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Abstract: The therapeutic landscape of metastatic castration-resistant prostate cancer (mCRPC) is
changing due to the emergence of new targeted therapies for the treatment of different molecular
subtypes. Some biomarkers are described as potential molecular targets different from classic
androgen receptors (AR). Approximately 20–25% of mCRPCs have somatic or germline alterations in
DNA repair genes involved in homologous recombination. These subtypes are usually associated
with more aggressive disease. Inhibitors of the enzyme poly ADP ribose polymerase (PARPi) have
demonstrated an important benefit in the treatment of these subtypes of tumors. However, tumors
that resistant to PARPi and wildtype BRCA tumors do not benefit from these therapies. Recent
studies are exploring drug combinations with phosphatidylinositol-3-kinase (PI3K) or protein kinase
B (AKT) inhibitors, as mechanisms to overcome resistance or to induce BRCAness and synthetic
lethality. This article reviews various different novel strategies to improve outcomes in patients with
prostate cancer.

Keywords: prostate cancer; hormonal therapy; targeted therapy; PARP inhibitors; immunother-
apy; PSMA

1. Introduction

Epidemiology: Prostate cancer (PCa) is the most common newly-diagnosed cancer
in men, and the second most deadly cancer in Western countries [1]. In recent years the
incidence of PCa has increased, mainly due to universal screening with the prostate-specific
antigen (PSA). The prognosis depends on the initial stage at diagnosis, with most cases
diagnosed in early stages (78% in localized stages and 12% with regional involvement);
only 5% of cases are metastatic at diagnosis. The five-year survival rate in patients with
localized PCa is 90% versus only 67% in metastatic PCa [2].

Molecular pathology of PCa: Genetics play an important role in understanding the
tumor biology underlying growth and migration, and this is essential to develop and use
tumor biomarkers and therapeutic strategies [3]. In prostate adenocarcinoma, the most
common histology the main signaling pathway for tumor cell survival is the androgen
pathway. Compared to other epithelial tumors, the mutational frequency in PCa is low, but
appears to increase as the tumor progresses to metastatic and castration-resistant stages.
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At the genetic level, there are important differences between localized and castration-
resistant tumors. In localized PCa, the most common finding in molecular sequencing
studies is the presence of single nucleotide variants, whose significance is uncertain, with
genetic mutations present in <10% of cases. In localized disease, androgen receptor (AR)
mutations are rare, in contrast to tumors that have progressed after hormonotherapy
(castration-resistant disease).

2. Molecular Subtypes of Castration-Resistant Prostate Cancer
2.1. Castration-Resistant Prostate Cancer

Castration-resistant prostate cancer (CRPC), the most lethal form of PCa is defined as
radiological or biochemical progression (prostate-specific antigen (PSA) levels >2 ng/mL
or PSA values >25% above nadir, or PSA elevation in three consecutive determinations at
least one week apart) as long as suppressed testosterone levels (<50 ng/dL or 1.7 nmol/L)
are confirmed [4].

2.2. Molecular Biology of CRPC

The largest study of the molecular biology of CRPC was published in 2015 [3]. In that
study, the tumors of 150 patients with metastatic CPRC (mCRPC) were sequenced. The
results revealed aberrations in genes related to the androgen axis in 71.3% of cases. The
most commonly mutated gene was the AR gene. Additional mutations were described at
other levels related to the androgen pathway. The findings of this study allowed for the
subclassification of CRPC into different molecular subtypes [5], as follows (see Table 1):

Table 1. Molecular subtypes for prostate cancer (PCa).

Molecular
Alteration

Molecular
Alteration
Subtype

Frequency Biologic
Implication Proposed Therapy

Androgen
Receptor

(AR)

Amplification

Resistance to androgen
deprivation

therapy (ADT)

New antiandrogens
(enzalutamide/abiraterone)

Mutation Non-NAD-like PARP-1
inhibitors

Alternative
Splicing

4% early stage
20–30%

advanced/recurrent
disease)

Taxanes

Changes in the
expression of AR

Co-regulators

Combine therapies
(Antiandrogens +

PARPi/Immunotherapy)
to modify the

immunosuppressive TME

PI3K-AKT Loss of PTEN
AKT/PI3K alteration 49% Resistance to ADT

and PARPi

PTEN, AKT and PI3K
INHIBITORS (monother-

apy/combinations)

DNA Repair
Pathways

Mutation in the
DDR system

(homologous repair)
PARPi sensitivity PARPi

Others Wnt
Genetic fusion

23%
18% Resistance to ADT

Development of new
therapeutic targets and

combinations

Key: PARPi: PARP inhibitors; TME: tumor microenvironment.

