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Abstract

:

Liquid biopsy is an accessible, non-invasive diagnostic tool for advanced prostate cancer (PC) patients, potentially representing a real-time monitoring test for tumor evolution and response to treatment through the analysis of circulating tumor cells (CTCs) and exosomes. We performed a systematic literature review (PRISMA guidelines) to describe the current knowledge about PD-L1 expression in liquid biopsies of PC patients: 101/159 (64%) cases revealed a variable number of PD-L1+ CTCs. Outcome correlations should be investigated in larger series. Nuclear PD-L1 expression by CTCs was occasionally associated with worse prognosis. Treatment (abiraterone, enzalutamide, radiotherapy, checkpoint-inhibitors) influenced PD-L1+ CTC levels. Discordance in PD-L1 status was detected between primary vs. metastatic PC tissue biopsies and CTCs vs. corresponding tumor tissues. PD-L1 is also released by PC cells through soluble exosomes, which could inhibit the T cell function, causing immune evasion. PD-L1+ PC-CTC monitoring and genomic profiling may better characterize the ongoing aggressive PC forms compared to PD-L1 evaluation on primary tumor biopsies/prostatectomy specimens (sometimes sampled a long time before recurrence/progression). Myeloid-derived suppressor cells and dendritic cells (DCs), which may have immune-suppressive effects in tumor microenvironment, have been found in PC patients circulation, sometimes expressing PD-L1. Occasionally, their levels correlated to clinical outcome. Enzalutamide-progressing castration-resistant PC patients revealed increased PD-1+ T cells and circulating PD-L1/2+ DCs.
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1. Introduction


Programmed cell death ligand 1 (PD-L1) is a 40 kDa transmembrane protein expressed by various activated immune cells (such as macrophages, dendritic, NK, or B cells) and different non-lymphoid tissues (including epithelial, endothelial, or muscle cells) [1,2]. It binds to its receptor PD-1, which is expressed by cytotoxic T, B, NK cells, and monocytes. The PD-1/PD-L1 interaction serves as an important regulatory checkpoint against an excessive adaptive immune response to antigens and autoimmunity, playing a key role in immune regulation and peripheral tolerance [1,2]. However, PD-L1 is also involved in the immune evasion process by tumor cells, including prostate cancer (PC) cells [1,2].



Novel biomarkers have been increasingly investigated to develop tailored therapies for various malignancies [3,4,5,6], and progressive attention has been paid to PD-1/PD-L1 checkpoint inhibitors. Moreover, the 2021 United States National Comprehensive Cancer Network (NCCN) guidelines have allowed the use of pembrolizumab (an anti-PD-1 monoclonal antibody) in selected PC patients [4].



Screening of PC is mainly based on prostate specific antigen (PSA) test, which unfortunately lacks sufficient diagnostic specificity and prognostic value. In particular, PSA has low efficiency in recognizing aggressive PCs, also resulting in a high percentage of overdiagnoses [4,7,8,9,10,11,12,13,14]. Early diagnosis of PC is a challenge for liquid biopsies, which may represent a non-invasive, real-time monitoring of tumor evolution and therapeutic efficacy through analysis of circulating elements, including tumor cells (CTCs), tumor DNA (ctDNA), tumor RNA (ctRNA), miRNAs, and extracellular vesicles [7,14].



In PC patients, PD-L1 has been demonstrated to be expressed by CTCs, also being identified in soluble exosomes in the bloodstream [7,14]. Monitoring PD-L1+ CTCs could reflect individual patient’s response to immunotherapy, representing a promising diagnostic and predictive aid [14]. Moreover, some evidence suggested that PD-L1 could be more expressed in advanced PCs, thus potentially identifying aggressive tumors [14]. Unfortunately, few data are available in literature as regards the PD-L1 expression in liquid biopsies of PC patients. In our systematic literature review, we tried to describe the current knowledge on this topic.




2. Materials and Methods


We followed the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) guidelines (http://www.prisma-statement.org/; accessed on 8 May 2021) to conduct our systematic literature review about PD-L1 expression in PC (Figure 1).



Our retrospective observational study answered the following PICO (population, intervention, comparison, outcomes) questions:




	
Population: patients and pre-clinical models (tumor cell lines, mouse models) included in studies investigating the role of PD-L1 in PC;



	
Intervention: any treatment;



	
Comparison: none;



	
Outcomes: patient’s status at last follow-up (no evidence of disease, alive with disease, dead of disease), response to therapy, overall survival (OS), progression-free survival (PFS), biochemical recurrence-free survival (BCRFS), metastasis-free, cancer-specific, disease-free, or clinical failure-free survival. As regards experiments on PC cell lines and mouse models: any reported effect on cancer and immune cell migration, proliferation, viability, growth, resistance/response to therapy, cytotoxic/anti-tumor activity, PD-L1 expression, and mice/cell lines survival.








Eligibility/inclusion criteria: clinic-pathologic series (human patients) or experimental research (tumor cell lines, mouse models) concerning the role PD-L1 in PCs.



Exclusion criteria: non-primary prostatic cancers, non-carcinomatous histotypes, studies not examining PD-L1, review articles without cases, and cases of uncertain diagnosis.



We searched for (PD-L1 AND (prostate OR prostatic) AND (adenocarcinoma OR adenocarcinomas OR cancer)) in Web of Science (Topic/Title; 399 results; https://login.webofknowledge.com, accessed on 8 May 2021), Pubmed (all fields; 263 results; https://pubmed.ncbi.nlm.nih.gov, accessed on 8 May 2021), and Scopus (Title/Abstract/Keywords; 385 results; https://www.scopus.com/home.uri, accessed on 8 May 2021) databases. No limitations or additional filters were set. The bibliographic research ended on 8 May 2021.



To verify the satisfaction of the eligibility/inclusion criteria, two independent reviewers screened the titles and abstracts of the 560 records retrieved after excluding duplicate results. One hundred fifty-five eligible articles were retrieved in full-text format, and they were read by two other authors to look for additional relevant references and verify the inclusion and exclusion criteria. Seven papers were excluded for being unfit according to the inclusion criteria or for presenting scant or aggregated data. Two other authors checked the extracted data, and 148 articles were finally included in our study [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155].



Data collection was study related (authors and year of study publication) and case related (tumor stage at presentation, Grade Group, type of specimen, treatment, test methods, results of PD-L1 expression, follow-up and outcomes, experiment type).



The collected data were reported as continuous (analyzed by ranges, mean, and/or median values) or categorical variables (summarized by frequencies and percentages) for statistical analysis.



As there were many data to present, the discussion of our results was divided into different articles, focusing on distinct sub-topics. Here, we analyze the studies of PC patients investigating PD-L1 expression in liquid biopsies.




3. Results


3.1. PD-L1 Expression in Blood Samples: An Overview


Few articles evaluated PD-L1 expression by tumor and/or inflammatory cells in blood samples of PC patients [11,14,16,20,23,45,54,64,87,88,91,96,97,101,147].



