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Abstract: The advent of immunotherapy has revolutionized cancer treatment. Unfortunately, this
has not been the case for metastatic castration-resistant prostate cancer (mCRPC), likely due to
the heterogeneous and immune-suppressive microenvironment present in prostate cancer. The
identification of molecular biomarkers that could predict response to immunotherapy represents
one of the current challenges in this clinical scenario. The management of advanced castration-
resistant prostate cancer is rapidly evolving and immunotherapy treatments, mostly consisting of
immune checkpoint inhibitors combinations, BiTE® (bispecific T-cell engager) immune therapies,
and chimeric antigen receptors (CAR) are in development with promising results. This review
analyses the current evidence of immunotherapy treatments for mCRPC, evaluating past failures and
promising approaches and discussing the directions for future research.

Keywords: immunotherapy; metastatic castration-resistant prostate cancer; advanced prostate cancer;
cancer vaccines; immune checkpoints inhibitors

1. Overview of Prostate Cancer Immunology

Prostate cancer is the most common genitourinary tumor in men worldwide and is
associated with a significant epidemiological burden, with more than 1.4 million cases
worldwide and more than 375.000 associated deaths [1]. Immunotherapy has shifted the
treatment paradigm of various genitourinary tumors and is now considered standard
in several clinical scenarios [2,3]. However, it has not shown a clear impact in prostate
cancer [4].

Exome sequencing of patients with prostate cancer has revealed a low tumor muta-
tional burden (TMB) even in heavily pre-treated castration-resistant prostate cancer (CRPC)
patients [5]. This fact contrasts with other tumors such as melanoma, which are more
sensitive to immune checkpoint inhibitors [6]. This low TMB may explain (at least partially)

Biomedicines 2022, 10, 537. https://doi.org/10.3390/biomedicines10030537 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines10030537
https://doi.org/10.3390/biomedicines10030537
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-4077-0507
https://orcid.org/0000-0001-5156-7080
https://orcid.org/0000-0003-4778-4271
https://orcid.org/0000-0002-3064-1648
https://orcid.org/0000-0003-1024-0924
https://orcid.org/0000-0001-7233-0234
https://doi.org/10.3390/biomedicines10030537
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines10030537?type=check_update&version=1


Biomedicines 2022, 10, 537 2 of 18

the low immunogenicity of prostate cancer [7,8]. Prostate cancer is viewed as a “cold”
tumor with components that are predominantly immunosuppressive, such as transforming
growth factor ß (TGFß) and regulatory T cells (Tregs). Although tumor cells express a
great deal of specific antigens, such as prostate-specific antigen (PSA) and prostate-specific
membrane antigen (PSMA), prostate cancer has a low Immunoscore [9]. An imbalance
in the immune system can favor this situation of immunotolerance to the tumor; this
phenomenon depends on the balance between four factors [10]:

1. Imbalance of cytotoxic cells and Tregs in favor of the latter. Prostate cancer has a low
number of tumor-infiltrating lymphocytes, although with a predominance of CD4+
Tregs and M2 macrophages as opposed to CD8+ T lymphocytes and natural killer
(NK) cells.

2. Exhaustion of cytotoxic and antigen-presenting dendritic cells due to the overexpres-
sion of antigens that block the immune response, such as programmed-cell death
protein 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4). This is known as an
exhausted phenotype. Despite this high expression of PD-1 and CTLA-4 (though not
of programmed-cell death ligand 1 or PD-L1), the response to immune checkpoint
inhibitors in these types of tumors is poor.

3. Preponderance of suppressive cytokines released by CD4+ T lymphocytes and M2
macrophages. These cytokines, in addition to inhibiting the immune response, favor
tumoral angiogenesis, metastasis and castration resistance. The most relevant sup-
pressive cytokines present in prostate cancer are interleukin (IL) 10, IL-23, TGFß, and
certain compounds such as chemokine (C-C motif) ligand (CCL) 2 and CCL22.

4. Intratumoral molecules such as decoy receptor 3 (Dcr3), a soluble receptor and mem-
ber of the superfamily of tumor necrosis factor receptor (TNFR) that favors tumor
growth through TNFR inhibition.

In terms of the natural history of the disease, changes in the tumor microenvironment
can be present in the different stages of prostate cancer. Recent studies have shown
variations in the tumor microenvironment of disseminated prostate cancer versus localized
stages, the first being immunologically “colder” [9]. Bone metastases, the most common site
of distant disease, present low intratumoral lymphocyte infiltration, with a predominance
of Th17 in contrast to Th1 and high levels of TGFß and IL6. These changes condition
the lack of activation of CD8 lymphocytes and NK cells, resulting in a situation of tumor
immunotolerance and low response to immunotherapy [11].

At present, there are several immunotherapies that try to take advantage of the biolog-
ical and molecular characteristics of this disease with the aim of optimizing the available
treatment strategies (Figure 1). The identification of biomarkers to predict response to
immunotherapy in advanced prostate cancer is currently key to guiding future clinical
developments. In this narrative review, we analyze the available evidence for immunother-
apy treatments in advanced prostate cancer, as well as ongoing clinical trials and future
directions in the treatment of this disease.
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Figure 1. Immunotherapy treatment strategies in metastatic castration-resistant prostate cancer. 
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Figure 1. Immunotherapy treatment strategies in metastatic castration-resistant prostate cancer.