1. Alterations in the AR gene:

a. Genetic amplification of AR will lead to an enhanced expression of AR protein,
which in turn make the PCa more sensitive even to a lower concentration of
androgen. These AR amplifications have not been observed in untreated PCa,
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so AR amplification may be a consequence of hormonal therapy leading to the
development of CRPC. AR amplifications have been associated with resistance
to hormonal agents for example abiraterone, enzalutamide, or bicalutamide [6].

b. Mutations in the AR gene lead to androgen insensitivity, which promotes
tumor cell survival and proliferation under androgen-deprived conditions.
These mutations are highly rare in early stage PCa (4–6% of cases), but more
common in advanced and recurrent tumors (10–20%). AR mutations have been
associated with resistance to hormonal agents [6].

c. The presence of splicing variants is another possible form of resistance in
the androgen pathway that could lead to constitutive activation of the AR,
independently of binding to its ligand. These variants have been associated
with resistance to treatment with enzalutamide and abiraterone [7] but not to
taxane-based chemotherapy (ChT) [8].

d. Changes in the expression of AR co-regulators may alter the balance of these
co-regulatory proteins, which could help PCa cells to grow. For example; TGFβ,
IGF-1, and IL-6 increase the activity of the AR by phosphorylation.

e. Increases in steroidogenic signaling pathways may promote tumor prolifera-
tion through adrenal or intratumoral androgen synthesis. Overexpression of
enzymes involved in the steroid biosynthetic pathway and overexpression of
cytochrome CYP17, a key regulatory enzyme in adrenal androgen synthesis,
has been observed in CRPC.

2. Phosphatidylinositol-3-kinase (PI3K) signaling pathway

The PI3K signaling pathway is the second most commonly mutated pathway in
PCa, with somatic alterations present in 49% of cases. The most common mutation is
Phosphatase and tensin homolog (PTEN) biallelic loss, which has been described as a poor
prognostic factor in patients receiving abiraterone [9].

3. DNA repair pathway

This pathway is the third most commonly altered pathway. In one study, germline and
somatic alterations were identified in 23% of cases studied, with BRCA2 being the most
common mutated gene (12.7%) [10]. These tumors are more sensitive to platinum–based
ChT and allow the possibility of treatment with poly ADP ribose polymerase (PARP)
enzyme inhibitors. BRCA 1 and BRCA 2 mutations are associated with a worse prognosis,
and a poorer response to radiotherapy.

4. WNT signaling pathway

This is the fourth most common pathway (18%), highlighting mutations in Adenoma-
tous Polyposis Coli (APC) and Catenin Beta 1 (CTNNB1).

5. Gene Fusion

Gene fusion are highly prevalent in PCa. Transmembrane protease serine 2:v-ets
erythroblastosis virus E26 oncogene homolog (TMPRSS2-ERG) fusion is the single most
frequent genetic alteration in prostate cancer; a fusion of Erythroblast Transformation
Specific (ETS) family genes with the protease gene TMPRSS2. TMPRSS2 acts as a hormon-
ally regulated promoter activating the ETS transcription factor. This fusion gene causes
overexpression of ETS in response to androgens, inducing a cell proliferation response
that steadily activates the androgen-signaling pathway. The presence of TMPRSS-ERG
rearrangements has been associated with an enhanced response to abiraterone [11].

3. Targeted Therapies for Prostate Cancer

The search for targeted therapies and personalized cancer treatment has been one of
the drivers of pharmacological research in recent decades. The development of targeted
therapies for PCa, especially for the most aggressive, castration-resistant types, is focused
on the field of immunotherapy [12,13] and PARP [14] inhibitors, and synergistically poten-
tiated combination therapies. However, evidence to support the effectiveness of prostate-
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specific membrane antigen (PSMA)-targeted therapies continues to grow, and this approach
could become another option in the therapeutic arsenal for metastatic CRPC (mCRPC).

Below we provide a detailed discussion of the main highlights of these therapies
(see Table 2).

Table 2. New Therapies for PCa.

Therapy Type CSPC/CRPC FDA
Approval

Monotherapy
/Combinations

Parpi

OLAPARIB CRPC YES
(in selected population) Monotherapy

Combinations under
investigation:

+ IMMUNOTHERAPY
+ ANTIANDROGEN+

NEW THERAPIES

RUCAPARIB CRPC
YES

(in selected population; phase III
study is currently underway)

NIRAPARIB CRPC NO
(clinical development program)TALAZOPARIB CRPC

Immunotherapy

DC VACCINES
SIPULEUCEL-T CRPC YES Monotherapy

ANTI CTLA-4 CRPC NO
(clinical development program)

Combinations under
investigation:

+ PARPi
+ ANTIANDROGEN-

Pembrolizumab in
monotherapy

(combinations under
investigation)

PD-1/PD-L1
INHIBITORS

CRPC

YES
(Pembrolizumab in
selected population)

NO
(other ihibitors in

clinical development program)

Anti-PSMA
Therapy

RADIONUCLIDES

CSPC/CRPC
NO

(clinical development program) MonotherapyCAR-T CELLS

BISPECIFIC T-CELL
ANTIBODIES

Key: CRPC: castration-resistant prostate cancer; CSPC: castration-sensitive prostate cancer; DC: dendritic cell; PARPi: PARP inhibitors;
PSMA: prostate-specific membrane antigen.