Globally, 613 cases were tested using different techniques (real-time polymerase chain reaction, RT-PCR; flow cytometry, FC; fluorescent in-situ hybridization, FISH).



The performed studies enrolled PC patients with or without a comparison with healthy donors. Clinic-pathologic features were rarely reported. When described, PCs were of various stage and Gleason score/Grade Group, and patients were variably treated. Correlation with clinical outcome was rarely investigated, sometimes revealing conflicting results.




3.2. PD-L1 Expression in Circulating Tumor Cells


When this information was reported, CTCs were found in all the tested PC cases, but selection biases were present [14,16,54,76,91,147]. Conversely, they were not found in the tested healthy donors. A total of 101/159 (64%) PC patients revealed PD-L1+ CTCs despite the range of CTCs and of PD-L1+ CTCs varied among patients; unfortunately, these data were not clearly reported in some series [14,16,54,76,91,147]. Two articles specified that PD-L1 positivity was found in >50% of CTCs in 31/60 (52%) cases [16,91]; however, in one of the two series, PD-L1 positivity was reported in the nuclei of CTCs (23/30, 77%), while in the second paper (as in the other reported studies), the PD-L1 staining seemed membranous. While no clear study identified correlations of PD-L1 expression by CTCs with OS, two researches found an association with PFS [91,147]. However, these correlations are still controversial: further studies are required. Here, we describe some details of the few published articles (Table 1).



Schott et al. [76] investigated the frequency of PD-L1 expression by CTCs of different cancers (prostate, n = 27; colorectal, n = 17; lung, n = 9; breast, n = 68) and in 25 healthy men (Extended Maintrac® approach; FISH). This series included three stage I, four stage II, four stage III, and 12 stage IV PCs (unavailable data in four cases); eight PCs were pN1 (nine pN0, 10 pNx), while 15 cases showed distant metastases (11 M0, 1 Mx). Six patients were under 60 years of age, while 21 cases were >60 years. Six men underwent chemotherapy, while radiotherapy was administered to six patients. As all the 27 tested PC cases showed PD-L1+ CTCs (range: 32–100% of positive cells; median value: 65.8%), no clinic-pathologic correlation was possible among PC patients. A lower percentage of PD-L1+ CTCs was found in breast (94.5%), colorectal (94.5%), and lung (82%) cancer patients, while none of the healthy donors revealed CTCs [76]. Conversely, no PD-L1+ CTCs were found in another series of PC patients (n = 10) [54].



Treatment with DNA vaccination encoding prostatic acid phosphatase (PAP) increased PD-L1 expression on CTCs of PC patients; in the study of Rekoske et al. [147], this up-regulation correlated to the development of sustained antigen-specific IFN-γ-producing T cell immune response and to longer PFS. Multi-parameter FC was tested on cryopreserved peripheral blood mononuclear cells (PBMC) collected from men with PC at different stages and variably treated, including: group 1, non-castrate, non-metastatic, PSA-recurrent cases; group 2, castration-resistant, non-metastatic PSA-recurrent tumors; and group 3, metastatic, castration-resistant PCs (mCRPCs). The frequency of CD45-/EpCAM (Epithelial Cell Adhesion Molecule)+ CTCs was higher in castration-resistant patients; these cells also resulted positive for androgen receptor (AR), PAP, and CD63 (imaging cytometry), confirming the prostatic origin.



In the series of Satelli et al. [91], CTCs of 30 metastatic PCs (range: 1–890 CTCs) and 62 metastatic colorectal carcinomas (range: 1–20 CTCs) were tested by using magnetic separation with cell surface vimentin-specific monoclonal antibody (marker of epithelial-mesenchymal transition); nuclear PD-L1 expression was found in ≥50% of CTCs in 23/30 (77%) cases, being significantly associated with worse PFS (p = 0.0215) but not with worse OS (p = 0.0990), while CTC detection by itself did not correlate to unfavorable clinical outcome.



Zhang et al. [16] enrolled 30 PC patients to test PD-L1 expression on their CTCs. The authors included 10 men with newly-diagnosed metastatic hormone-sensitive PCs (mHSPC) starting androgen deprivation therapy (group 1), 10 cases with mCRPCs starting abiraterone (ABT)/prednisone or enzalutamide (ENZ) (group 2), and 10 patients having mCRPCs progressing on ABT/prednisone or ENZ (group 3). The number of detectable CTCs differed between men, groups, and time. At baseline, all men had detectable CTCs, while 9/10 (90%) group 1, 6/10 (60%) group 2, and 4/10 (40%) group 3 patients revealed CTCs in their blood samples after 12 weeks. Moreover, only 2/10 (20%) group 1, 7/10 (70%) group 2, and 6/10 (60%) group 3 progressing patients showed detectable CTCs. In addition, not all the four tested samples collected at the same timepoint from each patient resulted positive. More than one PD-L1+ CTC was detected at baseline in 40% of group 1, 60% of group 2, and 70% of group 3 men, while >50% of PD-L1+ CTCs were found in 30% (group 1), 20% (group 2), and 30% (group 3) of the cases, respectively. PD-L2+ CTCs were found in 20–40% of patients in each disease stage, while CTLA-4 expression was rare (1–20%), and B7-H3 positivity rate was higher (80–90%). Among all cohorts, 27%, 23%, 10%, and 83% of men showed > 50% of CTCs positive for PD-L1, PD-L2, CTLA-4, and B7-H3, respectively. Men with mHSPC had more PD-L1+ CTCs over time, while the overall percentage of PD-L1+ CTCs decreased in the other two groups [16].



Zavridou et al. [14] (n = 62 mCRPCs) found a significantly higher positivity of gene expression markers (CK-8, CK-18, TWIST1, PSMA, AR-FL, AR-V7, AR-567, and PD-L1 mRNA) in EpCAM+ CTCs (PD-L1: 34/62, 54.8%) compared to plasma-derived exosomes (PD-L1: 15/62, 24.2%). Despite that it was not clearly stated, PD-L1 expression seemed not to correlate with OS.




3.3. PD-L1 Expression: Circulating Tumor RNA and Exosomes


Table 2 summarizes the few articles reporting some information about the role of ctRNA or exosomes in PD-L1 expression among PC patients [11,14,23,64].



Despite that ctRNA is more unstable than ctDNA in biological fluids (probably because of ribonucleases), some authors managed to isolate ctRNA of various cancer patients (prostatic, colic, gastric, and pulmonary carcinomas) by using RT-PCR [64]. Indeed, Ishiba et al. found ctRNA in the plasma of 21/88 (24%) PC patients by RT-PCR, while no PD-L1 mRNA was detected in cancer-free men (0/19, 0%); outcome correlation was not performed [64].



Zavridou et al. [14] reported that mCRPC patients expressed PD-L1 at lower levels in plasma-derived exosomes (15/62, 24.2%) than in EpCAM+ CTCs (34/62, 54.8%); although it was not clearly stated, the PD-L1 status seemed not to correlate with OS.



