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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 [3–6], and progressive attention has been paid to PD-1/PD-L1
checkpoint inhibitors. Moreover, the 2021 United States National Comprehensive Can-
cer 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 un-
fortunately 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 [4,7–14]. 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 diag-
nostic and predictive aid [14]. Moreover, some evidence suggested that PD-L1 could be
more expressed in advanced PCs, thus potentially identifying aggressive tumors [14]. Un-
fortunately, 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.

http://www.prisma-statement.org/
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Figure 1. PRISMA flow-chart of the systematic literature review.

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, stud-
ies 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 review-
ers 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 [8–155].

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.

https://login.webofknowledge.com
https://login.webofknowledge.com
https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
https://www.scopus.com/home.uri


J. Pers. Med. 2021, 11, 1312 4 of 26

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 vari-
ous 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.
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Table 1. PD-L1 expression in circulating tumor cells.

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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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 immunother-
apy [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 pro-
gression (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 associ-
ation 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



J. Pers. Med. 2021, 11, 1312 7 of 26

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 signif-
icant differences between tumor and normal tissues (p < 0.05). High levels of sBTLA and
sTIM3 correlated with the risk of aggressive PC [23].

Table 2. PD-L1 expression: circulating tumor RNA and exosomes.

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.

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].
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Table 3. PD-L1 expression in circulating immune cells.

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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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 mi-
gration 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 asso-
ciated with increased frequency of PD-1+ T cells and circulating PD-L1/2+ DCs when
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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. Com-
paratively 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 lym-
phatic 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 [14,16,54,76,91,147,162–165].

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].
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The EpCAM-based immunocapture technique is frequently used for isolating CTCs.
The FDA approved the CellSearch system (Menarini, Italy) for counting CTCs in the periph-
eral blood of mCRPC patients in clinical practice; CTCs have been validated as a prognostic
biomarker of PCs in different clinical trials [14,168–170]. This semi-automated platform
enriches CTCs based on EpCAM and cytokeratin (CK8, CK18, CK19) expression and on
CD45-negativity [14,168–170]. In a study [170], favorable CTC counts (<5 cells/7.5 mL
blood) predicted significantly improved PFS and OS in ABT-treated PC patients; conver-
sion 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 en-
richment 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, pre-
dicting 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 [178–181]. 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 repre-
sent 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 associ-
ated 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 con-
tact with T lymphocytes, which can favor PD-L1 expression by direct contact or cytokine
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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 show-
ing 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 im-
munotherapy. 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 [8–155]. 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.) [8–155]. 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 [8–155,189]. 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
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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 biomark-
ers) could help in assessing antitumor immunity during various treatments, defining
personalized vaccination schedules and/or selecting patients likely to have clinical bene-
fit. 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 upregula-
tion 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 charac-
terization 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 angio-
genesis [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) [195–197]. 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].
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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 [166,198–200]. 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 [166,198–200].

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 [166,198–200].
Differential ultracentrifugation is the gold standard for their detection, while ultrafiltration-
and immunoaffinity-based approaches could also be beneficial. Selective biomarkers ex-
pressed by exosomes/oncosomes may improve their identification within the heteroge-
neous exosomal population; isolation techniques must be tailored to the specific vesicles of
interest [166,198–200].

Exosomes are involved in cancer growth, neo-angiogenesis, development of pre-
metastatic niches, resistance to treatments, tumor progression/recurrence, and immuno-
suppression, representing a valuable source of cancer biomarkers and being potentially
involved in the metastatic progression of PC [14,166,198–200]. 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 [166,198–200].

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 top-
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ics/contexts, improving the quality of pure meta-analyses and case report/series [203–244].
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 mi-
croenvironment; experimental treatments on PC cell lines or mice; genetic and epigenetic
regulation) [245–249].

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 com-
pared to the evaluation of PD-L1 expression on primary tumor biopsies or prostatectomy
specimens (sometimes sampled a long time before recurrence/progression).

Author Contributions: Conceptualization, A.P., B.M., M.B., S.C. and M.Z.; methodology, A.P., M.B.,
S.C., M.R. and M.P.B.; validation, A.P., A.C. and S.C.-P.; formal analysis, A.P., A.T., D.D.B. and F.S.;
investigation, A.P., S.C. and M.B.; resources, A.P. and M.Z.; data curation, A.P. and S.A.; writing—
original draft preparation, A.P., M.B., S.C., F.S. and M.Z.; writing—review and editing, A.P., M.B.,
S.C., D.D.B., A.B. and E.Z.; visualization, A.T., D.D.B. and B.M.; supervision, A.P. and A.D.L.; project
administration, A.P. and J.G.; funding acquisition, A.P. and M.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Andrea Palicelli thanks his family for personal support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dai, S.; Jia, R.; Zhang, X.; Fang, Q.; Huang, L. The PD-1/PD-Ls pathway and autoimmune diseases. Cell. Immunol. 2014, 290,