3.1. Immuno Therapy

In the field of oncology, the most well-developed immunotherapy techniques are those
directed against immune cell targets, including cytotoxic T-lymphocyte antigen 4 (CTLA-4)
and programmed cell death 1 (PD-1) and its ligand, PD ligand 1 (PD-L1). In prostate cancer,
other techniques have been developed, such as therapeutic dendritic cell (DC) vaccines
activated against antigens specific to prostatic tumor cells [15]; of these, the most widely
used are prostatic acid phosphatase (PAP), PSA, PSMA, prostatic stem cell antigen (PSCA),
human telomerase reverse transcriptase (hTERT), and T-cell receptor gamma (TARP) [16].

At present, the optimal timing of administering these treatments remains unclear,
although immunotherapy, appears to be more effective in less aggressive stages of the
disease, when PSA levels are low [17,18].

3.1.1. Dendritic Cell Vaccines

DCs are a key part of the immune system. They develop direct cytotoxic activity
against tumor cells, in addition to being the most efficient antigen presenting cells. They
interact with other immune cells and stimulate both regulatory (suppressor) T lymphocytes
(TL) and cytotoxic TL [19]. Preclinical studies have found that the number of DCs in
the tumor microenvironment is directly proportional to the survival rate [20]. DC-based
vaccines use DCs or their precursors (mainly monocytes and CD34) that have been isolated
from the patient. These cells are then activated by incubation with a protein fusion called
PA2024 (selected antigens and Granulocyte Macrophage Colony-Stimulating Factor (GM-
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CSF)). Finally, they are infused into the patient, where they activate cytotoxic TLs against
the selected tumor antigens [21,22].

Sipuleucel-T immunotherapy is the only dendritic cell vaccine approved by the Food
and Drug Administration (FDA) for asymptomatic or minimally symptomatic CRPC with-
out visceral metastases [22]. It is administered intravenously, in three biweekly doses, each
containing 50 million activated antigen-presenting cells. Clinical tolerance is excellent,
with the most common adverse event being an acute, self-limiting pseudo-flu-like illness
that lasts from 3 to 5 days. Sipuleucel-T uses PAP antigen-activated DCs. The phase III
randomized IMPACT trial compared sipuleucel-T to placebo, with overall survival (OS)
as the primary endpoint. That trial included 512 patients with minimally symptomatic
or asymptomatic CRPC and no visceral metastases. At a follow-up of nearly three years,
OS in the experimental arm was 25.8 versus 21.7 months (p > 0.05) in the placebo arm, an
increase of 4 months. This benefit was even greater in low-risk patients with low baseline
PSA [18]. However, as in the initial studies, no significant increase in progression-free
survival (PFS) was observed. Because the treatment responses are often delayed after
immunotherapy treatment, PFS may not be the most appropriate endpoint for immunother-
apy studies. However, other possible surrogate markers of OS should be explored, such as
the production of antibodies against the PAP antigen and PA2024.

Even though sipuleucel-T has been approved by the FDA, it is seldom used in clin-
ical practice and it still has not received approval by the European Medicines Agency
(EMA) [23]. Combinations of Sipuleucel-T with others medications like radium 223, are
being explored with promised results [24].

3.1.2. Other Vaccines

• Dendritic cell vaccine (DCVAC) activated with PCa natural killer (NK) cells [25]: This
vaccine is currently in an advanced phase of research. A phase III trial recently com-
pleted recruitment to study DCVAC administered concomitantly with docetaxel based
on promising initial results in mCRPC in progression to second-line hormonal therapy;

• PSA-TRICOM or POSTVAC-VF viral vaccine: this type of vaccine uses common
attenuated viruses from the poxvirus family that have been genetically modified to
express the PSA antigen, in addition to three co-stimulatory molecules called TRICOM.
Despite promising results in phase I and II trials, which have shown an increase in OS
but not in PFS (primary endpoint) [26], research into its use as monotherapy has been
halted after a negative phase III study involving 1200 patients with CRPC [27];

• DNA vaccines using a bacterial plasmid with an encrypted tumor antigen. Currently
available results are still preliminary and not promising. However, research is un-
derway to identify patient subgroups in whom this treatment may provide a greater
benefit, as well as possible combinations with other therapies [28].

3.1.3. Immune Checkpoint Inhibitors

Immunotherapy has made major advances in the last decade and it is now widely
used in clinical practice to treat a range of tumor types, most notably melanoma, lung
cancer, and some urological tumors [29]. However, in PCa, the results to date have been
quite modest, except in a highly selected subgroups. One explanation appears for this lack
of efficacy is the immunosuppressive tumor microenvironment (TME) in PCa, in which
suppressor T cells predominate and are not highly permeable to infiltration by cytotoxic
T cells. Furthermore, PCa is a “cold” tumor, meaning it has a low cumulative mutational
burden (TMB) and, therefore, is less sensitive to immune therapy [12,30].