Vardaki et al. [11] found that plasma exosomes of patients with shorter OS had higher exosomal levels of PD-L1 at baseline compared to men with favorable prognosis; these changes were Radium-223 dependent, as there were no differences in the same immune checkpoint modulators upon cabazitaxel treatment. Immunohistochemical analysis on a tumor biopsy of a patient with unfavorable outcome revealed an agreement in PD-L1 expression between PD-L1 exosomal levels and immunohistochemical results.



Immune checkpoints-related proteins (ICKRPs) and other soluble T cell regulatory factors released from immune and tumor cells may affect the efficacy of immunotherapy [23]. Wang et al. [23] evaluated serum levels of 14 ICKRPs (including PD-L1) and their potential correlation to clinical outcomes in a large series of 190 patients with localized PCs. Unlike soluble sPD-L1, sPD-L2 was significantly associated with BCRFS and PC progression (p < 0.05) as other soluble factors (such as sCD28, sCD80, sCTLA4, sHVEM, sIDO, sGITR, sPDCD1). The genotype profile of 97 single-nucleotide polymorphisms (SNPs) from 19 ICK-related genes was analyzed in an extended cohort of PC patients (n = 1762); the CD274 gene (encoding for PD-L1) was correlated with biochemical recurrence and tumor progression. In particular, the SNP CD274:rs822335 showed the strongest association with PC progression among 22 SNPs (hazard ratio, 1.73, 95% confidence interval 1.31–2.29, p = 9.53E−05, q-value = 0.009). To validate whether the ICK-related genes were transcriptionally altered in PC, the authors retrieved the expression data of 19 ICK-related genes from The Cancer Genome Atlas Database (n = 494); CD28, CD274, CTLA4, LAG3, PDCD1LG2, TNFRSF14, TNFRSF18, and TNFSF18 gene expression analysis revealed significant differences between tumor and normal tissues (p < 0.05). High levels of sBTLA and sTIM3 correlated with the risk of aggressive PC [23].




3.4. Studies on Circulating Immune Cells


Few studies provided some information about PD-L1 expression and data concerning circulating immune cells (Table 3) [20,45,54,87,88,96,97,101].



PD-L1 can also be expressed by circulating and intratumoral immune cells, including T (CD4+, CD8+), B, NK, dendritic, and myeloid-derived suppressor cells [54,156].



Tumor-associated stromal myofibroblasts or myeloid cells, such as macrophages (TAMs) or myeloid-derived suppressor cells (MDSCs), are negative prognostic factors in some malignancies, favoring tumor progression and metastases. Tumor-associated stroma may represent an immunosuppressive barrier to anticancer immunity, negatively influencing PC progression. Stromal-derived factors (such as IL-6) could favor the migration of myeloid cells, altering their differentiation into fully functional dendritic cells (DCs) and upregulating PD-L1; thus, PD-L1+ myeloid cells can suppress T cells in the tumor microenvironment [97]. Indeed, DCs acquire an immunosuppressive phenotype (CD14+/CD16+/CD68+/CD124+/CD209+; PD-L1 overexpression), becoming incapable of cross-presenting tumor antigens to T cells and inhibiting the T cell response [97]. Using FC, Spary et al. [97] performed a comparative phenotypic analysis between CD14+ tumor-infiltrating lymphocytes isolated from PC biopsies and CD14+ PBMCs of healthy donors. CD14+ tumor-infiltrating cells expressed higher levels of PD-L1 and CD209 than circulating T cells, while a higher percentage of tumor-associated CD3+ T cells expressed PD-1. CD209 is a C-type lectin receptor, which is present on the surface of macrophages and DCs; it activates the macrophagic phagocytosis by binding with high affinity to high-mannose type N-glycans (a class of pathogen-associated molecular patterns commonly found on viruses, bacteria, and fungi). On myeloid and pre-plasmacytoid DCs, CD209 mediates the DC interaction with blood endothelium, CD4+ T cell activation, and haptens recognition [97].



Stress and inflammation can trigger and/or sustain STAT3 activity in PCs, especially in immunosuppressive tumor-associated myeloid cells (macrophages, MDSCs). Cell death releases Toll-like receptor 9 (TLR9) ligands (such as mitochondrial DNA) in extracellular space and blood circulation; the TLR9/NF-kB-induced IL-6 secretion activates STAT3. High TLR9 expression and STAT3 activation in immunosuppressive polymorphonuclear MDSCs (PMN-MDSC; the major myeloid suppressor population) accumulate in the circulation of patients with PCs progressing from localized to metastatic/castration-resistant tumors. In PC models, STAT3 activity in tumor-infiltrating MDSCs correlated to increased PD-L1 levels and elevated plasma levels of IL6-type cytokines, such as LIF, suggesting a potential cross-talk mechanism promoting tumor immune evasion [157].



Sharma et al. reported that both CD14+ monocytic and CD14– granulocytic MDSCs expressed PD-L1 and PD-L2 (~2-fold greater in the latter type of cells); granulocytic MDSCs may suppress tumor-reactive CD8+ T cells in metastatic pelvic lymph nodes [88].



By using FC analysis, Zhou et al. [87] found a significant increase of MDSCs (p < 0.01) as well as of Arg-1, iNOS, and PD-L1 levels in the peripheral blood of 32 PC patients compared to 25 healthy controls. The distribution of CD14+ monocytic MDSCs and CD15+ PMN-MDSCs subsets significantly differed between the two groups (60.4% vs. 72.2%, 29.5% vs. 18.8%, respectively (p < 0.05). The percentages of MDSCs and monocytic MDSCs were remarkably associated with the survival rate (p = 0.025 vs. p = 0.017).



ABT and ENZ were approved by the Food and Drug Administration (FDA) for the treatment of newly diagnosed metastatic androgen-sensitive PCs [158]. ABT inhibits the CYP17A1 enzyme involved in the synthesis of androgens in various body sites (adrenal glands, testes, etc.), as in PCs [158]. On the other hand, ENZ directly binds to the AR, preventing nuclear translocation and recruitment of the ligand-receptor complex [159]. Consensus regarding the optimal administration sequence in mCRPC patients is scant. De-novo ABT/ENZ resistance in mCRPCs can be related to the immunosuppressive tumor microenvironment. In the study of Pal et al. [45], ABT/ENZ therapy did not reduce the percentage of circulating tolerogenic myeloid cell populations, such as PMN-MDSCs in mCRPC patients. A total of 10% of 44 mCRPCs cases expressed PD-L1 on circulating PMN-MDSCs during ABT/ENZ treatment, also retaining unaltered B7-H3 expression. No difference in PD-1 expression among T cells was reported.



Moreover, Bishop et al. found that progression on ENZ in CRPC patients was associated with increased frequency of PD-1+ T cells and circulating PD-L1/2+ DCs when compared to ENZ responders (p = 0.006) or naïve cases (prior to the start of treatment) (p = 0.0037) [96]. These findings increased with time, being associated with poor initial response to ENZ. Early ENZ responders with a <50% decrease in PSA had higher levels of circulating PD-L1/2+ DCs (vs. men showing >50% PSA decline after starting treatment). PD-L1/2+ DCs significantly increased with time to ENZ progression (p = 0.0497). PD-1+ T cells (CD4+ or CD8+) were increased without differences among patient subsets. Comparatively low expression of CTLA-4 on T cells was found across all patients. Pre-clinical results also reported significantly increased circulating PD-L1/2+ DCs in mice bearing ENZ-resistant tumors [96].