72–79. [CrossRef]
2. Patsoukis, N.; Wang, Q.; Strauss, L.; Boussiotis, V.A. Revisiting the PD-1 pathway. Sci. Adv. 2020, 6, eabd2712. [CrossRef]
3. Santandrea, G.; Piana, S.; Valli, R.; Zanelli, M.; Gasparini, E.; De Leo, A.; Mandato, V.; Palicelli, A. Immunohistochemical

Biomarkers as a Surrogate of Molecular Analysis in Ovarian Carcinomas: A Review of the Literature. Diagnostics 2021, 11, 199.
[CrossRef]

4. National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines in Oncology. Prostate Cancer. Version 2.2021—17
February. Available online: https://www.nccn.org/professionals/physician_gls/pdf/prostate.pdf (accessed on 29 May 2021).

5. Foda, A.A.; Palicelli, A.; Shebl, A.; Boldorini, R.; Elnaghi, K.; ElHawary, A.K. Role of ERCC1 expression in colorectal adenoma-
carcinoma sequence and relation to other mismatch repair proteins expression, clinicopathological features and prognosis in
mucinous and non-mucinous colorectal carcinoma. Indian J. Pathol. Microbiol. 2019, 62, 405–412. [CrossRef]

http://doi.org/10.1016/j.cellimm.2014.05.006
http://doi.org/10.1126/sciadv.abd2712
http://doi.org/10.3390/diagnostics11020199
https://www.nccn.org/professionals/physician_gls/pdf/prostate.pdf
http://doi.org/10.4103/IJPM.IJPM_684_18


J. Pers. Med. 2021, 11, 1312 16 of 26

6. De Leo, A.; Santini, D.; Ceccarelli, C.; Santandrea, G.; Palicelli, A.; Acquaviva, G.; Chiarucci, F.; Rosini, F.; Ravegnini, G.; Pession,
A.; et al. What Is New on Ovarian Carcinoma: Integrated Morphologic and Molecular Analysis Following the New 2020 World
Health Organization Classification of Female Genital Tumors. Diagnostics 2021, 11, 697. [CrossRef]

7. Heitzer, E.; Haque, I.S.; Roberts, C.E.S.; Speicher, M.R. Current and future perspectives of liquid biopsies in genomics-driven
oncology. Nat. Rev. Genet. 2018, 20, 71–88. [CrossRef]

8. Sharma, P.; Pachynski, R.K.; Narayan, V.; Fléchon, A.; Gravis, G.; Galsky, M.D.; Mahammedi, H.; Patnaik, A.; Subudhi, S.K.;
Ciprotti, M.; et al. Nivolumab Plus Ipilimumab for Metastatic Castration-Resistant Prostate Cancer: Preliminary Analysis of
Patients in the CheckMate 650 Trial. Cancer Cell 2020, 38, 489–499.e3. [CrossRef]

9. Antonarakis, E.S.; Piulats, J.M.; Gross-Goupil, M.; Goh, J.; Ojamaa, K.; Hoimes, C.J.; Vaishampayan, U.; Berger, R.; Sezer, A.;
Alanko, T.; et al. Pembrolizumab for Treatment-Refractory Metastatic Castration-Resistant Prostate Cancer: Multicohort, Open-
Label Phase II KEYNOTE-199 Study. J. Clin. Oncol. 2020, 38, 395–405. [CrossRef] [PubMed]

10. Zhou, Q.; Chen, X.; He, H.; Peng, S.; Zhang, Y.; Zhang, J.; Cheng, L.; Liu, S.; Huang, M.; Xie, R.; et al. WD repeat domain 5
promotes chemoresistance and Programmed Death-Ligand 1 expression in prostate cancer. Theranostics 2021, 11, 4809–4824.
[CrossRef] [PubMed]

11. Vardaki, I.; Corn, P.; Gentile, E.; Song, J.H.; Madan, N.; Hoang, A.; Parikh, N.U.; Guerra, L.D.; Lee, Y.-C.; Lin, S.-C.; et al.
Radium-223 Treatment Increases Immune Checkpoint Expression in Extracellular Vesicles from the Metastatic Prostate Cancer
Bone Microenvironment. Clin. Cancer Res. 2021, 27, 3253–3264. [CrossRef] [PubMed]

12. Shim, K.H.; Kwon, J.E.; Park, S.G.; Choo, S.H.; Kim, S.J.; Kim, S.I. Cell membrane and nuclear expression of programmed death
ligand-1 in prostate needle biopsy tissue in prostate cancer patients undergoing primary radiation therapy. Urol. Oncol. Semin.
Orig. Investig. 2021, 39, 298.e13–298.e20. [CrossRef] [PubMed]