2. Vaccines

The treatment with immunomodulatory drugs for prostate cancer includes both pas-
sive approaches, such as the direct administration of monoclonal antibodies with high
specificity for tumor-associated antigens (TAAs), and active methods such as vaccines,
designed with the objective of stimulating an adaptative immune response through antigen
presentation [4] Prostate cancer is adequate for analyzing the efficacy of anticancer vaccines
due to its biological characteristics, which include a slow growth, early diagnosis of recur-
rences, and a range of well-known TAAs such as PSA, PSMA, prostate acid phosphatase
(PAP), prostate stem cell antigen (PSCA), prostate cancer antigen 3 (PCA3), mucin-1, and
six-transmembrane epithelial antigens of the prostate (STEAP) [12]. In addition, vaccines
can be used safely in combination with other standard therapies including docetaxel,
second-generation hormonal treatments, or radiotherapy [13,14].

However, an effective immune response to a specific TAA might be variable, limited by
human leukocyte antigen (HLA) expression and haplotype, which affects the presentation
of the immunogenic epitopes [15,16]. Thus, the identification and selection of high-affinity
peptide major histocompatibility complex (MHC) may be a predictive factor to consider
in this therapeutic strategy to increase the effectiveness of vaccine-induced immunogenic-
ity [17,18].

Vaccine therapies can be grouped in four large groups based on their origin: peptide-
based, deoxyribonucleic acid (DNA)-based, cell-based and viral vector-based vaccines [19].
These last two have had the most clinical development yet.

2.1. Cell-Based Vaccines

These are formed by autologous or allogenic cells modified to induce an immune response.

2.1.1. Sipuleucel-T (Provenge®)

This is a vaccine of autologous dendritic cells that unleashes an immune response
against PAP antigen. The preparation of the vaccine includes the leukapheresis of peripheral
mononuclear cells of the patient, ex vivo exposure to a fusion protein that contains PAP
antigen and granulocyte-macrophage colony-stimulating factor (GM-CSF) for 36–44 h and
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the subsequent infusion in the patient for a total of three cycles, each cycle separated by
two weeks [20,21].

At present, it is the only anticancer vaccine approved by the Food and Drug Ad-
ministration (FDA) in patients with asymptomatic or minimally symptomatic mCRPC
with no visceral metastases. This approval was granted following the results of the D9901
and D9902A trials [22,23] and later in the phase III trial IMPACT, which reported an im-
provement in median overall survival (OS) versus placebo: 25.8 vs. 21.7 months (HR 0.78,
CI 0.61–0.98; p = 0.03), even with a 50% crossover between groups [20,24]. In contrast, no
significant differences in progression-free survival (PFS) have been observed (14.6 months
for Sipuleucel-T vs. 14.4 for placebo) [20,24], and the Agency for Healthcare Research and
Quality has pointed out some limitations in these studies that might have influenced results,
such as differences in the subsequent treatments that these patients received [23,25,26].

Recently, the PROCEED study has confirmed its initially published data with the
report of additional security and tolerability data for this treatment. A highlight is an ample
PFS between the end of Sipuleucel-T and the following treatment that was administered in
these patients, which would translate into a significant clinical benefit [26]. Moreover, pre-
liminary security and efficacy data from combinations of Sipuleucel-T with atezolizumab or
Radium-223 in mCRPR are already available, although still in development phases [27,28].

2.1.2. G-VAX

G-VAX is based on irradiated tumor cells that have been genetically modified to
express GM-CSF with the aim of favoring the growth and differentiation of dendritic
cells [29]. Prostate cancer cells are extracted from two cell lines: one hormone-sensitive
(LNCaP) and one hormone-resistant (PC3) [30]. This strategy has the advantage of inducing
responses to multiple TAAs without the need for HLA pairing [31]. Although results were
initially promising in asymptomatic mCRPC, subsequent results from the phase III trials
VITAL 1 and VITAL 2 in patients with asymptomatic mCRPC and symptomatic mCRPC,
respectively, were negative in terms of OS against docetaxel.

2.2. Viral Vector-Based Vaccines

Vector-based vaccines can include vectors derived from oncolytic viruses on the
principle that these can infect tumor cells and induce their self-destruction, or bacterial
vectors that are actively phagocytized by antigen-presenting cells and, therefore, can
generate TAAs and allow for T cell responses [19].

PROSTVAC-VF

Poxvirus recombinant vaccine that contains a PSA transgene with an HLA-A2 epitope
that has been modified to improve the immunogenicity and a triad of costimulatory
molecules: lymphocyte function-associated antigen-3 (LFA-3 or CD58), B7-1 (CD80) and
Intercellular Adhesion Molecule 1 (ICAM-1 or CD54) [32]. This vector induces a strong
immune response both against PSA and the viral protein, which leads to the destruction of
the tumor [32–34].