To improve efficacy, combinations with other drugs such as PARPi and new generation
antiandrogens (abiraterone and enzalutamide) are being explored, with the available data
suggesting an apparent synergistic effect (discuss in more detail below).

We can distinguish two pharmacological groups, anti-CTLA-4 antibodies and PD-
1/PD-L1 inhibitors.
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1. Anti CTLA-4 Antibodies

Ipilimumab is a humanised antibody against CTLA-4, capable of blocking the binding
of this antigen with its receptor, thus activating the immune system. Although ipilimumab
has proven highly effective in other tumor types, it has not given the expected results in
PCa. However, it appears there may be population subgroups that could benefit from this
drug. For this reason, despite the negative results in two large phase III trials (799 and
600 patients each), this drug is still under development for PCa [31,32]. Those two phase
III trials were carried out in patients with mCRPC. Both trials evaluated patients who
developed progression to a previous drug, either docetaxel (trial 1) or hormonal therapy.
The primary endpoint in both trials was OS. In the first study, a post-hoc analysis found
a significant increase in survival for the subpopulation of patients with better prognostic
characteristics. In the second trial, a significant increase in PFS was observed [33]. Moreover,
in both trials, a positive trend (up to 3-fold) towards improved OS was observed in favour
of the ipilimumab arm during the extended follow-up.

In line with other immunotherapy trials, the treatment response was delayed, which
explains the high mortality rate in the immunotherapy arm in the first 5 months. However,
after the sixth month this trend clearly improved. To avoid this excess initial mortality, it
is necessary to investigate possible therapeutic combinations that mitigate this effect, as
well as the development of new markers of early response, such as circulating tumor cells
(CTC) obtained by liquid biopsy [34].

2. PD-1 and PD-L1 Inhibitors

Studies on the role of PD-1/PD-L1 inhibitors in the treatment of PCa have produced
only modest results. Consequently, biomarkers to select more sensitive subpopulations are
being studied, as well as therapeutic combinations with synergistic effects [14]. In PCa, the
most advanced PD-1/PD-L1 drug for monotherapy is pembrolizumab.

The combination of immunotherapy with antiandrogens, have produced promising
results, especially with enzalutamide [35]. These agents seem to have a synergistic effect,
with androgen inhibition appearing to increase PD-1 and PD-L1 expression. However,
this immunogenic effect may be transient. Based on the available results, the most logical
therapeutic sequence would be sequential administration, with immunotherapy followed
by androgen deprivation therapy (ADT) [12].

• Pembrolizumab: treatment with pembrolizumab as monotherapy in unselected PCa
patients provides a low response rate (RR) (3–5%). However, this drug has shown
positive results in patients with mCRPC who present defects in DNA mismatch repair
(MMR) proteins (determined by microsatellite instability), as well as in tumors that
overexpress PD-L1. These results conditioned the approval of pembrolizumab by
the FDA in 2017 for any MMR-deficient solid tumor [36]. However, these genetic
alterations are uncommon in PCa (<4%), and mostly somatic. Nevertheless, it is
important to further our understanding of potential biomarkers. In this context, the
phase II KEYNOTE 199 study is noteworthy. In that trial, 258 patients with mCRPC
progressing to docetaxel were treated with pembrolizumab. In patients with bone-only
disease, the RR was much higher than expected—20%, with a median duration of
response of 16.8 months, regardless of PD-1 overexpression status and the presence or
not of deficient MMR [37].

In the field of therapeutic combinations, pembrolizumab has successfully tested its
association with PARPi and new antiandrogens. The cohort A of the keynote 365 study
(NCT02861573) in non-genetically selected patients with mCRPC progressing to docetaxel,
pembrolizumab combined with olaparib yielded a 32% response rate. Currently, there are
two phase III studies exploring this combination versus abiraterone and enzalutamide
monotherapy [35].

The combination of pembrolizumab and enzalutamide has also shown promising
results. A phase II trial in patients with mCRPC in progression to enzalutamide found that
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maintenance of enzalutamide with pembrolizumab obtained an objective response rate
(ORR) of 25%. A confirmatory phase III trial is currently underway [38].

• Nivolumab. Although this drug has not proven efficacious as monotherapy, it has
shown good results when administered in combination with ipilimumab [39]. In this
trial, the CheckMate 650 trial, this combination achieved a favourable disease control
rate (56%) in 90 unselected patients with mCRPC; however, the adverse event rate
was high, including 4 deaths due to treatment-related toxicity [40]. New doses and
administration schedules with a better safety profile are currently being evaluated;

• Durvalumab. In combination with olaparib, durvalumab is highly promising. A phase
I/II study investigated this treatment combination in 17 patients with mCRPC in
progression to antiandrogens. The subgroup with a DNA damage response and repair
(DDR) mutation had a significant improvement in PFS at 12 months (83.3 vs. 36.4%).
A confirmatory study is currently underway [41];

• Atezolizumab. This drug is currently being evaluated in combination with sipuleucel-
T immunotherapy (NCT03024216).