Clinical studies reported that administration of anti-CTLA-4 antibodies plus peptide vaccines resulted in a higher frequency of Th17 cells, improving survival [101,160]. Dulos et al. found that PD-1/PD-L1 blockade (not PD-L2) enhanced Staphylococcus Enterotoxin B-induced IL-2 production in healthy donors, shifting the antigen-induced cellular reactivity toward a pro-inflammatory Th1/Th17 response; it favored the production of IFN-γ, IL-2, TNF-α, IL-6, and IL-17, at the same time inhibiting the secretion of Th2 cytokines (IL-5, IL-13) [101]. This PD-1 blockade-induced shift toward a pro-inflammatory Th1/Th17 response detected in the peripheral blood may favor an antitumor cytotoxic T cell response in the tumor microenvironment [101,161]. Indeed, Foxp3+ regulatory T cells (Tregs) and Th17 differentiation are reciprocally regulated; in the study of Dulos et al., PD-1 blockade may either have caused Tregs inhibition or Th17 shift [101].



In-vitro binding studies using PBMCs of healthy donors showed that the anti-PD-L1 clone MIH1 can be used to detect PD-L1 after durvalumab exposure [54].



Finally, PD-L1 expression seemed increased on monocytes/DCs after short-course radiotherapy (p = 0.047; p = 0.031) [20].





4. Discussion


While tissue biopsies are invasive and sometimes technically challenging, liquid (blood) biopsy may be an easily accessible, non-invasive diagnostic tool for advanced cancer patients (including men with PC), potentially representing a real-time monitoring test for tumor evolution and response to treatment through analysis of CTCs, ctDNA, ctRNA, circulating miRNAs, and exosomes. Liquid biopsies minimize the risk for patients, being especially helpful when metastatic sites are unreachable by tissue biopsies [76,87,88,91,96,97,101,147,148].



CTCs are accessible precursors of metastatic disease, being detectable like other blood cells. CTCs may be more frequent in men with advanced PCs, and their presence seems to parallel tumor burden, aggressiveness, and response to therapy. However, CTCs may also be identified in localized, early-stage PC cases, with a detection rate ranging from 5% to 52%. Although thousands of tumor cells can be released into the blood and/or lymphatic circulation by aggressive PCs, only <0.01% of CTCs eventually succeed in forming metastases. Moreover, CTCs could be cleared from the blood before reaching detectable levels. Finally, localized cancers may release an insufficient number of CTCs, decreasing the sensitivity of liquid biopsies. To our review, the range of CTCs widely varied among patients, and in some cases, just one CTC was identified [14,16,54,76,91,147,162,163,164,165].



When CTCs are scant, their identification represents a technical challenge. RT-PCR has high sensitivity and specificity, detecting one prostatic cell among 106–108 hematopoietic cells in peripheral blood [166]. Different methods of epithelial cells production/enrichment may extract CTCs from peripheral blood. Sample handling is fundamental to obtain reliable and reproducible results in terms of applicability, specificity, and clinical impact. Expression of surface or intracellular antigens can immunologically discriminate circulating cells usually absent in healthy patients [167]. Laser scanning cytometry is fast, as is FC, and can analyze every single positive event for its morphological properties: in 30 min, it may quantify up to 50,000 live tumor cells through exclusive surface staining, omitting dead cells with intracellular staining and discriminating between non-specific fluorescence events and true cells [167].



The EpCAM-based immunocapture technique is frequently used for isolating CTCs. The FDA approved the CellSearch system (Menarini, Italy) for counting CTCs in the peripheral blood of mCRPC patients in clinical practice; CTCs have been validated as a prognostic biomarker of PCs in different clinical trials [14,168,169,170]. This semi-automated platform enriches CTCs based on EpCAM and cytokeratin (CK8, CK18, CK19) expression and on CD45-negativity [14,168,169,170]. In a study [170], favorable CTC counts (<5 cells/7.5 mL blood) predicted significantly improved PFS and OS in ABT-treated PC patients; conversion of favorable CTC counts to unfavorable values (and vice versa) were associated with parallel prognostic improvement/deterioration. The CTC count was considered as an early response marker (detectable 2–5 weeks after starting the treatment), outperforming a 30–50% decline in PSA levels (prognostically significant after 6–8 weeks). Unfortunately, other authors found that this technique failed to isolate EpCAM+ CTCs in ~26.2% of CRPC patients [132]. The false negativity may be due to an epithelial-mesenchymal transition (EMT) of tumor cells during progression; like in tissue specimens, CTCs may downregulate the epithelial markers (such as EpCAM), upregulating mesenchymal proteins [14]. The EpicScience platform (Epic Science, USA) uses high-throughput imaging (fiber-optic array scanning technology) to identify the CTCs and leukocytes labeled with cytokeratins, CD45, and/or 4′6-diamidino-2-phenylindole (DAPI); it is an EpCAM expression-independent technique [171]. The CK-negative CTCs may be more aggressive, as are those showing neuroendocrine differentiation; there is a need for assays also based on new markers [172].



Other techniques have been proposed to capture CTCs, such as those based on the expression of MET oncogene [173]. To detect CTC-associated transcripts, some authors analyzed the mRNAs derived from whole blood, without prior CTC enrichment [174,175]. Other platforms (Adnatest®, Qiagen GmbH, Germany) combined immunomagnetic enrichment of CTCs with RNA isolation and RT-PCR [176,177]. Magnetic separation with a cell-surface vimentin-specific 84-1 monoclonal antibody may detect CTCs with EMT, predicting response to treatment in PC patients [91]. Label-free methods based on cell size and morphology could separate CTCs from the blood by using three-dimensional microfilters and bilayers [178,179,180,181]. However, pore size and rigidity of the membrane could affect the success rate. Moreover, a high flow could squeeze CTCs through pores, while leukocytes accumulation and blood clotting can be induced by slow flow rates [178,179]. In some studies, microfluidic devices resulted in higher CTC counts [180,181]. Multiple-antibodies-functionalized microfluidic devices may isolate different CTC-subpopulations [131].



If non-dissipative methods are used (avoiding cell loss), the CTC count changes represent a good marker for response to treatment, allowing continuous real-time monitoring during therapy. Cancer-specific biomarkers (especially if predictive of more aggressive tumors) are increasingly investigated in combination with the CTC count [167,182].



CTCs may reflect alterations in the tumor microenvironment better than archival tissue specimens, helping the monitoring of cell surface changes [183]. The PD-1/PD-L1 pathway is involved in tumor immune escape, favoring disease progression. PD-L1 has been identified on CTCs in metastatic breast, prostate, colorectal, lung, and urothelial cancers [16]. Immune-checkpoint ligands (PD-L1, PD-L2, CTLA-4) are heterogeneously expressed on PC-CTCs among different disease settings, cohorts of patients, and timepoints [16].