From a clinical standpoint, the published results of PROSTVAC-VF in monotherapy
have not demonstrated a clear clinical benefit in patients with mCRPC [35]. Despite a phase
II randomized study suggesting an improvement in OS of 25.1 months vs. 16.6 months
(HR 0.56, CI 0.37–0.85; p = 0.006), the phase III trial PROSPECT, this one designed with
OS as the primary endpoint, did not find significant differences and was prematurely
closed [35]. However, concomitant PROSVAC-VF and docetaxel has been analyzed in
mCRPC with favorable PFS data compared to chemotherapy (CT) alone [13].

Numerous studies are currently researching the administration of PROSTVAC-VF
together with immune checkpoint inhibitors such as nivolumab in patients with localized
prostate cancer and CRPC (NCT02933255) and nivolumab/ipilimumab in hormone sensi-
tive prostate cancer (NCT03532217). Furthermore, combinations with other immunomod-
ulatory agents are being tested, such as the bifunctional fusion protein bMSB011359C,
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directed against PD-L1 and TGFß, in patients with recurrence after definitive treatment of
the primary tumor [15,19,32,36,37].

3. Single-Agent Immune Checkpoint Inhibitors

Immune checkpoint inhibitors are monoclonal antibodies that target different receptors
located in key steps of the immune response [38]. The most clinically developed are those
directed against PD-1, PD-L1 and CTLA4 [39], with their use being widely accepted in
several neoplastic diseases [40,41]. However, the developments in prostate cancer have
been more modest.

3.1. CTLA-4 Inhibitors

CTLA-4 is a receptor located in the cell membrane of T lymphocytes. Its stimulation
conduces to the inhibition of T lymphocyte function [42]. Ipilimumab is an anti-CTLA-4
that has showed favorable, although discreet, results for prostate cancer in several early
studies [43,44]. The most recent, by Subudhi et al., included 30 patients with mCRPC and
reported an OS of 24.3 months with a median follow-up of 45.5 months [7].

In contrast, we have data on asymptomatic or minimally symptomatic mCRPC with
bone metastases and pre-docetaxel from a phase III trial (CA184-095) showing no significant
differences in OS: 28.7 vs. 29.7 months (HR 1.11, CI 0.88–1.39; p = 0.37) between ipilimumab
(10 mg/kg every 3 weeks for up to four doses) and placebo. Moreover, grade 4–5 toxicity
was observed in 27% of patients in the ipilimumab group vs. 2% in the placebo arm [45].
A second phase III study (CA 184–043) evaluated ipilimumab against placebo in patients
with mCRPC, post-docetaxel, adding an 8 Gy dose of radiotherapy to the bone. This trial
was also negative, with an OS of 11.2 months with ipilimumab vs. 10 months with placebo
(HR 0.85, CI 0.72–1.00; p = 0.05). Pre-specified analysis of this study, however, did show
benefit in certain subgroups, particularly in those with a favorable prognosis [46]. Updated
results with an additional 2.4 years of follow-up have reported a three, four, and five-year
OS between two and three times higher in the ipilimumab arm [47]. These findings suggest
that the antitumor effect of ipilimumab could be relevant long-term.

3.2. PD-1 and PD-L1 Inhibitors

PD-1 is a T cell transmembrane protein that interacts with its ligand, PD-L1, that is
expressed by tumor cells [48].

At present, the use of anti-PD-1/PD-L1 in mCRPC is restricted to clinical trials, given
the current lack of evidence to support their utility in clinical practice. Phase I studies with
nivolumab (anti-PD-1) and avelumab (anti-PD-L1) that included 17 and 18 patients with
mCRPC, respectively [49,50], did not show any objective responses. However, in the last
study, 7 patients maintained stable disease after 24 months of treatment [50]. The anti-PD-1
pembrolizumab has been assessed as a monotherapy in multiple clinical trials for prostate
cancer. In the phase I trial KEYNOTE-028, pembrolizumab achieved response rates of
17.4% in patients with mCRPC with measurable disease and positive PD-L1 expression [51].
Subsequently, it was evaluated in cohorts 1, 2, and 3 of the phase II study KEYNOTE-199,
which included patients with mCRPC previously treated with docetaxel and one or more
lines of second-generation hormonal therapy (cohort 1: PD-L1 positive, defined as a
combined positivity score [CPS] ≥ 1; cohort 2: PD-L1 negative; cohort 3: non-measurable
disease, regardless of PD-L1 status). With a median follow-up of 16.8 months, median OS
was 9.5, 7.9, and 14.1 months for cohorts 1, 2, and 3, respectively. The objective response
rate (ORR) was poor, with 5% in cohort 1 and 3% in cohort 2. No significant differences
were observed between cohorts, although patients with BRCA1/2 or ATM mutations had
an ORR of 11% vs. 3% in those without defects in these genes [52].

3.3. Biomarkers

Despite the low overall response to immune checkpoint inhibitors, there is a subset of
patients who achieve a sustained response to immune checkpoint inhibitors in advanced



Biomedicines 2022, 10, 537 6 of 18

prostate cancer. In patients treated with ipilumumab, it has been reported how anti-CTLA-4
can instigate T cell responses to tumor neoantigens regardless of TMB. These patients
seem to have a greater intratumoral cluster of CD8 T cells, high interferon gamma (IFNγ)
response gene signature, and/or antigen-specific T cell responses [7]. On the other hand, an
increase of myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment has
been associated with resistance to treatment and poor prognosis [53,54]. Additionally, it
has been reported how conventional treatments can affect the density of tumor-infiltrating
T cells. All these factors should be considered when designing strategies that involve
immunotherapy in pretreated patients [55].