13. Sun, Y.; Jing, J.; Xu, H.; Xu, L.; Hu, H.; Tang, C.; Liu, S.; Wei, Q.; Duan, R.; Guo, J.; et al. N-cadherin inhibitor creates a
microenvironment that protect TILs from immune checkpoints and Treg cells. J. Immunother. Cancer 2021, 9, e002138. [CrossRef]
[PubMed]

14. Zavridou, M.; Strati, A.; Bournakis, E.; Smilkou, S.; Tserpeli, V.; Lianidou, E. Prognostic Significance of Gene Expression and
DNA Methylation Markers in Circulating Tumor Cells and Paired Plasma Derived Exosomes in Metastatic Castration Resistant
Prostate Cancer. Cancers 2021, 13, 780. [CrossRef]

15. Brady, L.; Kriner, M.; Coleman, I.; Morrissey, C.; Roudier, M.; True, L.D.; Gulati, R.; Plymate, S.R.; Zhou, Z.; Birditt, B.; et al. Inter-
and intra-tumor heterogeneity of metastatic prostate cancer determined by digital spatial gene expression profiling. Nat. Commun.
2021, 12, 1–16. [CrossRef]

16. Zhang, T.; Agarwal, A.; Almquist, R.G.; Runyambo, D.; Park, S.; Bronson, E.; Boominathan, R.; Rao, C.; Anand, M.;
Oyekunle, T.; et al. Expression of immune checkpoints on circulating tumor cells in men with metastatic prostate cancer. Biomark.
Res. 2021, 9, 1–12. [CrossRef]

17. Petrylak, D.P.; Loriot, Y.; Shaffer, D.R.; Braiteh, F.; Powderly, J.; Harshman, L.C.; Conkling, P.; Delord, J.P.; Gordon, M.;
Kim, J.W.; et al. Safety and Clinical Activity of Atezolizumab in Patients with Metastatic Castration-Resistant Prostate Cancer: A
Phase I Study. Clinical cancer research: An official journal of the American Association for Cancer Research 2021. Clin. Cancer Res.
2021, 27, 3360–3369. [CrossRef] [PubMed]

18. Imamura, R.; Kitagawa, S.; Kubo, T.; Irie, A.; Kariu, T.; Yoneda, M.; Kamba, T.; Imamura, T. Prostate cancer C5a receptor
expression and augmentation of cancer cell proliferation, invasion, and PD-L1 expression by C5a. Prostate 2020, 81, 147–156.
[CrossRef] [PubMed]

19. Meng, J.; Zhou, Y.; Lu, X.; Bian, Z.; Chen, Y.; Zhou, J.; Zhang, L.; Hao, Z.; Zhang, M.; Liang, C. Immune response drives outcomes
in prostate cancer: Implications for immunotherapy. Mol. Oncol. 2020, 15, 1358–1375. [CrossRef] [PubMed]

20. Wong, J.K.; MacFarlane, A.; Devarajan, K.; Shulman, R.M.; Alpaugh, R.K.; Burbure, N.; Hallman, M.A.; Geynisman, D.M.;
Horwitz, E.M.; Campbell, K.; et al. Hypofractionated Short Course Radiation Treatment Results in Systemic Immune Activation
and Upregulation of the PD-1/PD-L1 Exhaustion Axis: A Prospective Pilot Study in Early Stage Prostate Cancer Patients. Int. J.
Radiat. Oncol. Biol. Phys. 2020, 108, S120. [CrossRef]

21. Graff, J.N.; Beer, T.M.; Alumkal, J.J.; Slottke, R.E.; Redmond, W.L.; Thomas, G.V.; Thompson, R.F.; Wood, M.A.; Koguchi, Y.;
Chen, Y.; et al. A phase II single-arm study of pembrolizumab with en-zalutamide in men with metastatic castration-resistant
prostate cancer progressing on enzalutamide alone. J. Immunother. Cancer 2020, 8. [CrossRef] [PubMed]

22. Chen, Q.-H.; Li, B.; Liu, D.-G.; Zhang, B.; Yang, X.; Tu, Y.-L. LncRNA KCNQ1OT1 sponges miR-15a to promote immune evasion
and malignant progression of prostate cancer via up-regulating PD-L. Cancer Cell Int. 2020, 20, 1–15. [CrossRef] [PubMed]

23. Wang, Q.; Ye, Y.; Yu, H.; Lin, S.-H.; Tu, H.; Liang, D.; Chang, D.W.; Huang, M.; Wu, X. Immune checkpoint-related serum proteins
and genetic variants predict outcomes of localized prostate cancer, a cohort study. Cancer Immunol. Immunother. 2020, 70, 701–712.
[CrossRef] [PubMed]

24. Han, H.J.; Li, Y.R.; Roach, M., 3rd; Aggarwal, R. Dramatic response to combination pembrolizumab and radiation in meta-static
castration resistant prostate cancer. Ther. Adv. Med Oncol. 2020, 12, 1758835920936084. [CrossRef] [PubMed]