PD-L1 immunohistochemical (IHC) expression could occur more frequently in high-risk localized or metastatic PC tissues, potentially correlating to more aggressive clinic-pathologic features and outcome despite some limits and controversial results (as described in other parts of our review) [27,35,36,39,43]. PD-L1+ PCs may be more commonly associated with lymph node metastases [39] or higher risk for developing distant metastases [77]. The high percentage of PD-L1+ CTCs found in some series may be in keeping with the hypothesis that the more aggressive PCs are PD-L1+ and that CTCs may better reflect the current status of the disease. In particular, all the 27 PC patients of Schott et al. revealed PD-L1+ CTCs in blood. Possible explanations include the easier accessibility of surface antigens in CTCs and/or the fact that, in the bloodstream, CTCs are continuously in contact with T lymphocytes, which can favor PD-L1 expression by direct contact or cytokine secretion [76]. Indeed, after tumor antigen recognition, the T cell-induced IFN-γ signals favor antitumor effects (increased antigen presentation, chemokines, tumor growth arrest, and apoptosis), but they also cause an adaptive increase in PD-L1 expression on the tumor cells, allowing their escape from cytotoxic T cells [184]. However, PD-L1+ CTCs may also be found in patients without clinically-confirmed metastases; further studies need to verify the impact of these data on treatment decisions [76].



A promising correlation between OS and the CTC count was suggested for various metastatic tumors [185]. In PC patients, some authors found an association of PD-L1 expression by CTCs with PFS, while no clear correlation with OS was identified [91,147]. However, the published series usually represented monocentric studies, frequently showing selection biases and testing few patients [14,16,54,76,91,147]; independent validation multicenter cohorts are required. Moreover, correlation between soluble and cellular immune-checkpoint-related proteins in peripheral blood is largely unknown.



PD-L1 could be aberrantly expressed by various tumors, being mislocalized into the nucleus. Nuclear PD-L1 expression (nPD-L1) seems to promote drug resistance, indicating poor prognosis (such as cancer progression and metastasis). Indeed, Satelli et al. found that PC-CTC detection by itself did not correlate to poor PFS or OS in PC patients. Conversely, nuclear (not membranous) PD-L1 expression was significantly associated with shorter PFS in PC patients although few men were tested [91]. However, in another study (n = 171) [12], tumor stage was significantly higher in nPD-L1+ PCs, but neither nuclear nor membranous PD-L1 positivity were predictive of BCRFS on univariate and multivariate analyses [12]. Chemotherapy may induce nuclear translocation of PD-L1, suggesting that this marker has functions other than T cell inhibition [186,187].



PD-L1+ CTCs may help to select patients for treatment with checkpoint inhibitors [76]. PD-L1 IHC expression alone may be insufficient to predict the clinical response to immunotherapy. Indeed, the heterogeneous, usually focal, PD-L1 staining in PC tissue samples questions the reliability of IHC analysis alone as a predictor of clinical outcome and response to therapy [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155]. Moreover, patients with absent or low (<1%) PD-L1 positivity could also benefit from immunotherapy [112,188].



The failure of the PD-1/PD-L1 pathway blockade in PC treatment could also be due, at least in part, to the lower expression of PD-L1 by tumor cells [94]. We found that 29% acinar PCs, 7% ductal PCs, and 46% neuroendocrine carcinomas/tumors were PD-L1+ by IHC despite the influence of pre-analytic variables. Different scoring criteria and antibody clones were used in the tested series (usually monocentric), frequently including limited or unselected cases with variable clinic-pathologic features (age, stage, Grade Group, etc.) [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155]. Moreover, discrepancy in PD-L1 IHC expression between primary and metastatic sites is a documented reality in PC [74]. Furthermore, intratumoral heterogeneity of PD-L1 staining (usually focally expressed) in either primary or metastatic PCs, small sample size, and lack of standardization limit the interpretation especially of single-core biopsies. In addition, hypofixation (as in case of huge prostates) or overfixation of tumor tissue, as well as decalcification procedures (in samples derived from bone metastases), may alter or destroy surface antigens, such as PD-L1 [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,189]. These factors may lead to false-negative results, depriving patients of treatment benefits [76].



The primary tumor is a debatable choice for determining PD-L1 IHC expression in metastatic PC patients. Metastases may better represent the more clinically-relevant tumor clones that have avoided immune destruction, disseminating into the circulation [76]. Moreover, results of PD-L1 IHC analysis derived from biopsies or radical prostatectomy samples (collected years before treatment and/or the detection of metastases) may be less relevant compared to the characterization and dynamic serial monitoring of CTCs at the time of progression/recurrence, when immunotherapy could be indicated. Indeed, PD-L1 expression may change among the various tumor sites (primary vs. metastases) as well as over time [16].



Unfortunately, there are limited data concerning studies evaluating PC-CTCs and PD-L1 expression. In our review (when this information was available), the majority of PC patients revealed PD-L1+ CTCs; however, data were not always clear, and selection biases may have occurred. Moreover, the variation in the number of CTCs (sometimes <10 CTCs) and of PD-L1+ CTCs among patients represented a bias for their detection and for the evaluation of the PD-L1 positivity rate. In addition, there are no standardized scoring systems or cut-off criteria for PD-L1 expression by CTCs. In tissue-based studies, PD-L1 IHC expression was analyzed by using several scoring systems (tumor proportion score, combined positive score, etc.), which have found their way into the clinic as companion diagnostics for other tumors. Conversely, PD-L1 expression by CTCs was usually described as positive or negative, sometimes including nuclear positivity (typically not assessed in IHC tissue-based studies); the exact number of PD-L1+ CTCs and clear cut-offs or scoring systems to qualify a patient as “positive” were unclear or not established, as few cases were tested [14,16,54,76,91,147]. Furthermore, discordance in PD-L1 status was not only detected among different tumor tissue sites (primary vs. metastatic) but also between CTCs and tumor tissues of the same patients. Schott et al. included 128 cancers arising from prostate (n = 27), breast (n = 72), colon-rectum (n = 18), and lung (n = 11); the frequency of PD-L1+ patients and of PD-L1+ CTCs was higher than the PD-L1 expression rate of tumor tissues [76].



CTCs can be sampled and characterized at any time during the course of disease, providing important data on therapeutic targets and drug resistance mechanisms [76]. After immunotherapy administration, the total CTC number and the fraction of PD-L1+ CTCs were significantly reduced in a study [76]. The rate of PD-L1+ CTCs may continuously increase during discontinuous drug administration. However, the persistence of PD-L1+ CTCs apparently correlates with poor prognosis and resistance to therapy [190].



In some studies, the post-vaccination increase in PD-L1 expression by CTCs correlated to the development of sustained antigen(PAP)-specific IFN-γ-secreting T cell immunity and longer PFS [147,148]. Dynamic monitoring of CTCs (expressing PD-L1 or other biomarkers) could help in assessing antitumor immunity during various treatments, defining personalized vaccination schedules and/or selecting patients likely to have clinical benefit. Non-T, IFN-γ-secreting cells (including NK cells) may influence PD-L1 expression on CTCs [147,148].