High PD-1/PD-L1 expression has been reported in approximately 20% of prostate
cancer tumors, but its association with response to immune checkpoint inhibitors remains
controversial [56]. It is important to highlight the limitations regarding PD-L1 analysis that
may cause bias. Thus, there is neither consensus on the use of these antibodies, nor on the
analysis methods applied in different trials. Moreover, levels of PD-L1 expression detected
at the primary tumor can vary after treatment and cancer evolution. A decrease in PD-L1
positivity has been reported in series of patients following treatment with neoadjuvant
abiraterone plus prednisone before radical prostatectomy [55].

Although still under investigation, other possible biomarkers of response to im-
munotherapy are DNA repair defects. A phase 2 trial in enriched AR-V7 population has
shown higher rates of response with anti-PD1/anti-CTLA4 in DNA repair defects positive,
pre-treated CRPC patients (ORR 40%) [57]. Poly-ADP-ribose polymerase (PARP) inhibitors
have multiple synergistic effects when combined with immune checkpoint inhibitors, such
as increased intratumoral CD8 T cell infiltration, increased IFNγ production and PD-L1
upregulation, as reported in preclinical models [58,59] Trials combining anti-PD-1 and
PARP inhibitors are currently ongoing, and preliminary results have shown activity in a
selected DNA repair defects positive population [60].

Inactivating mutations in cyclin-dependent kinase 12 (CDK12) have been associated
with an increased sensitivity to immunotherapy. CDK12 intervenes in the repair of the
association of DNA replication and the biallelic inactivation of CDK12 results in a unique
genomic signature, characterized by focal tandem duplications that lead to increased gene
fusions and marked differential gene expression [61]. However, there is a low level of
clinical evidence to support its use [62]. Further clinical trials are currently ongoing.

Up to date, only the presence of mismatch repair-deficiency (dMMR) has been accepted
by clinical guidelines as a transversal agnostic indication for anti-PD1 monotherapy in
patients who have progressed to at least one line of previous systemic treatment [63].
Pembrolizumab received approval to treat dMMR patients who do not have an appropriate
alternative treatment [64]. However, the percentage of prostate cancer patients with dMMR
is low, estimated at around 3% [65], and the evidence for its use is limited. Abida et al.
published a series of 11 patients treated with PD-1/PD-L1 therapy that reported 54%
of biochemical and 36% of radiological responses, highlighting the existence of durable
responders [66]. Given that not all patients with dMMR phenotype respond, further studies
should explore resistance mechanisms.

4. Immune Checkpoint Inhibitor Combinations

Given that a considerable number of patients are not going to respond to immune
checkpoint inhibitors, studies in the last few years are investigating alternative strategies.
A particularly active field is the combination of immune checkpoint inhibitors with second-
generation hormonal therapies, CT, or PARP inhibitors (Table 1).
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Table 1. Selected clinical trials of ICI in combination with prostate cancer therapies.

Treatment Clinical Phase Eligibility Sample Size Current Stage Trial Identification

ICI combinations

Nivolumab + Ipilimumab II mCRPC expressing AR-V7 15 Active, not recruiting NCT02601014

Nivolumab + Ipilimumab II mCRPC Cohort 1 (pre-chemotherapy), cohort
2 (post-chemotherapy) 90 Active, recruiting NCT02985957

Durvalumab +/− Tremelimumab II mCRPC after prior NHT, and no more than
one taxane 52 Active, not recruiting NCT02788773

ICI + chemotherapy

Nivolumab + Docetaxel II Chemotherapy naïve mCRPC after prior NHT 41 Active, not recruiting NCT03338790
Nivolumab + Docetaxel III Chemotherapy naïve mCRPC after prior NHT 984 Active, recruiting NCT04100018

Pembrolizumab + Docetaxel Ib/II Chemotherapy naïve mCRPC after prior NHT 104 Active, recruiting NCT02861573
Pembrolizumab + Docetaxel III Chemotherapy naïve mCRPC after prior NHT 1000 Active, recruiting NCT03834506

ICI + Novel hormonal therapies

Pembrolizumab + Enzalutamide II Chemotherapy naïve mCRPC after prior
enzalutamide 126 Active, not recruiting NCT02787005

Pembrolizumab + Enzalutamide Ib/II Chemotherapy naïve mCRPC after prior
abiraterone 103 Active, recruiting NCT02861573

Pembrolizumab + Enzalutamide III Chemotherapy naïve mCRPC 1200 Active, recruiting NCT03834493
Atezolizumab + Enzalutamide III mCRPC after prior abiraterone and docetaxel 759 Active, not recruiting NCT03016312

Nivolumab + Enzalutamida II mCRPC 330 Active, not recruiting NCT03338790

ICI + PARP inhibitors

Pembrolizumab + Olaparib Ib/II mCRPC after prior docetaxel and ≤2 NHT 84 Active, recruiting NCT02861573
Pembrolizumab + Olaparib III mCRPC after prior docetaxel and 1 NHT 780 Active, not recruiting NCT03834519

Nivolumab + Rucaparib II mCRPC Cohort 1 (pre-chemotherapy), cohort
2 (post-chemotherapy) 71 (Cohort 1) Active, not recruiting NCT03338790

Durvalumab + Olaparib II mCRPC after prior NHT 17 Completed NCT02484404
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Table 1. Cont.