25. Vicier, C.; Ravi, P.; Kwak, L.; Ms, L.W.; Huang, Y.; Evan, C.; Loda, M.; Hamid, A.A.; Sweeney, C.J. Association between CD8 and
PD-L1 expression and outcomes after radical prostatectomy for localized prostate cancer. Prostate 2020, 81, 50–57. [CrossRef]
[PubMed]

http://doi.org/10.3390/diagnostics11040697
http://doi.org/10.1038/s41576-018-0071-5
http://doi.org/10.1016/j.ccell.2020.08.007
http://doi.org/10.1200/JCO.19.01638
http://www.ncbi.nlm.nih.gov/pubmed/31774688
http://doi.org/10.7150/thno.55814
http://www.ncbi.nlm.nih.gov/pubmed/33754029
http://doi.org/10.1158/1078-0432.CCR-20-4790
http://www.ncbi.nlm.nih.gov/pubmed/33753455
http://doi.org/10.1016/j.urolonc.2021.01.032
http://www.ncbi.nlm.nih.gov/pubmed/33712343
http://doi.org/10.1136/jitc-2020-002138
http://www.ncbi.nlm.nih.gov/pubmed/33692219
http://doi.org/10.3390/cancers13040780
http://doi.org/10.1038/s41467-021-21615-4
http://doi.org/10.1186/s40364-021-00267-y
http://doi.org/10.1158/1078-0432.CCR-20-1981
http://www.ncbi.nlm.nih.gov/pubmed/33568344
http://doi.org/10.1002/pros.24090
http://www.ncbi.nlm.nih.gov/pubmed/33368414
http://doi.org/10.1002/1878-0261.12887
http://www.ncbi.nlm.nih.gov/pubmed/33338321
http://doi.org/10.1016/j.ijrobp.2020.07.837
http://doi.org/10.1136/jitc-2020-000642
http://www.ncbi.nlm.nih.gov/pubmed/32616555
http://doi.org/10.1186/s12935-020-01481-8
http://www.ncbi.nlm.nih.gov/pubmed/32821247
http://doi.org/10.1007/s00262-020-02718-1
http://www.ncbi.nlm.nih.gov/pubmed/32909077
http://doi.org/10.1177/1758835920936084
http://www.ncbi.nlm.nih.gov/pubmed/32922519
http://doi.org/10.1002/pros.24079
http://www.ncbi.nlm.nih.gov/pubmed/32986884


J. Pers. Med. 2021, 11, 1312 17 of 26

26. Ryan, S.T.; Zhang, J.; Burner, D.N.; Liss, M.; Pittman, E.; Muldong, M.; Shabaik, A.; Woo, J.; Basler, N.; Cunha, J.; et al. Neoadjuvant
rituximab modulates the tumor immune environment in patients with high risk prostate cancer. J. Transl. Med. 2020, 18, 1–11.
[CrossRef] [PubMed]

27. Sharma, M.; Yang, Z.; Miyamoto, H. Loss of DNA mismatch repair proteins in prostate cancer. Medicine 2020, 99, e20124.
[CrossRef] [PubMed]

28. Wagle, M.-C.; Castillo, J.; Srinivasan, S.; Holcomb, T.; Yuen, K.C.; Kadel, E.E.; Mariathasan, S.; Halligan, D.L.; Carr, A.R.;
Bylesjo, M.; et al. Tumor Fusion Burden as a Hallmark of Immune Infiltration in Prostate Cancer. Cancer Immunol. Res. 2020, 8,
844–850. [CrossRef]

29. Obradovic, A.; Dallos, M.C.; Zahurak, M.L.; Partin, A.W.; Schaeffer, E.M.; Ross, A.E.; Allaf, M.E.; Nirschl, T.R.; Liu, D.;
Chapman, C.G.; et al. T-Cell Infiltration and Adaptive Treg Resistance in Response to Androgen Deprivation with or Without
Vaccination in Localized Prostate Cancer. Clin. Cancer Res. 2020, 26, 3182–3192. [CrossRef] [PubMed]

30. Goswami, S.; Walle, T.; Cornish, A.E.; Basu, S.; Anandhan, S.; Fernandez, I.; Vence, L.; Blando, J.; Zhao, H.; Yadav, S.S.; et al.
Immune profiling of human tumors identifies CD73 as a combinatorial target in glioblastoma. Nat. Med. 2019, 26, 39–46.
[CrossRef]

31. Ihle, C.; Provera, M.D.; Straign, D.M.; Smith, E.E.; Edgerton, S.M.; Van Bokhoven, A.; Lucia, M.S.; Owens, P. Distinct tumor
microenvironments of lytic and blastic bone metastases in prostate cancer patients. J. Immunother. Cancer 2019, 7, 1–9. [CrossRef]