3.1.4. Suicide Gene Therapy or Cytotoxic Immunotherapy Mediated by Genetic Manipulation

In this therapy, prostate cancer cells are genetically modified by intratumoral injection
of an adenoviral vector to express a herpes virus gene, after which cell death is induced
through an antiviral drug. Although this approach is still in the early stages of research, it
has shown highly promising results as a neoadjuvant treatment or prior to radiotherapy.
One study reported 5-year OS of 95%, with no signs of recurrence in 92% of cases and
persistent pathological complete response in 80% of cases at 2 years [14].

Another variant of this type of therapy involves the use of intratumorally- injected
oncolytic viruses. These modified viruses are capable of direct cytotoxic activity, modifying
the TME, making it more permeable to infiltration by cytotoxic cells, thus promoting
immunity and improving response to immunotherapy in combined treatments [42].

3.2. PARP Inhibitors

In recent years, our understanding of cancer genetics and of hereditary syndromes
that confer high oncologic risk has increased substantially. In PCa, certain germline and
somatic mutations are present in up to 25% of cases, which is why it is essential to evaluate
patients with PCa in a genetic counselling meeting [43].

The complex signaling pathway known as DDR prevents the accumulation of muta-
tions to maintain genomic stability. Somatic or germline mutations in this system promote
the development of certain tumors [44].

Pritchard et al. evaluated 20 genes involved in DNA integrity that were associated
with autosomal dominant cancer predisposition syndromes of the 692 men evaluated in
that study, 82 (11.8%) had at least one pathogenic germline mutation in a DDR gene that
generated a deficiency in homologous recombination repair (HRR) mechanisms [45]. These
mutations were identified in 16 different genes, including BRCA2 (37 mutations, 44% of
total mutations), ATM (11; 13%), CHEK2 (10; 12%), BRCA1 (6; 7%), RAD51D (3; 4%),
and PALB2 (3; 4%). In total, 56 patients (77%) had a Gleason score of 8, thus showing an
association between these mutations, tumor aggressiveness, and poor prognosis.

PARP plays a key role in the DDR system, especially PARP-1 and 2, which are special-
ized in single-strand DNA break repair by homologous recombination [44]. Once active,
they recruit repair proteins of the HRR system, the best known being BRCA 1 and 2, ATM,
and PALB2, among others. These proteins are necessary for the functioning of the DNA
double-strand repair system [46]. Mutations in these repair proteins confer sensitivity to
PARP inhibitors since PARP activates the only route available to maintain genomic integrity
in these cases; if PARP is inhibited, the cell is deprived of a repair mechanism, without
possible survival, a concept known as synthetic lethality [47,48].

Prostate cancers with these mutations typically present in younger patients and they
tend to be more aggressive. Histologically, they usually present components of intraductal
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carcinoma with a high Gleason score (≥8) [49]. Other, less common mutations cause
deficiencies in the MMR system (3–5%), as discussed above [13,50].

The presence of HRR mutations has two important therapeutic implications for these
patients. The presence of BRCA 1, 2 and ATM mutations does not decrease sensitivity
to antiandrogen treatment (abiraterone and enzalutamide), but does lower sensitivity
to taxanes. These mutations are sensitive to treatment with PARP inhibitors (recently
approved by the FDA) and to platinum-based ChT. Secondly, BRCA 2 (and possibly ATM)
mutations correlate with more aggressive disease; consequently, their presence in localized
early tumors.

3.2.1. PARP Inhibitor Monotherapy

The four PARP inhibitors have shown notable efficacy in PCa, including olaparib,
rucaparib (both approved by the FDA), talazoparib, and niraparib, still in the premarketing
development phase. Another PARP inhibitor, veliparib, is associated with poor outcomes
in PCa and is considered the least potent of PARP inhibitors.

1. Olaparib

This was the first drug in this group to be developed, initially for breast and ovarian
cancer, and subsequently in pancreatic and prostate cancer. In May 2020, it received FDA
approval for the treatment of mCRPC in progression to antiandrogens (abiraterone and
enzalutamide) in patients with a somatic mutation in any HRR gene or any germline
mutations in BRCA 1, 2, and ATM genes. Overall, four patients with PCa were included
in the exploratory phase I study and disease control was achieved in three of them. The
fourth patient progressed (it was later found that he overexpressed PTEN, a factor related
to resistance to PARP inhibitor) [51].

The role of olaparib in mCRPC in progression is being investigated in two lines
of treatment in the TOPARB-A trial. In that trial, the subgroup with HDR mutation
included 49 patients, mostly with BRCA2 mutations. The primary endpoint, RR, was
88%, with radiologically-evaluated PFS and OS outcomes that were 7 and 6 months longer,
respectively, than in the non-mutated subgroup [52]. A subanalysis appeared to correlate
early reduction in circulating tumor cells (CTC) by more than 50% with improved survival.
Further studies are needed to validate the role of CTC as a surrogate marker of survival [53].