Treatment Clinical Phase Eligibility Sample Size Current Stage Trial Identification

ICI + vaccines

Atezolizumab + Sipuleucel-T Ib Asymptomatic or minimally symptomatic
progressive mCRPC 37 Completed NCT03024216

Ipilimumab + Sipuleucel-T II mCRPC 50 Completed NCT01804465
Nivolumab + PROSTVAC I/II mCRPC 29 Active, recruiting NCT02933255

Nivolumab + ChAdOx1-MVA 5T4 II mCRPC 23 Active, not recruiting NCT03815942

ICI + tyrosine kinase inhibitors

Atezolizumab + Cabozantinib Ib mCRPC after 1 prior NHT 132 Active, recruiting NCT03170960

ICI + radionuclide

Atezolizumab + Radium 223 Ib mCRPC 44 Completed NCT02814669
Pembrolizumab + Radium 223 II mCRPC 45 Active, not recruiting NCT03093428

Nivolumab + Radium 223 II mCRPC 36 Active, recruiting NCT04109729
Pembrolizumab + 177Lu-PSMA Ib mCRPC after prior abiraterone and docetaxel 37 Active, not recruiting NCT03658447
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4.1. Anti-CTLA-4 and anti-PD-1/PD-L1 Combinations

The combination of anti-CTLA-4 and anti-D-1/PD-L1 has showed a synergistic effect
with excellent results in melanoma and renal cancer [67,68]. It has been observed that
patients with androgen receptor splice variant 7 (AR-V7) expression present a greater
number of alterations in DNA repair genes that would make them more susceptible to
immune checkpoint inhibitors [69]. In this context, the combination of nivolumab and ipili-
mumab was first evaluated in 15 patients with mCRPC and AR-V7 expression. However,
the combination was effective exclusively in those patients with AR-V7 expression and
alterations in DNA repair genes, with differences in PSA response rate (PSA RR) (33% vs.
0%; p = 0.14), ORR (40% vs. 0%; p = 0.46), radiographic progression-free survival (rPFS)
(HR 0.31; p = 0.01), and OS (HR 0.41; p = 0.11).

The phase II non-randomized study CheckMate-650 also evaluated this combination
in 90 patients with mCRPC divided in two cohorts: pre-CT (45 patients) and post-CT
(45 patients) [70]. An ORR of 25% and 10%, and OS of 19 and 15.2 months, respectively,
was reported. However, four treatment-related deaths occurred, and 42–53% of patients
presented grade 3–4 adverse effects. In terms of biomarkers, ORR was 36.4% vs. 12.1, in
favor of patients with PD-L1 expression (in the 63 patients evaluable for this endpoint).

A phase II study randomized 52 patients with mCRPC in progression after abiraterone
or enzalutamide to receive durvalumab or durvalumab plus ipilimumab [71]. In the combi-
nation arm 16% of patients responded, whereas none of the patients in the monotherapy
arm did.

4.2. Immune Checkpoint Inhibitors and Chemotherapy

CT has an immunomodulatory effect on the tumor by regulating the composition and
immunosuppressive pathways of the tumor microenvironment, favoring the release of
antigens, and stimulating the activity of cytotoxic T lymphocytes [72–75]. For these reasons,
the combination of CT and immune checkpoint inhibitors is being investigated for mCRPC.

Cohort B of the phase II trial CheckMate 9KD evaluated the combination of docetaxel
and nivolumab in 41 patients with mCRPC in progression after second-generation hormonal
therapy and CT-naïve. Results of an interim analysis were presented at ESMO 2019.
ORR was 36.8% in patients with measurable disease, PSA RR was 46.3%, and rPFS was
8.2 months [76]. Cohort B of the phase Ib/II KEYNOTE-365 trial analyzed the combination
of docetaxel and pembrolizumab in 104 patients of the same characteristics. ORR was 18%,
PSA RR was 28%, rPFS was 8.3 months, and OS was 20.4 months [77].

After these results, two phase III trials, CheckMate7DX and Keynote-921 are evaluating
the combination of docetaxel with nivolumab and pembrolizumab, respectively. These
studies will confirm if the combination is superior to CT alone in these patients.

4.3. Immune Checkpoint Inhibitors and Second-Generation Hormonal Treatments

The resistance to enzalutamide is associated with an increased expression of PD-L1 in
dendritic cells [78]. However, the immunomodulatory role of the new hormonal therapies
is controversial [79,80].

The IMbassador 250 study compared enzalutamide plus atezolizumab against enzalu-
tamide plus placebo y patients with mCRPC in progression to abiraterone and docetaxel.
After the inclusion of 759, the study was closed prematurely due to the absence of impact
in OS (15.2 months vs. 16.6 months; HR 1.12, CI 95% 0.91–1.37; p = 0.28). No differences
were observed in ORR, PSA RR, or rPFS [81].