32. Ross, A.E.; Hurley, P.J.; Tran, P.T.; Rowe, S.P.; Benzon, B.; Neal, T.O.; Chapman, C.; Harb, R.; Milman, Y.; Trock, B.J.; et al. A pilot
trial of pembrolizumab plus prostatic cryotherapy for men with newly diagnosed oligometa-static hormone-sensitive prostate
cancer. Prostate Cancer Prostatic Dis. 2020, 23, 184–193. [CrossRef]

33. Bryce, A.H.; Dronca, R.S.; Costello, B.A.; Infante, J.R.; Ames, T.D.; Jimeno, J.; Karp, D.D. PT-112 in advanced metastatic castrate-
resistant prostate cancer (mCRPC), as monotherapy or in combination with PD-L1 inhibitor avelumab: Findings from two phase
I studies. J. Clin. Oncol. 2020, 38, 83. [CrossRef]

34. Abdul Sater, H.; Marté, J.L.; Donahue, R.N.; Walter-Rodriguez, B.; Heery, C.R.; Steinberg, S.M.; Cordes, L.M.; Chun, G.; Karzai, F.;
Bilusic, M.; et al. Neoadjuvant PROSTVAC prior to radical prostatectomy enhances T-cell infiltration into the tumor immune
microenvi-ronment in men with prostate cancer. J. Immunother. Cancer 2020, 8. [CrossRef] [PubMed]

35. Sharma, M.; Yang, Z.; Miyamoto, H. Immunohistochemistry of immune checkpoint markers PD-1 and PD-L1 in prostate cancer.
Medicine 2019, 98, e17257. [CrossRef] [PubMed]

36. Shaw, K.C.; Calagua, C.; Russo, J.; Einstein, D.; Balk, S.; Ye, H. Tumor PD-L1 Expression is Detected in a Significant Subset of
High-Risk Localized and Metastatic Prostate Cancer but is Rare in Ductal Subtype. Abstracts from USCAP 2019: Genitourinary
Pathology (including renal tumors) (776-992). Modern Pathol. 2019, 32, 1–173.

37. Matveev, V.M.; Kirichek, A.K.; Safronova, V.S.; Khafizov, K.K.; Filippova, M.F.; Lyubchenko, L.L. [Impact of PD-L1 status on the
long-term outcomes of radical treatment of patients with prostate cancer]. Urologiia 2019, 4, 51–57. [CrossRef]

38. Matveev, V.B.; Kirichek, A.A.; Safronova, V.M.; Kokosadze, N.V.; Khalmurzaev, O.A.; Kamolov, B.S.; Liubchenko, L.N. The
prognostic value of tumor PD-L1 status in patients with metastatic prostate cancer. Cancer Urol. 2019, 15, 57–65. [CrossRef]

39. Iacovelli, R.; Ciccarese, C.; Brunelli, M.; Bogina, G.; Munari, E.; Bimbatti, D.; Mosillo, C.; Fantinel, E.; Bria, E.; Martignoni, G.; et al.
PD-L1 Expression in De Novo Metastatic Castration-sensitive Prostate Cancer. J. Immunother. 2019, 42, 269–273. [CrossRef]
[PubMed]

40. Kazantseva, M.; Mehta, S.; Eiholzer, R.A.; Gimenez, G.; Bowie, S.; Campbell, H.; Reily-Bell, A.L.; Roth, I.; Ray, S.;
Drummond, C.J.; et al. The ∆133p53β isoform promotes an immunosuppressive environment leading to aggressive prostate
cancer. Cell Death Dis. 2019, 10, 1–17. [CrossRef] [PubMed]

41. Lindh, C.; Kis, L.; Delahunt, B.; Samaratunga, H.; Yaxley, J.; Wiklund, N.P.; Clements, M.; Egevad, L.; Wiklund, P. PD -L1
expression and deficient mismatch repair in ductal adenocarcinoma of the prostate. APMIS 2019, 127, 554–560. [CrossRef]
[PubMed]

42. Richardsen, E.; Andersen, S.; Al-Saad, S.; Rakaee, M.; Nordby, Y.; Pedersen, M.I.; Ness, N.; Ingebriktsen, L.M.; Fassina, A.;
Taskén, K.A.; et al. Low Expression of miR-424-3p is Highly Correlated with Clinical Failure in Prostate Cancer. Sci. Rep. 2019, 9,
1–10. [CrossRef]

43. Xian, P.; Ge, N.; Wu, V.J.; Patel, A.; Tang, W.W.; Wu, X.; Zhang, K.; Li, L.; You, Z. PD-L1 instead of PD-1 status is associated with
the clinical features in human primary prostate tumors. Am. J. Clin. Exp. Urol. 2019, 7, 159–169.