Similar findings were reported in patients treated with Sipuleucel-T, an FDA-approved autologous cellular vaccine for targeting PAP antigen and improving OS in metastatic PCs. Early-stage PCs may have pre-existing PAP-specific delayed-type hypersensitivity responses regulated by CTLA-4. In various PC patients, Sipuleucel-T can induce different increases in Th1 cytokine secretion but similar (although not as strong) PD-L1 upregulation on CTCs following immunization. Sipuleucel-T may elicit mixed Th1/Th2 immune responses, producing antibodies and Th2 cytokines not observed with DNA immunization. Advanced PCs with greater tumor burden could also affect the rate of CD8+ T cells detected in the peripheral blood [147,148,191,192].



Liquid biopsy may be useful for a dynamic immunophenotypic or molecular characterization of CTCs (including PD-L1 expression) [76]. RT-PCR amplifies the signals, helping gene expression analysis; it could be used downstream to different molecular assays for studying CTCs and exosomes. CTCs show heterogeneous genetic differences from primary tumor cells, altering the molecules related to cell adhesion, migratory capacity, and angiogenesis [14]. Zavridou et al. suggested that the detection of AR-V7 or other specific markers in CTCs could help in selecting hormone therapy or chemotherapy in mCRPCs, while DNA methylation-based markers on CTCs and exosomes may provide relevant information on the epigenetic silencing of genes implied in the metastatic behavior [14,176,193,194]. CTC molecular characterization may identify new prognostic and predictive biomarkers; it could also favor the study of the biology of metastasis and the mechanisms of resistance to various drugs (ENZ, ABT, prednisone, and taxanes) [195,196,197]. Genomic profiling of PC-CTCs found that hormone therapy resistance can be due to AR mRNA splice variants, AR signaling loss, and/or gain of neuroendocrine-like features [16].



Soluble T cell regulatory immune checkpoint-related proteins released from immune and tumor cells may affect treatment and outcome efficacy [23]. Exosomes are extracellular vesicles secreted by normal and tumor cells in the extracellular space and blood circulation; they originate from fusion of multivesicular bodies with the plasma membrane, being surrounded by a lipid bilayer and favoring intercellular communication by transferring lipids, proteins, DNA, RNA, and metabolites to recipient cells [166,198,199,200]. ctDNA can also be released by dead (as to apoptosis, necrosis) or viable cells, also through exosomal vescicles. ctDNA levels ranges from 1 to 10 ng/mL in healthy donors, while cancer patients usually show increased ctDNA levels [166,198,199,200].



Smaller exosomes (diameter: 50–100 nm) may originate from benign or malignant cells, while large oncosomes (1–10 μm) seem to preferentially derive from tumor cells [166,198,199,200]. Differential ultracentrifugation is the gold standard for their detection, while ultrafiltration- and immunoaffinity-based approaches could also be beneficial. Selective biomarkers expressed by exosomes/oncosomes may improve their identification within the heterogeneous exosomal population; isolation techniques must be tailored to the specific vesicles of interest [166,198,199,200].



Exosomes are involved in cancer growth, neo-angiogenesis, development of pre-metastatic niches, resistance to treatments, tumor progression/recurrence, and immunosuppression, representing a valuable source of cancer biomarkers and being potentially involved in the metastatic progression of PC [14,166,198,199,200]. However, exosomes could also play an antitumor function in selected microenvironment contexts; DCs could activate B and T cells via exosomes (anti-tumor effect), while immunosuppression (Tregs activation, NK cells inhibition) could be favored by cancer cell-derived exosomes. Moreover, exosomal PD-L1 suppressed antitumor immunity in various tumor types, mediating resistance to immunotherapy by directly binding to anti-PD-L1 antibodies [166,198,199,200].



Zavridou et al. [14] reported that PD-L1 expression was higher in EpCAM+ CTC samples (34/62, 54.8%) than plasma-derived exosomes (15/62, 24.2%). However, this difference may be due to the variable sample amounts used for analysis: exosomes were isolated from 2 mL of plasma while CTCs from 20 mL of peripheral blood.



Two different tumor-secreted PD-L1 splicing variants were identified, lacking the transmembrane domain. Tumor cells could release extracellular exosomes carrying most of the PD-L1 produced upon IFN-γ stimulation (instead of transporting it to the cell surface), thus suppressing the T cell function and contributing to the resistance to PD-L1 blockade treatment [201]. Therefore, PD-L1 may not require a cell-to-cell interaction to inhibit T cell response and cause immune evasion; controlling exosomal PD-L1 levels might enhance the efficacy of anti-PD-L1 treatment in PC [202].



The tumor-associated metzincin metalloproteinases ADAM10 and ADAM17 can cleave the PD-L1 ectodomain from the surface of tumor cells and extracellular vesicles, thus producing a soluble form of PD-L1 (sPD-L1), which can induce CD8+ T cell apoptosis. This mechanism of resistance to PD-L1 or PD-1 inhibitors may explain why high serum sPD-L1 levels are predictors of poor response to immunotherapy and/or aggressive behavior in some malignancies; sPD-L1 may also act as a sink for circulating PD-L1 inhibitors. To this hypothesis, anti-PD-L1/PD-1 drugs may be administered to selected patients previously treated with plasma exchange to remove circulating sPD-L1. However, further studies are required, as high sPD-L1 levels are a positive prognostic indicator in a minority of tumor types (such as gastric adenocarcinoma) [116]. Unlike sPD-L2, sPD-L1 was not significantly associated with BCRFS and PC progression in a single study of PC patients, while the SNP CD274:rs822335 showed the strongest association with PC progression in an extended cohort [23].



Systematic literature reviews allow clinicians to stay up to date, representing a starting point for developing clinical practice guidelines or further studies/trials and a justification for research financial support by granting agencies. Usually requiring a multidisciplinary approach and high effort by consolidated research teams, the PRISMA guidelines include an evidence-based minimum set of items for reporting and could be applicable in various topics/contexts, improving the quality of pure meta-analyses and case report/series [203,204,205,206,207,208,209,210,211,212,213,214,215,216,217,218,219,220,221,222,223,224,225,226,227,228,229,230,231,232,233,234,235,236,237,238,239,240,241,242,243,244]. We divided the presentation of our data into different papers, each focused on a specific sub-topic. In the other articles, the readers will find further information about PD-L1 IHC expression in PC patients (including discussion of pre-analytical and interpretation variables; correlation with clinic-pathologic features, the status of mismatch repair system, BRCA, PTEN and other main genes; results of clinical trials) and regulation of PD-L1 expression in pre-clinical PC models (intracellular signaling pathways, role in tumor microenvironment; experimental treatments on PC cell lines or mice; genetic and epigenetic regulation) [245,246,247,248,249].