In the TOPARB-B study, 100 patients with HRR mutations (31% with the BRCA2
mutation) were randomized to two different doses of olaparib. The interesting thing about
the study is that responses were obtained in all mutations of the HRR spectrum, being
clearly superior in BRCA2 (83%) followed by PALB2, ATM, and the lowest in the presence
of CDK12 mutation [54].

Cyclin-dependent kinases intervene in the cell cycle and modify BRCA expression
and, thus, sensitivity to PARP inhibitor [55–58]. However, the findings of studies to
date do not seem to support this idea. Other theories posit that CDK12 could generate
genetic instability by another mechanism, leading to tumors with a high mutation rate and
peritumoral lymphocytic infiltration that respond better to immunotherapy than to PARP
inhibitors or to a combination of both. The combination of ipilimumab and nivolumab is
currently being studied in mCRPC with CDK12 mutation [35].

The prospective PROfound study evaluated 4426 patients with mCRPC with disease
progression to an antiandrogen therapy. The HRR mutations was present in 27.9% of
the patients (n = 387). This genetically selected population was randomized to receive
olaparib or antiandrogen rotation (abiraterone and enzalutamide). They were distributed
in two cohorts (A and B). Cohort A included the most important mutations (BRCA1/2 and
ATM), while cohort B included the remaining mutations of the HHR spectrum [59]. All
efficacy endpoints were significantly superior for the olaparib arm in cohort A (PFS, 7.4
vs. 3.6 months; RR, 33 vs. 2%, and OS, 19.1 vs. 14.7 months). In cohort B, the results were
also statistically significant in favour of the olaparib arm. In the subgroup with BRCA2
mutation, the results for OS were even more positive, 15.2 vs. 28.4 months, respectively [60].
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The toxicity profile was excellent, with the main adverse events being anemia, asthenia,
and digestive symptoms.

In the post-marketing patient registry TAPUR (NCT02693535), 25 polytreated mCRPC
patients experienced a 71% disease control rate (36% partial response (PR) and 35% stable
disease (SD)).

Preclinical studies of olaparib in PCa cell lines that mimic both castration sensitivity
and resistance, and different treatment times for ADT, support further development of
olaparib both in combination with anti-androgen therapy and as maintenance after therapy
in PCa patients with HHRm [58].

2. Rucaparib

Although rucaparib has not been as well-studies as olaparib, a non-randomised
phase II study (Triton2) showed positive results for this drug. In that study, 62 patients
with mCRPC with HHRm, pre-treated with antiandrogen and docetaxel, were treated
with rucaparib. In the BRCA-mutated subgroup, the RR was 44–50%, including three
complete responses. The median duration of response was not reached at the time of
analysis (between 1.7 to 24 months) [61]. In the patients without BRCA mutations, the RR
was clearly lower, with no responses in patients with CDK12 [57]. This study led to FDA
approval of rucaparib in 2020, conditioned on the results of the phase III trial in mCRPC
with BRCA1 and BRCA 2 mutations in progression to antiandrogens and docetaxel.

The phase III TRITON study is currently underway. That trial randomises patients
with mCRPC and BRCA or ATM mutation in progression to a hormonal line to receive
antiandrogen or docetaxel vs. Rucaparib [62].

3. Niraparib and talazoparib

Both of these drugs have been investigated in phase II trials in patients with mCRPC
in progression to antiandrogens and docetaxel. In the subgroups with BRCA mutations in
those studies, the RR for niraparib was 41% and 54% for talazoparib. Both drugs prolonged
PFS. Phase III trials are underway for both of these PARP inhibitors [63,64].

3.2.2. Combinations of PARP Inhibitors

From a theoretical point of view, there are two highly promising combinations with
potential synergistic effects, as follows: (1) Combination therapy with PARP inhibitors
and immunotherapy: as mentioned above, there is a trial with promising results combin-
ing durvalumab and olaparib; and (2) Combination therapy with PARP inhibitors and
antiandrogen therapy [65].

1. PARP inhibitors combined with antiandrogen therapy

Preclinical data have demonstrated synergism between these two groups of drugs in
three key ways [31]:

• PARP promotes AR transcription, so inhibition of this pathway potentiates the antian-
drogenic effect [66];

• ADT promotes PARP overexpression, increasing its sensitivity to PARP inhibitors;
• Antiandrogen therapy also inhibits expression of genes of the DDR system, producing

genomic instability and thus promoting mutations in DDR, generating sensitivity to
PARP inhibitor; this is known as the BRCAness phenotype [65,67,68].

Inhibition of the PI3K/AKT pathway has also been associated with the induction of a
BRCAness phenotype. Combining PI3K/AKT pathway inhibitors with PARP inhibitors is
currently being studied as a way to reverse acquired resistance to PARP inhibitors or to
sensitise those without HRR mutation from the onset [69].