44. Li, H.; Wang, Z.; Zhang, Y.; Sun, G.; Ding, B.; Yan, L.; Liu, H.; Guan, W.; Hu, Z.; Wang, S.; et al. The Immune Checkpoint Regulator
PDL1 is an Independent Prognostic Biomarker for Biochemical Recurrence in Prostate Cancer Patients Following Adjuvant
Hormonal Therapy. J. Cancer 2019, 10, 3102–3111. [CrossRef]

45. Pal, S.K.; Moreira, D.; Won, H.; White, S.W.; Duttagupta, P.; Lucia, M.; Jones, J.; Hsu, J.; Kortylewski, M. Reduced T-cell Numbers
and Elevated Levels of Immunomodulatory Cytokines in Metastatic Prostate Cancer Patients De Novo Resistant to Abiraterone
and/or Enzalutamide Therapy. Int. J. Mol. Sci. 2019, 20, 1831. [CrossRef]

46. Abida, W.; Cheng, M.L.; Armenia, J.; Middha, S.; Autio, K.A.; Vargas, H.A.; Rathkopf, D.; Morris, M.J.; Danila, D.C.;
Slovin, S.F.; et al. Analysis of the Prevalence of Microsatellite Instability in Prostate Cancer and Response to Immune Checkpoint
Blockade. JAMA Oncol. 2019, 5, 471–478. [CrossRef]

http://doi.org/10.1186/s12967-020-02370-4
http://www.ncbi.nlm.nih.gov/pubmed/32466781
http://doi.org/10.1097/MD.0000000000020124
http://www.ncbi.nlm.nih.gov/pubmed/32384491
http://doi.org/10.1158/2326-6066.CIR-19-0568
http://doi.org/10.1158/1078-0432.CCR-19-3372
http://www.ncbi.nlm.nih.gov/pubmed/32173650
http://doi.org/10.1038/s41591-019-0694-x
http://doi.org/10.1186/s40425-019-0753-3
http://doi.org/10.1038/s41391-019-0176-8
http://doi.org/10.1200/JCO.2020.38.6_suppl.83
http://doi.org/10.1136/jitc-2020-000655
http://www.ncbi.nlm.nih.gov/pubmed/32269146
http://doi.org/10.1097/MD.0000000000017257
http://www.ncbi.nlm.nih.gov/pubmed/31567999
http://doi.org/10.18565/urology.2019.4.51-57
http://doi.org/10.17650/1726-9776-2019-15-1-57-65
http://doi.org/10.1097/CJI.0000000000000287
http://www.ncbi.nlm.nih.gov/pubmed/31261165
http://doi.org/10.1038/s41419-019-1861-1
http://www.ncbi.nlm.nih.gov/pubmed/31431617
http://doi.org/10.1111/apm.12970
http://www.ncbi.nlm.nih.gov/pubmed/31127651
http://doi.org/10.1038/s41598-019-47234-0
http://doi.org/10.7150/jca.30384
http://doi.org/10.3390/ijms20081831
http://doi.org/10.1001/jamaoncol.2018.5801


J. Pers. Med. 2021, 11, 1312 18 of 26

47. Zhao, S.G.; Lehrer, J.; Chang, S.L.; Das, R.; Erho, N.; Liu, Y.; Sjöström, M.; Den, R.B.; Freedland, S.J.; Klein, E.A.; et al. The Immune
Landscape of Prostate Cancer and Nomination of PD-L2 as a Potential Therapeutic Target. J. Natl. Cancer Inst. 2019, 111, 301–310.
[CrossRef] [PubMed]

48. Scimeca, M.; Bonfiglio, R.; Urbano, N.; Cerroni, C.; Anemona, L.; Montanaro, M.; Fazi, S.; Schillaci, O.; Mauriello, A.; Bonanno,
E. Programmed death ligand 1 expression in prostate cancer cells is associated with deep changes of the tumor inflammatory
infiltrate composition. Urol. Oncol. Semin. Orig. Investig. 2019, 37, 297.e19–297.e31. [CrossRef] [PubMed]

49. Jung, K.H.; LoRusso, P.; Burris, H.; Gordon, M.; Bang, Y.-J.; Hellmann, M.D.; Cervantes, A.; de Olza, M.O.; Marabelle, A.;
Hodi, F.S.; et al. Phase I Study of the Indoleamine 2,3-Dioxygenase 1 (IDO1) Inhibitor Navoximod (GDC-0919) Administered
with PD-L1 Inhibitor (Atezolizumab) in Advanced Solid Tumors. Clin. Cancer Res. 2019, 25, 3220–3228. [CrossRef] [PubMed]

50. Mo, R.; Han, Z.; Liang, Y.; Ye, J.; Wu, S.; Lin, S.X.; Zhang, Y.; Song, S.; Jiang, F.; Zhong, W.; et al. Expression of PD-L1 in
tumor-associated nerves correlates with reduced CD8+tumor-associated lymphocytes and poor prognosis in prostate cancer. Int.
J. Cancer 2018, 144, 3099–3110. [CrossRef] [PubMed]