The KEYNOTE-199 trial evaluated the combination of enzalutamide and pembrolizumab
in two cohorts of patients with mCRPC refractory to enzalutamide (cohort 4: measurable
disease; cohort 5: predominantly bone disease). In cohort 4 12% of patients had a response,
with a disease control rate (DCR) of 51%. In cohort 5, DCR was also 51%. rPFS was
four months in both cohorts [52]. In cohort C of the phase Ib/II KEYNOTE-365 study,
patients with mCRPC that had progressed to abiraterone received enzalutamide plus
pembrolizumab. They included 103 patients with a PSA RR of 22%, an ORR of 12% in
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patients with measurable disease, and a DCR of 32% [82]. In addition, there is a phase III
trial ongoing that will compare treatment with enzalutamide plus pembrolizumab/placebo
in CT-naïve mCRPC patients (NCT03834493), and a cohort of the CheckMate 9KD is also
studying the combination of nivolumab and enzalutamide in this subset (NCT03338790).

4.4. Immune Checkpoint Inhibitors and PARP Inhibitors

PARP inhibitors can have immunomodulatory effects on various levels. The mi-
crosatellite instability associated with alterations in DNA repair genes can act as a predic-
tive biomarker of response to immunotherapy [83]. Preclinical models have shown that
treatment with PARP inhibitors can produce an overexpression of PD-L1 [59]. Moreover, it
has been reported that olaparib induces an increase in the sensitivity of NK cells in prostate
cancer [84].

In cohort A of the KEYNOTE-365 study, patients with mCRPC that have progressed
to docetaxel and second-generation hormonal therapies received treatment with olaparib
plus pembrolizumab. Eighty-four patients were included, with a PSA RR of 9%, ORR
of 8.3%, rPFS of 4 months and OS of 14 months [85]. The phase III trial KEYLYNK-010
is also evaluating this combination in this group of patients (NCT03834519). Cohort A
of CheckMate 9KD is currently studying the combination of nivolumab and rucaparib
in mCRPC before and after CT. Preliminary results of the patients who had not received
previous CT were recently presented at ESMO 2021. PSA RR was 27.3%, ORR was 15.4,
rPFS was 8.1 months, and OS was 20.2 months [86]. However, the response in patients
without a deficit in homologous recombination was very limited.

A phase II study has evaluated the combination of durvalumab and olaparib in
17 patients with mCRPC after progression to abiraterone and/or enzalutamide. rPFS was
16.1 months and 53% had a serological or radiographic response. Patients with alterations
in DNA repair genes had a rPFS of 16.1 months and an ORR of 83% [60].

4.5. Immune Checkpoint Inhibitors and Cancer Vaccines

A phase Ib study has evaluated the combination of Sipuleucel T and atezolizumab
in two arms of sequential treatment: atezolizumab followed by Sipuleucel T and Sipuleu-
cel followed by atezolizumab. Thirty-seven patients were included, with an ORR after
6 months of 8% and a DCR of 41%. rPFS was 8.2 months in arm 1 vs. 5.8 months in
arm 2 [27].

In addition, a phase II trial has studied the effectiveness of Sipuleucel T in combination
with ipilimumab, reporting a PSA RR of 10% and rPFS of 5.72 months [87].

4.6. Immune Checkpoint Inhibitors with Tyrosine Kinase Inhibitors

There is an interaction between the angiogenesis pathway and the immune response
that favors the generation of an immunosuppressive state in the tumor microenvironment.
In this context, the treatment with antiangiogenics has immunomodulatory effects that can
facilitate the response to immune checkpoint inhibitors [88].

The phase Ib study COSMIC 021 evaluated the combination of cabozantinib and
atezolizumab in mCRPC. Recently, the results of the expansion phase of patients previously
treated with abiraterone or enzalutamide were presented at ESMO 2021. With 132 patients
included, ORR was 15% and DCR was 81%. rPFS was 5.7 months and OS was 18.4 months.
This effect was also consistent in subgroups with worse prognosis such as those with
visceral disease [89].

4.7. Immune Checkpoint Inhibitors with Radionuclide Agents

A phase Ib trial has evaluated the combination of atezolizumab and Radium-223 in
mCRPC. However, the clinical response was low, with an ORR of 6.8%, PSA RR of 4.5%,
and rPFS of 3 months [90]. An alternative combination of Radium-223 with pembrolizumab
is being tested in phase II trial (NCT03093428).
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Recently, 177Lu-PSMA-617 has reported effectiveness in mCRPC [91]. Combinations
of this treatment with other drugs, such as immune checkpoint inhibitors, are currently
being tested. At ESMO 2021, results of the phase Ib/II PRINCE trial have been presented.
Thirty-seven patients with mCRPC in progression to a line of second-generation hormonal
therapy or docetaxel were treated with 177Lu-PSMA-617 and pembrolizumab. PSA RR was
73%, ORR was 78% in patients with measurable disease, and rPFS was 65% [92].