5. Conclusions


Liquid biopsy is an accessible, non-invasive sampling technique and aid in metastatic PC patients. A variable number of CTCs expressed PD-L1 in 64% of the tested cases. Discordance in the PD-L1 status was detected between primary and metastatic PC tissue biopsies as well as between CTCs and the corresponding tumor tissues. Nuclear PD-L1 expression by CTCs was occasionally associated with worse prognosis. Outcome correlations should be investigated in larger series.



PD-L1 could also be expressed by circulating immune-cells. MDSCs and DCs may have immune-suppressive effects in the tumor microenvironment; they have been found in the circulation of PC patients, sometimes expressing PD-L1. Occasionally, their levels correlated to the survival rates. ENZ-progressing castration-resistant PC patients revealed increased PD-1+ T cells and circulating PD-L1/2+ DCs.



PD-L1 is also released by PC cells through soluble exosomes, which could inhibit the T cell function and cause immune evasion.



Liquid biopsy potentially represents a real-time monitoring test for tumor evolution and response to immunotherapy through analysis of PD-L1+ CTCs and exosomes. Various treatments (ABT, ENZ, radiotherapy, checkpoint-inhibitors) may influence the PD-L1+ CTC levels. Genomic profiling of PD-L1+ PC-CTC could better characterize metastatic PCs compared to the evaluation of PD-L1 expression on primary tumor biopsies or prostatectomy specimens (sometimes sampled a long time before recurrence/progression).
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Figure 1. PRISMA flow-chart of the systematic literature review. 
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Table 1. PD-L1 expression in circulating tumor cells.
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	Ref.
	Test
	Samples
	Stage
	Treatment
	Results





	[16]
	CellSearch® system (Menarini Silicon Biosystems, PA, US)

(PD-L1 antibody clone SP142, Ventana

Medical Systems, AZ, US)
	30 PCs

HD spiking

experiments

(unclear number)


	NR
	10 pre-ARSI

10 post-ARSI

10 mHSPC
	Among all cohorts, the rate of men with >50% of CTCs positive for PD-L1 was 27%, for PD-L2 was 23%, for B7-H3 was 83%, and for CTLA-4 was 10% (*). At baseline, ≥1

PD-L1+ CTC was found in 40% of mHSPC

(n = 4), 60% of mCRPC pre-ARSI (n = 6), and 70% of mCRPC post-ARSI (n = 7); ≥50% CTCs were PD-L1+ in 30% (n = 3), 20%

(n = 2), and 30% (n = 3) of cases, respectively. Over time, mHSPCs released more PD-L1+ CTCs, while the overall percentage of

PD-L1+ CTCs decreased in the other 2 groups.



	[14]
	qRT-PCR
	62 mCRPCs

10 HDs
	Var
	62 prior ChT or new hormonal agents
	Significantly higher positivity of gene expression markers (CK-8, CK-18, TWIST1, PSMA, AR-FL, AR-V7, AR-567, and PD-L1 mRNA) in EpCAM+ CTCs compared to plasma-derived exosomes (PD-L1: 34/62, 54.8% vs. 15/62, 24.2%).



	[76]
	Maintrac®

(PD-L1 clone 29E.2A3,

Biolegend, CA, US)

FISH (CD274/CEN9q probe, Abnova,

Taiwan)
	27 PCs

25 HDs
	I–IV

(N0/1, M0/1)
	ChT (6);

RT (6)
	100% of PC patients and 0% of HDs showed PD-L1-positive CTCs (range 32–100%

positive cells, median 65.8%). No correlation with clinic-pathologic parameters among

PC patients.



	[147]
	FC (PD-L1-PECy7, clone MIH1,

eBioscience, CA, US)
	15? PCs
	M0-1
	unclear (some CRPCs)
	Patients who developed long-term prostatic acid phosphatase-specific immune responses had PD-L1 upregulation on CTCs. Increased PD-L1 expression correlated to longer PFS.



	[91]
	FC

(PD-L1 rabbit

monoclonal, Invitrogen)
	30 PCs
	M1
	ChT

(palliative)
	Nuclear PD-L1 expression in ≥50% of CTCs in 23/30 (77%) cases. It was significantly

associated with worse PFS (HaR: 38.39; 95% CI, 1.714–859.700; n = 10; p = 0.0215) but not with OS (HaR 4.060; 95% CI, 0.7684–21.4600; n = 30; p = 0.0990). CTC detection alone was not associated with poor OS (HaR 1.182, 95% CI 0.2400–5.8230, n = 30, p = 0.8369) or PFS (HaR 0.2739, 95% CI 0.009854–7.614000,

n = 10, p = 0.4452).



	[54]
	FC
	10 PCs (°)
	M1
	Dur + Ola to mCRPCs (prior ENZ/ABT)
	No patient showed PD-L1 positivity.







ABT, abiraterone; ChT, chemotherapy; CI, confidence interval; CRPC, castration-resistant prostate cancer; CTC, circulating epithelial tumor cells; Dur, durvalumab; ENZ, enzalutamide; FC, flow cytometry; HaR, hazard ratio; HD, healthy donors; mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; NR, not reported; Ola, Olaparib; OS, overall survival; PC, prostate cancer; PFS, progression-free survival; post-ARSI, mCRPC progressing on ENZ or ABT/prednisone; pre-ARSI, mCRPC starting ENZ or ABT/prednisone; qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; Ref., references; RT, radiotherapy; Var, variable. Note: in all these cases, the Gleason Score/Grade Group of prostatic carcinoma was variable or unreported. (*): At baseline, at least 1 PD-L2+ CTC was found in 40% of mHSPCs, 40% of mCRPCs pre-ARSI, and 20% of mCRPCs post-ARSI; ≥50% CTCs were PD-L2+ in 30%, 20%, and 30% of cases, respectively. At baseline, at least 1 CTLA-4+ CTC was found in 10% of mHSPCs, 20% of mCRPCs pre-ARSI, and 10% of mCRPCs post-ARSI; ≥50% CTCs were CTLA-4+ in 10% of the cases of each group. At baseline, at least 1 B7-H3+ CTC was found in 90% of mHSPCs, 80% of mCRPCs pre-ARSI, and 90% of mCRPCs post-ARSI; ≥50% CTCs were B7-H3+ in 80%, 80%, and 90% of cases, respectively. (°): PD-L1 was also evaluated in 2/10 cases by immunohistochemistry. 12/17 (71%) cases of another cohort revealed CTCs at baseline (range: 0–2107), but it was unclear if these cases were tested for PD-L1 expression; the CTC count decreased or remained unchanged from treatment day 1/cycle 1 to day 15/cycle 1 in 13/17 (76%) cases, and these patients revealed better PFS.
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Table 2. PD-L1 expression: circulating tumor RNA and exosomes.
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	Ref.
	Test
	Samples
	Stage
	GS
	Treatment
	Results





	[64]
	qRT-PCR
	88 PCs

19 HDs
	pM1
	NR
	NR (ChT?)
	21/88 (24%) of PC patients and 0/19 (0%) of HDs showed PD-L1 expression in plasma circulating tumor RNA.