51. Papanicolau-Sengos, M.A.; Yang, Y.; Pabla, S.; Lenzo, F.L.; Kato, S.; Kurzrock, R.; DePietro, P.; Nesline, M.; Bs, J.C.; Glenn, S.; et al.
Identification of targets for prostate cancer immunotherapy. Prostate 2018, 79, 498–505. [CrossRef]

52. Von Hardenberg, J.; Hartmann, S.; Nitschke, K.; Worst, T.; Ting, S.; Reis, H.; Nuhn, P.; Weis, C.-A.; Erben, P. Programmed Death
Ligand 1 (PD-L1) Status and Tumor-Infiltrating Lymphocytes in Hot Spots of Primary and Liver Metastases in Prostate Cancer
With Neuroendocrine Differentiation. Clin. Genitourin. Cancer 2018, 17, 145–153.e5. [CrossRef] [PubMed]

53. Jin, X.; Ding, D.; Yan, Y.; Li, H.; Wang, B.; Ma, L.; Ye, Z.; Ma, T.; Wu, Q.; Rodrigues, D.N.; et al. Phosphorylated RB Promotes
Cancer Immunity by In-hibiting NF-κB Activation and PD-L1 Expression. Mol. Cell 2019, 73, 22–35.e6. [CrossRef] [PubMed]

54. Karzai, F.; VanderWeele, D.; Madan, R.A.; Owens, H.; Cordes, L.M.; Hankin, A.; Couvillon, A.; Nichols, E.; Bilusic, M.;
Beshiri, M.; 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, 141. [CrossRef]

55. Richter, I.; Jirasek, T.; Havlickova, I.; Curcikova, R.; Samal, V.; Dvorak, J.; Bartos, J. The expression of PD-L1 in patients with
castrate prostate cancer treated with enzalutamide. JBUON Off. J. Balk. Union Oncol. 2019, 23, 1796–1802.

56. Xiong, W.; Deng, H.; Huang, C.; Zen, C.; Jian, C.; Ye, K.; Zhong, Z.; Zhao, X.; Zhu, L. MLL3 enhances the transcription of PD-L1
and regulates anti-tumor immunity. Biochim. et Biophys. Acta (BBA)—Mol. Basis Dis. 2018, 1865, 454–463. [CrossRef] [PubMed]

57. Hahn, E.; Liu, S.; Vesprini, D.; Xu, B.; Downes, M.R. Immune infiltrates and PD-L1 expression in treatment-naïve acinar prostatic
adenocarcinoma: An exploratory analysis. J. Clin. Pathol. 2018, 71, 1023–1027. [CrossRef]

58. Redman, J.M.; Steinberg, S.M.; Gulley, J.L. Quick efficacy seeking trial (QuEST1): A novel combination immunotherapy study
designed for rapid clinical signal assessment metastatic castration-resistant prostate cancer. J. Immunother. Cancer 2018, 6, 91.
[CrossRef]

59. Rodrigues, D.N.; Rescigno, P.; Liu, D.; Yuan, W.; Carreira, S.; Lambros, M.B.; Seed, G.; Mateo, J.; Riisnaes, R.; Mullane, S.; et al.
Immunogenomic analyses associate immunological alterations with mismatch repair defects in prostate cancer. J. Clin. Investig.
2018, 128, 4441–4453. [CrossRef] [PubMed]

60. Salvi, S.; Casadio, V.; Martignano, F.; Gurioli, G.; Tumedei, M.M.; Calistri, D.; Gunelli, R.; Costantini, M. Carcinosarcoma of the
prostate: Case report with molecular and histological characterization. Int. J. Biol. Markers 2018, 33, 540–544. [CrossRef]

61. Wang, C.; Hahn, E.; Slodkowska, E.; Eskander, A.; Enepekides, D.; Higgins, K.; Vesprini, D.; Liu, S.K.; Downes, M.R.; Xu, B.
Reproducibility of PD-L1 immunohistochemistry interpretation across various types of genitourinary and head/neck carci-nomas,
antibody clones, and tissue types. Hum. Pathol. 2018, 82, 131–139. [CrossRef]

62. Hansen, A.R.; Massard, C.; Ott, P.A.; Haas, N.B.; Lopez, J.S.; Ejadi, S.; Wallmark, J.M.; Keam, B.; Delord, J.P.; Aggarwal, R.; et al.
Pembrolizumab for advanced prostate adenocarcinoma: Findings of the KEYNOTE-028 study. Ann. Oncol. Off. J. Eur. Soc. Med
Oncol. 2018, 29, 1807–1813. [CrossRef] [PubMed]