5. Future Directions

Once the importance of immunotherapy for the treatment of mCRPC has been defined
by clearly establishing its effectiveness beyond immune checkpoint inhibitors, the option
of cell therapy has reappeared, specifically with the use of adoptive cell therapies (ACT)
with T lymphocytes.

In this regard, one of the most revolutionary proposals has come from the genetic
engineering of T cells [93]. After reporting its efficacy in hematological tumors, therapy
with chimeric antigenic receptors (CAR) in T cells has become the preferred option for
new research on solid tumors, especially mCRPC [94], due to the expression of TAAs in
these tumors. Following the achievements of molecules that target PSMA such as 177Lu-
PSMA-617, this surface molecule has become the main candidate to test CAR-T therapy in
prostate cancer, and several research proposals have appeared in recent years. Although
the importance of tumor infiltrating T lymphocytes was established years ago [95], their
direct use as adoptive cell therapy in prostate cancer has not been developed as much as in
other tumors. It has been only in the last few years [96] that other immunotherapies have
regained interest, not just against PSMA but also anti-PSA, anti-PAP, anti-PSCA, or other
more general tumor associated antigens such as B7-H3 [97] or Epithelial Cell Adhesion
Molecule (EpCAM) precursor [94].

In any case, it is the anti-PSMA CAR-T therapy which is currently ahead in clinical
trials (NCT01140373, NCT00664196, NCT03089203) [98]. Although very serious adverse
effects have been described in some of its patients, especially when TGFβ is simultaneously
blocked, the “race” to have an approved CAR-PSMA continues, and verifiable results are
expected to arrive next year (Table 2).

Another interesting strategy is the use of bi-specific T cell engagers (BiTEs). These are
antibodies generated from the variable chains of two different monoclonal antibodies. An
anti-CD3 domain is found in all BiTEs, whereas the other antibody binds to an antigen
such as PSMA. The transitory union between CD3 and this TAA unleashes the activation
of T cells (Figure 2), (Table 3).

Biomedicines 2022, 9, x FOR PEER REVIEW 13 of 18 
 

 

Figure 2. Comparison between the mechanisms of BiTE and CAR in T cells to activate (1) these 

lymphocytes after the recognition of the corresponding tumor associated antigen TAA. After acti-

vation, these T cells exert an antitumoral effect (2), mainly through cytotoxicity. 

Table 3. Ongoing clinical trials with BITE therapy in metastatic castration-resistant prostate cancer. 

HLE: half-life extended; PSMA: prostate-specific membrane antigen; STEAP1: six transmembrane 

epithelial antigen of the prostate 1. 

NCT Number. Title BiTE 
Location (n. of 

Centers) 
Sponsors 

NCT04631601 
Safety and Efficacy of Therapy for Metastatic 

Castration-resistant Prostate Cancer (mCRPC) 

Acapatamab 

(HLE anti-

PSMA-CD3) 

USA, Canada Eu-

rope, Australia (13) 
Amgen 

NCT03792841 

Safety, Tolerability, Pharmacokinetics, and Ef-

ficacy of Acapatamab in Subjects With 

mCRPC 

Acapatamab 

(HLE anti-

PSMA-CD3) 

USA, Europe, Aus-

tralia, Japan, Sin-

gapore (27) 

Amgen 

NCT01723475 
First-in-man Dose Escalation Study of 

BAY2010112 in … Prostate Cancer 

MT110 (anti-

PSMA-CD3) 

Austria, 

Germany (5) 
Bayer 

NCT00635596 
Phase I Study of MT110 in Lung …  Prostate 

and Ovarian Cancer (MT110-101) 

MT110 (anti-

PSMA-CD3) 
Germany (4) Amgen  

NCT04221542 
Study of AMG 509 in Subjects With Metastatic 

Castration-Resistant Prostate Cancer 

AMG 509 (anti-

STEAP1-CD3) 

USA, Canada, East 

Asia, Australia (17) 
Amgen 

On the other hand, a promising strategy based on TCR isolation for neoepitope-spe-

cific TCR cloning and engineering of autologous CD8+ and CD4+ T-cells is being imple-

mented in clinical trials that include patients with prostate cancer (NCT03970382). 

There is a clear consensus among specialists in the field that the future for immuno-

therapy will come through simultaneous or sequential combinations of several targets and 

Figure 2. Comparison between the mechanisms of BiTE and CAR in T cells to activate (1) these lym-
phocytes after the recognition of the corresponding tumor associated antigen TAA. After activation,
these T cells exert an antitumoral effect (2), mainly through cytotoxicity.



Biomedicines 2022, 10, 537 12 of 18

Table 2. Ongoing clinical trials with CAR-T therapy in metastatic castration-resistant prostate cancer. CARm: CAR macrophages; CHMC: City of Hope Medical
Center; EpCAM: epithelial cell adhesion molecule; KLK2: Kallikrein 2; NCI: National Cancer Institute; PSCA: prostate stem cell antigen; PSMA: prostate-specific
membrane antigen; TGFβRdn: dominant negative TGFβ receptor; TMpPSMA: PSMA Target Module.