Several different combinations of PARP inhibitors and antiandrogens have been
studied, most notably the following:

• Abiraterone–Veliparib. The results of a randomised phase II study were negative
in the whole sample. The only positive results were observed in a subgroup with a
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high rate of spontaneous mutation in CTCs, with a clearly significant RR (83 vs. 33%;
p = 0.0002) [56,70];

• Olaparib–Abiraterone. This combination was assessed in a randomised phase II study
versus abiraterone monotherapy. A total of 142 unselected patients with mCRPC in
progression to docetaxel were included. In the combined treatment arm, radiological
PFS was 5 months longer versus the monotherapy arm (13.8 vs. 8.2 m). The overall
toxicity profile was good, although acute myocardial infarction was reported in 6% of
cases [71,72];

• Abiraterone–Niraparib. This combination is still in the early stages of research. How-
ever, promising results have been reported in a phase Ib study that established the
doses for future studies.

2. PARP inhibitors combined with Immunotherapy

In preclinical studies, a direct relationship has been found between PARP activity
and the regulation of PD-L1 expression, which is maintained when PARP is inhibited.
Numerous combinations of PD-1 inhibitors and anti-PD-L1 together with different PARP
inhibitors are under investigation [73].

As discussed above, initial studies show an adequate RR (PSA values) when durval-
umab and olaparib are combined [58].

Pembrolizumab combined with abiraterone and enzalutamide is also being studied in
phase III trial in an unselected population (KEYLYNK-010).

3.2.3. Mechanisms to Sensitize to PARP Inhibitors and Reverse Resistance

In patients without a DDR mutation, the effects of PARP inhibitors are limited; in pa-
tient with DDR mutations, the initial effects are attenuated over time due to the emergence
of resistance. Several mechanisms of resistance have been described, the most important
being the restoration of PARP-independent homologous recombination mechanisms, sec-
ondary mutations in PARP, and inactivation of other DNA repair mechanisms. We discuss
these below.

One of the first mechanisms of resistance to PARP inhibition discovered was restora-
tion of homologous repair function, independent of PARP activity. There are multiple
different pathways leading to the restoration of homologous recombination (HR) func-
tion [41], including:

Development of resistance mutations or epigenetic alterations in BRCA 1 and 2, which
reverse PARP sensitivity

Alterations in other repair pathways, such as non-homologous recombination or non-
homologous end joining, responsible for the repair of DNA double-strand breaks, in a
compensatory manner, which stimulates PARP-independent HR. Deficiencies in this repair
system can be caused by alterations in various different proteins in this pathway, including
such as 53BP1, RAP1 (RIF1) or the ubiquitin ligase RNF8; secondary mutations in RAD51C
and RAD51D also lead to the restoration of HR function.

Mutations or epigenetic alterations affecting PARP prevent it from binding to its
inhibitors, thus facilitating resistance. Genetic alterations in the PTEN/PI3K/AKT pathway
are common in PCa. Mutations in this signaling pathway are responsible for certain cases
of resistance to PARP inhibitors.

PTEN, PI3K, and AKT inhibitors have shown good results for the treatment mCRPC
with acquired resistance to PARP inhibitors both in monotherapy and as combined treat-
ment with PARP inhibitors [42].

Several strategies are being tested to reverse acquired or initial resistance to this
pharmacological group, including:

Restoration of HR appears to be one of the main causes of resistance. Consequently,
most research has focused on this area. However, this is a highly complex pathway and
there are multiple changes beyond the restoration of BRCA1/2 proteins. Current strategies
under active investigation include the addition of HR altering agents such as CDK12, CDK1
and PI3K inhibitors [74].
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Another approach is to theoretically-feasible therapeutic combinations such as PI3Kinase
inhibitors and combinations involving AKT inhibitors such as ipatasertib (a PTEN in-
hibitor) [41,75]. There are already promising studies with AKT inhibitors, such as capi-
vasertib in monotherapy. This drug was tested in a phase I basket study of 58 polytreated
patients, obtaining a PFS of 6 months. Ipatasertib associated with abiraterone is currently
in a phase III study based on promising previous results [76].

Several factors modulate the DDR system, the inhibition of which can lead to BR-
CAness phenotype [41,77]. The following DDR modulating factors have been described:

• Hypoxia. This is achieved by associating vascular endothelial growth factor receptor
(VEGFR) inhibitors with PARP inhibitors to synergistically inactivate HR activity [78].

• Other potential targets have been successfully tested in preclinical studies, including
ATR, CHK1, WEE1, Aurora kinase, PlK1, and others cell cycle regulators. PK inhibitors
of these targets are already available and ready for clinical development [79].

Development of new PARP inhibitors:
Non-NAD-like PARP-1 inhibitors. Classical PARP inhibitors act competitively with

the NAD enzyme. This new class of drugs acts by inhibiting PARP binding to histones,
but without capturing NAD molecules. In cellular studies of PCa, 5F02 has shown greater
activity than classical PARPs against mutated variants such as RA-V7 [80].

