kitano, S, et al. Immunologic Correlates of the Abscopal Effect in a Patient With Melanoma. N Engl J Med (2012) 366(10):925–31. doi: 10.1056/NEJMoa1112824

126. Hiniker, SM, Chen, DS, Reddy, S, Chang, DT, Jones, JC, Mollick, JA, et al. A Systemic Complete Response of Metastatic Melanoma to Local Radiation and Immunotherapy. Transl Oncol (2012) 5(6):404–7. doi: 10.1593/tlo.12280

127. Schiavone, MB, Broach, V, Shoushtari, AN, Carvajal, RD, Alektiar, K, Kollmeier, MA, et al. Combined Immunotherapy and Radiation for Treatment of Mucosal Melanomas of the Lower Genital Tract. Gynecol Oncol Rep (2016) 16:42–6. doi: 10.1016/j.gore.2016.04.001

128. Formenti, SC, Rudqvist, N-P, Golden, E, Cooper, B, Wennerberg, E, Lhuillier, C, et al. Radiotherapy Induces Responses of Lung Cancer to CTLA-4 Blockade. Nat Med (2018) 24(12):1845–51. doi: 10.1038/s41591-018-0232-2

129. McBride, S, Sherman, E, Tsai, CJ, Baxi, S, Aghalar, J, Eng, J, et al. Randomized Phase II Trial of Nivolumab With Stereotactic Body Radiotherapy Versus Nivolumab Alone in Metastatic Head and Neck Squamous Cell Carcinoma. J Clin Oncol (2021) 39(1):30–7. doi: 10.1200/JCO.20.00290

130. Theelen, W, Peulen, HMU, Lalezari, F, van der Noort, V, de Vries, JF, Aerts, J, et al. Effect of Pembrolizumab After Stereotactic Body Radiotherapy vs Pembrolizumab Alone on Tumor Response in Patients With Advanced Non-Small Cell Lung Cancer: Results of the PEMBRO-RT Phase 2 Randomized Clinical Trial. JAMA Oncol (2019) 5(9):1276–82. doi: 10.1001/jamaoncol.2019.1478

131. Gaipl, US, Multhoff, G, Scheithauer, H, Lauber, K, Hehlgans, S, Frey, B, et al. Kill and Spread the Word: Stimulation of Antitumor Immune Responses in the Context of Radiotherapy. Immunotherapy (2014) 6(5):597–610. doi: 10.2217/imt.14.38

132. Vanpouille-Box, C, Alard, A, Aryankalayil, MJ, Sarfraz, Y, Diamond, JM, Schneider, RJ, et al. DNA Exonuclease Trex1 Regulates Radiotherapy-Induced Tumour Immunogenicity. Nat Commun (2017) 8(1):15618. doi: 10.1038/ncomms15618

133. Rapoport, BL, and Anderson, R. Realizing the Clinical Potential of Immunogenic Cell Death in Cancer Chemotherapy and Radiotherapy. Int J Mol Sci (2019) 20(4):959. doi: 10.3390/ijms20040959

134. Radogna, F, and Diederich, M. Stress-Induced Cellular Responses in Immunogenic Cell Death: Implications for Cancer Immunotherapy. Biochem Pharmacol (2018) 153:12–23. doi: 10.1016/j.bcp.2018.02.006

135. Krysko, DV, Garg, AD, Kaczmarek, A, Krysko, O, Agostinis, P, and Vandenabeele, P. Immunogenic Cell Death and DAMPs in Cancer Therapy. Nat Rev Cancer (2012) 12(12):860–75. doi: 10.1038/nrc3380

136. Apetoh, L, Ghiringhelli, F, Tesniere, A, Obeid, M, Ortiz, C, Criollo, A, et al. Toll-Like Receptor 4-Dependent Contribution of the Immune System to Anticancer Chemotherapy and Radiotherapy. Nat Med (2007) 13(9):1050–9. doi: 10.1038/nm1622

137. Obeid, M, Panaretakis, T, Joza, N, Tufi, R, Tesniere, A, van Endert, P, et al. Calreticulin Exposure Is Required for the Immunogenicity of Gamma-Irradiation and UVC Light-Induced Apoptosis. Cell Death Differ (2007) 14(10):1848–50. doi: 10.1038/sj.cdd.4402201

138. Shiao, SL, and Coussens, LM. The Tumor-Immune Microenvironment and Response to Radiation Therapy. J Mammary Gland Biol Neoplasia (2010) 15(4):411–21. doi: 10.1007/s10911-010-9194-9

139. Formenti, SC, and Demaria, S. Combining Radiotherapy and Cancer Immunotherapy: A Paradigm Shift. J Natl Cancer Inst (2013) 105(4):256–65. doi: 10.1093/jnci/djs629

140. Fizazi, K, Drake, CG, Beer, TM, Kwon, ED, Scher, HI, Gerritsen, WR, et al. Final Analysis of the Ipilimumab Versus Placebo Following Radiotherapy Phase III Trial in Postdocetaxel Metastatic Castration-Resistant Prostate Cancer Identifies an Excess of Long-Term Survivors. Eur Urol (2020) 78(6):822–30. doi: 10.1016/j.eururo.2020.07.032