NCT Number Title CAR Location Sponsors

NCT04768608 PD1 Integrated Anti-PSMA CART in Treating
Patients with Castrate-Resist Prostate Cancer. PD1 integrat -PSMA CART Hangzhou, Zhejiang, China (1) Zhejiang University

PSCA-CAR T Cells in Treating Patients With
PSCA+ Metastatic Castration Resistant Prostate

Cancer
PSCA CART Duarte, CA, United States (1) CHMC/NCI

NCT04227275
A Study of CART-PSMA-TGFβRDN in Patients

With Metastatic Castration Resistant Prostate
Cancer

PSMA-TGFβRdn CART United States (9) Tmunity Therapeutics

NCT04249947
P-PSMA-101 CAR-T Cells in the Treatment of
Subjects With Metastatic Castration-Resistant

Prostate Cancer (mCRPC)
pPSMA CART United States (7) Poseida Therapeutics, Inc.

NCT05022849 A Study of JNJ-75229414 for Metastatic
Castration-resistant Prostate Cancer Participants KLK2 CART United States (7) Janssen Research & Development

NCT02744287 Safety and Activity Study of PSCA-Targeted
CAR-T Cells (BPX-601) in Subjects With Selected

Advanced Solid Tumors
PSCA CART United States (7) Bellicum Pharmaceuticals

NCT03013712 Clinical Research of CAR T Cells Targeting
EpCAM Positive Cancer (CARTEPC) EpCAM CART Chendu, China (1) 1st Affiliated Hos Chengdu Med

College

NCT04107142
Haplo/Allogen NKG2DL-targeting Chimeric

Antigen Receptor-grafted γδ T Cells for Relapsed
or Refractory Solid Tumor

NKG2DL CART Malaysia (1) CytoMed Therapeutics Pte Ltd.

NCT04660929 CAR-macrophages for the Treatment of HER2
Overexpressing Solid Tumors HER2 CARm United States (3) Carisma Therap Inc

NCT04633148

Dose-escalating trial with UniCAR02-T Cells and
PSMA Target Module (TMpPSMA) in patients

with Progressive Disease After Standard
Systemic Therapy in Cancers with Positive

PSMA Marker

UniCAR02-T pPSMA Germany (4) Cellex Patient
Treatment/PHARMALOG

NCT04429451 PSMA-specific CAR-T Cell Therapy PSMA CART Shenzhen, Guangdong, China (4) Shenzhen Geno-Imm
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Table 3. Ongoing clinical trials with BITE therapy in metastatic castration-resistant prostate cancer.
HLE: half-life extended; PSMA: prostate-specific membrane antigen; STEAP1: six transmembrane
epithelial antigen of the prostate 1.

NCT Number Title BiTE Location (n. of Centers) Sponsors

NCT04631601
Safety and Efficacy of Therapy for

Metastatic Castration-resistant
Prostate Cancer (mCRPC)

Acapatamab (HLE
anti-PSMA-CD3)

USA, Canada Europe,
Australia (13) Amgen

NCT03792841

Safety, Tolerability,
Pharmacokinetics, and Efficacy of

Acapatamab in Subjects With
mCRPC

Acapatamab (HLE
anti-PSMA-CD3)

USA, Europe, Australia,
Japan, Singapore (27) Amgen

NCT01723475
First-in-man Dose Escalation
Study of BAY2010112 in . . .

Prostate Cancer

MT110
(anti-PSMA-CD3)

Austria,
Germany (5) Bayer

NCT00635596
Phase I Study of MT110 in Lung
. . . Prostate and Ovarian Cancer

(MT110-101)

MT110
(anti-PSMA-CD3) Germany (4) Amgen

NCT04221542

Study of AMG 509 in Subjects
With Metastatic

Castration-Resistant Prostate
Cancer

AMG 509
(anti-STEAP1-CD3)

USA, Canada, East Asia,
Australia (17) Amgen

On the other hand, a promising strategy based on TCR isolation for neoepitope-specific
TCR cloning and engineering of autologous CD8+ and CD4+ T-cells is being implemented
in clinical trials that include patients with prostate cancer (NCT03970382).

There is a clear consensus among specialists in the field that the future for immunother-
apy will come through simultaneous or sequential combinations of several targets and
options, including cell immunotherapy. It is not unreasonable to think that improving the
cellular response with initial vaccination with dendritic cells, followed by the sustained
use of immune checkpoint inhibitors and culminating with genetically modified T cells,
could be one of these future combinations. To arrive at this point, however, there is still
much work to be done regarding single-agent immunotherapy to guarantee the safety and
affordability of each of these strategies.

6. Conclusions

Immunotherapy is still being evaluated for the treatment of advanced prostate can-
cer through different strategies that will hopefully define its definitive place among the
available therapeutic options in this disease. The results of monotherapy with anti-CTLA-4,
anti-PD-1, and anti-PD-L1 have been modest, and only pembrolizumab in those patients
with dMMR has an established clinical use in the context of tumor-agnostic therapy. Up
to date, no biomarkers have been identified that may allow us to select those patients
that will benefit the most from these treatments. Over the last few years, we have seen
some promising preliminary results from combinations of not only conventional therapies
with immunomodulatory drugs, but also dual immunotherapy and alternative strategies
such as targeted anti-PSMA immunotherapy that make us hopeful for future results of
ongoing studies.
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