	[14]
	qRT-PCR
	62 mCRPCs 10 HDs
	Var
	Var
	prior ChT or new hormonal agents

(n = 62)
	Significantly higher positivity of gene expression markers (CK-8, CK-18, TWIST1, PSMA, AR-FL, AR-V7, AR-567, and PD-L1 mRNA) in EpCAM+ CTCs than plasma-derived exosomes (PD-L1: 34/62, 54.8% vs. 15/62, 24.2%).



	[11]
	WB, LMA
	25 PCs
	IV
	Var
	Var, including RT/Radium-223
	Plasma exosomes of patients with unfavorable OS (n = 12) had higher levels of PD-L1 than men with favorable prognosis (n = 13) (Radium-223-dependent changes; no differences in the same immune checkpoint modulators upon cabazitaxel treatment).



	[23]
	FC (ProcartaPlex Human Immuno-Oncology

Checkpoint Pane, Thermo Fisher, US sBTLA) (°)
	190 PCs

(95 LR,

95 HR)
	LR

(95 T1)

HR

(34 T1,

12 T2,

47 T3-4)
	LR: 6

HR: 92% >6
	84 RP;

41 RT;

60 Surv;

5 Cry
	Serum PD-L1 levels did not correlate with BRFS (Har 4.8; 95% CI 0.9–25.7; p = 0.06; q = 0.084) or PFS (Har 4.0; 95% CI 0.8–20.9; p = 0.100; q = 0.140).

Serum PD-L2 levels were significantly associated with BRFS (Har 5.5; 95% CI 1.2–26.2;

p = 0.030; q = 0.053) and PFS (Har 4.6; 95%

CI 1.1–18.5; p = 0.030; q = 0.047).







(°): this study evaluated the serum levels of 14 immune checkpoint markers (sCD27, sCD28, sCD80, sCD137, sCTLA4, sGITR, sHVEM, sIDO, sLAG3, sPDCD1, sPD-L1, sPD-L2, sTIM3). BRFS, biochemical recurrence-free survival; ChT, chemotherapy; CI, confidence interval; Cry, cryoablation; CTC, circulating epithelial tumor cells; FC, flow cytometry; GS, Gleason score; Har, hazard ratio; HD, healthy donors; HR, high-risk prostate cancer; LMA, Luminex multiplex array; LR, low-risk prostate cancer; mCRPC, metastatic castration-resistant prostate cancer; NR, not reported; OS, overall survival; PC, prostate cancer; PFS, progression-free survival; qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; Ref., reference; RP, radical prostatectomy; RT, radiotherapy; Surv, surveillance; Var, variable; WB, Western blot analysis.
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Table 3. PD-L1 expression in circulating immune cells.
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	Ref.
	Test
	Samples
	Stage
	Treatment
	Results





	[20]
	FC
	14
	LR, IR
	RT

(monotherapy) (*)
	After 1 weak of treatment, short-course RT significantly increased PD-1

expression on T cells (p = 0.016), PD-L1 expression on monocytes (p = 0.047), and plasmacytoid DCs (p = 0.031) compared to pre-treatment and standard RT (p = 0.017, p = 0.026, and p = 0.035, respectively).



	[45]
	FC
	44
	M1
	11 ABT,

23 ENZ,

5 ENZ + ABT,

7 ABT + ENZ
	ABT/ENZ therapy did not affect the expression of PD-L1 and B7-H3 on

circulating polymorphonuclear MDSCs in mCRPCs (10% expressed PD-L1 on polymorphonuclear MDSCs without significant changes over treatment)



	[88]
	FC
	10
	pN1

(5 T3a/b N1)
	RT (8)
	Both CD14+ monocytic and CD14- granulocytic MDSCs expressed PD-L1 and PD-L2; their expression was 2-fold greater in CD14- granulocytic MDSCs. Granulocytic MDSCs probably suppressed tumor-reactive

CD8+ T cells in metastatic pelvic lymph nodes and exhibited high

expression of immune checkpoint molecules in nodal metastases.



	[87]
	NR
	32 PCs

25 HDs
	NR
	NR
	Significant increase of MDSCs (p < 0.01), Arg-1, iNOS, and PD-L1 peripheral blood levels in PC patients. Significant differences in distribution of CD14+ monocytic MDSCs and CD15+ polymorphonuclear MDSCs subsets between the 2 groups (60.4% vs. 72.2%, 29.5% vs. 18.8%) (p < 0.05). The percentage of MDSCs and monocytic MDSCs correlated to the total survival rate of

PC patients (p = 0.025; p = 0.017).



	[96]
	FC
	15(?)
	M1
	ENZ
	Increased frequency of PD-L1/2+ DCs in CRPC patients progressing on ENZ compared to responders (p = 0.006) or naïve groups (p = 0.0037). In progressing patients, more PD-L1/2+ DCs were associated with poorer ENZ-response and treatment duration. Initial responders (<50% decrease in PSA) had more circulating PD-L1/2+ DCs.



	[97]
	FC
	NR
	NR
	NR
	CD14+ TILs of PC biopsies expressed higher levels of PD-L1 and PD-1 (vs. lymphocytes isolated from PBMCs of HDs). PD-L1+ myeloid cells seemed suppressors of TILs.



	[101]
	FC
	15 PCs

HDs (unclear number)
	N1 or M1
	Variable

(no, hormones, RT,

Ticilimumab)
	PD-1/PD-L1 blockade (not PD-L2) enhanced Staphylococcus Enterotoxin

B-induced IL-2 production in HDs, shifting the antigen-induced cellular reactivity toward a pro-inflammatory Th1/Th17 response (increased IFN-γ, IL-2, TNF-α, IL-6, and IL-17; reduced IL-5, IL-13).



	[54]
	FC
	4
	M1
	Dur + Ola to mCRPCs (prior ENZ/ABT)
	Similar frequencies of PD-L1 expression in T (CD4+, CD8+), B, NK,

dendritic, and myeloid-derived suppressor cells (PBMC samples) as

described in advanced cancer [156]







Note: in all the studies, the Grade Group/Gleason score of the cases was unavailable/unclear. (*): standard arm: external beam radiotherapy 2.0–2.7 Gy daily fractions; short-course arm: stereotactic body radiotherapy 7.4 Gy every other day or high dose rate brachytherapy 13.5 Gy weekly. Cohorts were balanced as to age, Gleason score, and pre-treatment PSA. ABT, abiraterone; CRPC, castration-resistant prostate cancer; DCs, dendritic cells; Dur, durvalumab; ENZ, enzalutamide; FC, flow cytometry; HDs, healthy donors; IR, intermediate-risk prostate cancer; LR, low-risk prostate cancer; MDSC, myeloid-derived suppressor cells; mCRPC, metastatic castration-resistant prostate cancer; NR, not reported; Ola, Olaparib; PC, prostate cancer; PBMC, peripheral blood mononuclear cells; Ref., reference; RT, radiotherapy; TILs, tumor-infiltrating lymphocytes.
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