141. Sinha, M, Zhang, L, Subudhi, S, Chen, B, Marquez, J, Liu, EV, et al. Pre-Existing Immune Status Associated With Response to Combination of Sipuleucel-T and Ipilimumab in Patients With Metastatic Castration-Resistant Prostate Cancer. J Immunother Cancer (2021) 9(5):e002254. doi: 10.1136/jitc-2020-002254

142. Herrera, F, Valerio, V, Harari, A, Berthold, B, Meuwly, JY, Valle, V, et al. EP-1577: Prostate Cancer SBRT Dose Escalation to the Dominant Nodule/s: Phase I and Immunological Effects. Radiother Oncol (2018) 127:S849. doi: 10.1016/S0167-8140(18)31886-3

143. Rosenberg, SA, Yang, JC, and Restifo, NP. Cancer Immunotherapy: Moving Beyond Current Vaccines. Nat Med (2004) 10(9):909–15. doi: 10.1038/nm1100

144. Sim, AJ, Jain, MD, Figura, NB, Chavez, JC, Shah, BD, Khimani, F, et al. Radiation Therapy as a Bridging Strategy for CAR T Cell Therapy With Axicabtagene Ciloleucel in Diffuse Large B-Cell Lymphoma. Int J Radiat Oncol Biol Phys (2019) 105(5):1012–21. doi: 10.1016/j.ijrobp.2019.05.065

145. Fang, PQ, Gunther, JR, Wu, SY, Dabaja, BS, Nastoupil, LJ, Ahmed, S, et al. Radiation and CAR T-Cell Therapy in Lymphoma: Future Frontiers and Potential Opportunities for Synergy. Front Oncol (2021) 11. doi: 10.3389/fonc.2021.648655

146. Arscott, WT, Miller, D, Jones, JA, Winchell, N, Schuster, S, and Plastaras, JP. Tandem Induction Radiation and Chimeric Antigen Receptor T Cell Therapy in Patients With Relapsed or Refractory Non-Hodgkin Lymphoma. Int J Radiat Oncol Biol Phys (2018) 102(3, Supplement):S122. doi: 10.1016/j.ijrobp.2018.06.306

147. Morisada, M, Moore, EC, Hodge, R, Friedman, J, Cash, HA, Hodge, JW, et al. Dose-Dependent Enhancement of T-Lymphocyte Priming and CTL Lysis Following Ionizing Radiation in an Engineered Model of Oral Cancer. Oral Oncol (2017) 71:87–94. doi: 10.1016/j.oraloncology.2017.06.005

148. Weiss, T, Weller, M, Guckenberger, M, Sentman, CL, and Roth, P. NKG2D-Based CAR T Cells and Radiotherapy Exert Synergistic Efficacy in Glioblastoma. Cancer Res (2018) 78(4):1031–43. doi: 10.1158/0008-5472.CAN-17-1788

149. Parker, C, Nilsson, S, Heinrich, D, Helle, SI, O’Sullivan, JM, Fosså, SD, et al. Alpha Emitter Radium-223 and Survival in Metastatic Prostate Cancer. N Engl J Med (2013) 369(3):213–23. doi: 10.1056/NEJMoa1213755

150. Sartor, O, de Bono, J, Chi, KN, Fizazi, K, Herrmann, K, Rahbar, K, et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant Prostate Cancer. N Engl J Med (2021) 385(12):1091–103. doi: 10.1056/NEJMoa2107322

151. Fong, L, Morris, MJ, Sartor, O, Higano, CS, Pagliaro, L, Alva, A, et al. A Phase Ib Study of Atezolizumab With Radium-223 Dichloride in Men With Metastatic Castration-Resistant Prostate Cancer. Clin Cancer Res (2021) 27(17):4746–56. doi: 10.1158/1078-0432.CCR-21-0063

152. Aggarwal, RR, Sam, SL, Koshkin, VS, Small, EJ, Feng, FY, Kouchkovsky, Id, et al. Immunogenic Priming With 177Lu-PSMA-617 Plus Pembrolizumab in Metastatic Castration Resistant Prostate Cancer (mCRPC): A Phase 1b Study. J Clin Oncol (2021) 39(15_suppl):5053. doi: 10.1200/JCO.2021.39.15_suppl.5053

153. Sandhu, SK, Joshua, AM, and Emmett, L. PRINCE: Interim Analysis of the Phase
Ib Study Of 177Lu-PSMA-617 in Combination with Pembrolizumab for Metastatic Castration Resistant Prostate Cancer (mCRPC). ESMO Congress (2021).