63. McNeel, D.G.; Eickhoff, J.C.; Wargowski, E.; Zahm, C.; Staab, M.J.; Straus, J.; Liu, G. Concurrent, but not sequential, PD-1 blockade
with a DNA vaccine elicits anti-tumor responses in patients with metastatic, castration-resistant prostate cancer. Oncotarget 2018,
9, 25586–25596. [CrossRef] [PubMed]

64. Ishiba, T.; Hoffmann, A.-C.; Usher, J.; Elshimali, Y.; Sturdevant, T.; Dang, M.; Jaimes, Y.; Tyagi, R.; Gonzales, R.; Grino, M.; et al.
Frequencies and expression levels of programmed death ligand 1 (PD-L1) in circulating tumor RNA (ctRNA) in various cancer
types. Biochem. Biophys. Res. Commun. 2018, 500, 621–625. [CrossRef]

65. Xu, L.J.; Ma, Q.; Zhu, J.; Li, J.; Xue, B.X.; Gao, J.; Sun, C.Y.; Zang, Y.C.; Zhou, Y.B.; Yang, D.R.; et al. Combined in-hibition of
JAK1,2/Stat3-PD-L1 signaling pathway suppresses the immune escape of castration-resistant prostate cancer to NK cells in
hypoxia. Mol. Med. Rep. 2018, 17, 8111–8120. [PubMed]

66. Haffner, M.C.; Guner, G.; Taheri, D.; Netto, G.J.; Palsgrove, D.N.; Zheng, Q.; Guedes, L.B.; Kim, K.; Tsai, H.; Esopi, D.M.; et al.
Comprehensive Evaluation of Programmed Death-Ligand 1 Expression in Pri-mary and Metastatic Prostate Cancer. Am. J. Pathol.
2018, 188, 1478–1485. [CrossRef] [PubMed]

67. Nagaputra, J.; Thike, A.A.; Koh, V. Loss of Androgen Receptor Accompained by Paucity of PD-L1 in Prostate Cancer is As-sociated
with Clinical Relapse. USCAP 2018 Abstracts: Genitourinary Pathology (894–1126). Meet. Abstr. Modern Pathol. 2018, 31, 323–403.

68. Tu, Y.N.; Tong, W.L.; Yavorski, J.M.; Blanck, G. Immunogenomics: A Negative Prostate Cancer Outcome Associated with TcR-γ/δ
Recombinations. Cancer Microenviron. Off. J. Int. Cancer Microenviron. Soc. 2018, 11, 41–49. [CrossRef] [PubMed]

http://doi.org/10.1093/jnci/djy141
http://www.ncbi.nlm.nih.gov/pubmed/30321406
http://doi.org/10.1016/j.urolonc.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30827759
http://doi.org/10.1158/1078-0432.CCR-18-2740
http://www.ncbi.nlm.nih.gov/pubmed/30770348
http://doi.org/10.1002/ijc.32061
http://www.ncbi.nlm.nih.gov/pubmed/30537104
http://doi.org/10.1002/pros.23756
http://doi.org/10.1016/j.clgc.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30709785
http://doi.org/10.1016/j.molcel.2018.10.034
http://www.ncbi.nlm.nih.gov/pubmed/30527665
http://doi.org/10.1186/s40425-018-0463-2
http://doi.org/10.1016/j.bbadis.2018.10.027
http://www.ncbi.nlm.nih.gov/pubmed/30385408
http://doi.org/10.1136/jclinpath-2018-205404
http://doi.org/10.1186/s40425-018-0409-8
http://doi.org/10.1172/JCI121924
http://www.ncbi.nlm.nih.gov/pubmed/30179225
http://doi.org/10.1177/1724600818791463
http://doi.org/10.1016/j.humpath.2018.07.024
http://doi.org/10.1093/annonc/mdy232
http://www.ncbi.nlm.nih.gov/pubmed/29992241
http://doi.org/10.18632/oncotarget.25387
http://www.ncbi.nlm.nih.gov/pubmed/29876010
http://doi.org/10.1016/j.bbrc.2018.04.120
http://www.ncbi.nlm.nih.gov/pubmed/29693186
http://doi.org/10.1016/j.ajpath.2018.02.014
http://www.ncbi.nlm.nih.gov/pubmed/29577933
http://doi.org/10.1007/s12307-018-0204-6
http://www.ncbi.nlm.nih.gov/pubmed/29357011


J. Pers. Med. 2021, 11, 1312 19 of 26

69. Tao, Z.; Xu, S.; Ruan, H.; Wang, T.; Song, W.; Qian, L.; Chen, K. MiR-195/-16 Family Enhances Radiotherapy via T Cell Ac-tivation
in the Tumor Microenvironment by Blocking the PD-L1 Immune Checkpoint. Cell. Physiol. Biochem. 2018, 48, 801–814. [CrossRef]
[PubMed]
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