154. Kelly, WK, Leiby, B, Einstein, DJ, Szmulewitz, RZ, Sartor, AO, Yang, ES-H, et al. Radium-223 (Rad) and Niraparib (Nira) Treatment (Tx) in Castrate-Resistant Prostate Cancer (CRPC) Patients (Pts) With and Without Prior Chemotherapy (Chemo). J Clin Oncol (2020) 38(15_suppl):5540–. doi: 10.1200/JCO.2020.38.15_suppl.5540

155. Herrera, FG, Bourhis, J, and Coukos, G. Radiotherapy Combination Opportunities Leveraging Immunity for the Next Oncology Practice. CA Cancer J Clin (2017) 67(1):65–85. doi: 10.3322/caac.21358

156. Mackenzie, KJ, Carroll, P, Martin, CA, Murina, O, Fluteau, A, Simpson, DJ, et al. cGAS Surveillance of Micronuclei Links Genome Instability to Innate Immunity. Nature (2017) 548(7668):461–5. doi: 10.1038/nature23449

157. El-Saghire, H, Michaux, A, Thierens, H, and Baatout, S. Low Doses of Ionizing Radiation Induce Immune-Stimulatory Responses in Isolated Human Primary Monocytes. Int J Mol Med (2013) 32(6):1407–14. doi: 10.3892/ijmm.2013.1514

158. Barsoumian, HB, Ramapriyan, R, Younes, AI, Caetano, MS, Menon, H, Comeaux, NI, et al. Low-Dose Radiation Treatment Enhances Systemic Antitumor Immune Responses by Overcoming the Inhibitory Stroma. J Immunother Cancer (2020) 8(2):e000537. doi: 10.1136/jitc-2020-000537

159. Cao, M, Cabrera, R, Xu, Y, Liu, C, and Nelson, D. Different Radiosensitivity of CD4(+)CD25(+) Regulatory T Cells and Effector T Cells to Low Dose Gamma Irradiation In Vitro. Int J Radiat Biol (2011) 87(1):71–80. doi: 10.3109/09553002.2010.518208

160. Liu, R, Xiong, S, Zhang, L, and Chu, Y. Enhancement of Antitumor Immunity by Low-Dose Total Body Irradiationis Associated With Selectively Decreasing the Proportion and Number of T Regulatory Cells. Cell Mol Immunol (2010) 7(2):157–62. doi: 10.1038/cmi.2009.117

161. DeSelm, C, Palomba, ML, Yahalom, J, Hamieh, M, Eyquem, J, Rajasekhar, VK, et al. Low-Dose Radiation Conditioning Enables CAR T Cells to Mitigate Antigen Escape. Mol Ther (2018) 26(11):2542–52. doi: 10.1016/j.ymthe.2018.09.008

162. Yuki, K, Cheng, N, Nakano, M, and Kuo, CJ. Organoid Models of Tumor Immunology. Trends Immunol (2020) 41(8):652–64. doi: 10.1016/j.it.2020.06.010

163. Grassberger, C, Ellsworth, SG, Wilks, MQ, Keane, FK, and Loeffler, JS. Assessing the Interactions Between Radiotherapy and Antitumour Immunity. Nat Rev Clin Oncol (2019) 16(12):729–45. doi: 10.1038/s41571-019-0238-9

164. Kendrick, J, Francis, R, Hassan, GM, Rowshanfarzad, P, Jeraj, R, Kasisi, C, et al. Radiomics for Identification and Prediction in Metastatic Prostate Cancer: A Review of Studies. Front Oncol (2021) 11:771787. doi: 10.3389/fonc.2021.771787




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Mulvey, Muggeo-Bertin, Berthold and Herrera. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OEBPS/Images/fimmu-13-859785-g002.jpg
of | |
oL A 1k
| e mﬁ
QM: \-\.

—mw— —_’ E_ q*-

B st 190 | G o | R oo





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Overcoming Immune Resistance With Radiation Therapy in Prostate Cancer

      

        		

          Introduction

        

          		

            Immunotherapy in Prostate Cancer

          



          		

            An Immunosuppressive Tumor Microenvironment

          



        



        



        		

          Re-programming a Cold TME With Combinatorial Therapies

        



        		

          High Dose Irradiation Triggering in-situ Vaccination

        



        		

          Combination of High Dose Irradiation With Immunotherapy

        



        		

          Low Dose Radiotherapy to Reprogram the Tumor Microenvironment

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Method of action

Target

Agent Ongoing clinical trials (NCT) Phase
Depletion of MDSCs S100A9 Tasquinimod (123)
Tyrosine Kinase inhibitor Cabozantinib (85)
Impairment of MDSC function/recruitment 1L23 inhibitor Tildrakizumab NCT04458311 7]
IL8 inhibitor BMS-986253 NCT03689699 Io/Il
DO inhibitor Epacadostat NCT03493945 1






OEBPS/Images/fimmu-13-859785-g001.jpg





OEBPS/Images/fimmu.2022.859785_cover.jpg
’ frontiers l Frontiers in Immunology

Overcoming Immune Resistance
With Radiation Therapy in
Prostate Cancer





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/table1.jpg
Prostate-directed RT (15)

Number of fractions Dose per fraction in Gy

Standard RT for primary PCa 39 2

Moderate hypofractionation for primary PCa 20 3

Ultra hypofractionation for primary PCa 5 7.25

Metastasis-directed RT (16, 17)

Palliative RT 1 8
10 3
5 4

Ablative RT 3 18
5 1"
8 7.5
5 7

RT, radiation therapy; Gy, Gray; PCa, Prostate cancer.