Specific PARP-2 inhibitors. Preclinical studies show that PARP-2 and not PARP-1
is responsible for regulating AR transcription by binding to Forkhead Box A1 (FOXA 1).
PARP-2 is overexpressed in aggressive forms of PCa. Due to the mechanism of action
of PARP-2 inhibitors, these agents do not depend on the DDR system deficiency for
effectiveness and fewer adverse events are expected [81].

3.3. PSMA-Targeted Therapies

Prostate-specific membrane antigen (PSMA) is a transmembrane glycoprotein ex-
pressed in the prostate epithelium. PSMA expression gradually increases from benign
epithelium to high-grade intraepithelial neoplasia or prostate carcinoma [82]. Furthermore,
PSMA expression appears to be inversely related to androgen levels, with increased activity
found in tumor cells that become androgen independent [83]. PSMA is also present in
other cancers, specifically in the tumor-associated neovasculature (clear cell renal cancer,
transitional cell bladder cancer, testicular-embryonal cancer, neuroendocrine tumors, colon,
and breast cancer). However, this binding to the neovasculature does not seem to occur in
PCa [83]. Likewise, it appears constitutively in healthy tissues such as lacrimal and salivary
glands, epididymis, ovary, normal human prostate epithelium, astrocytes, and Schwann
cells in the central nervous system, and within the brush border of the jejunum in the small
intestine [84]. In addition, PSMA can function as a receptor that activates signaling to
promote cell migration and regulate chromosome stability [85]. In short, PSMA is a highly
promising target for the treatment of mCRPC.

The value of PSMA in positron emission tomography-computed tomography (PET-
CT) was evaluated prospectively in a study of 314 patients with PCa who developed
biochemical relapse after radical treatment. That study confirmed that 68Ga-PSMA PET-CT
is superior to choline PET-CT in the restaging of these patients, with a higher diagnostic
yield and good safety profile [86].

3.3.1. Radionuclides

Radionuclide therapies consist of radiolabeled small molecules based on glutamate-
urea-lysine residues targeting the glutamate carboxypeptidase II pocket of PSMA, or
monoclonal antibodies targeting the extracellular domain of the enzyme [86].

The monoclonal antibody 177Lu-PSMA J591 specifically binds to the extracellular
domain of PSMA, forming a complex that becomes internalized, releasing the radionuclide
into the tumor cells [87]. This antibody can be radioactively labeled and administered in a
single dose, and it has shown efficacy in patients with mCRPC (see Table 3).
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Table 3. Summary of all 177Lu-J591 trials.

Reference Phase Patients (n) Dosing Schedule Treatment (mCi/m2) Biologic Activity and
Main Findings

Bander et al.
(2005) [88] Phase I 35 Single 10–75

11.4% PSA declines
46% PSA stabilization

70 mCi/m2 was determined to
be the single-dose MTD.

Multiple doses of 30 mCi/m2

are well tolerated.

Tagawa et al.
(2013) [89] Phase 2 47 Single 65–70

59.6% PSA declines
70 mCi/m2 resulted in more

30% PSA declines
and longer OS.

Tagawa et al.
(2019) [90]

Phase 1b/2a
dose-escalation 49 Two doses two

weeksapart
20–45;
40–45

55.1% PSA declines
Fractionated administration
allowed higher cumulative

radiation dose.
The frequency and depth of

PSA decrease,
OS, and toxicity (dose-limiting
myelosuppression) increased

with higher doses.

Niaz et al.
(2020) [91] Phase I 6 Every 2 weeks until

onset of G2 toxicity 25

33% PSA declines
Hyperfractionation is feasible,
but does not appear to have

significant advantages over the
two-dose fractionation regimen

Key: MTD: maximum tolerated dose; PSA: prostate-specific antigen; OS: overall survival.

Phase I studies have determined that the maximum tolerated dose (MTD) of a single
dose of 177Lu-PSMA J591 is 70 mCi/m2. It can be safely administered in up to three
doses of 30 mCi/m2 each, which reach common metastatic sites, including bone and soft
tissues [88].

In 2013, Tagawa et al. published the results of a study evaluating the efficacy (PSA, RR,
and OS) of a single infusion of this antibody. That phase 2 clinical trial included 47 mCRPC
polytreated patients in progression. All of the patients had progressed after several lines
of hormonotherapy and 55.3% had also received 1 to 4 lines of ChT, including docetaxel.
There were two treatment cohorts. One cohort (n = 32) was comprised of 15 patients who
received 177Lu-PSMA J591 at 65 mCi/m2 and 17 patients who received at 70 mCi/m2.
The other expansion cohort consisted of 15 patients who received 70 mCi/m2 to verify RR
and to examine biomarkers. PSA levels fell by ≥50% in 10.6% of the patients, by ≥30%
in 36.2%, and 59.6% a PSA decline after a single dose of treatment, with a median time
to progression of 12 weeks (range, 8 to 47 weeks). Of the 12 patients with measurable
disease (25.5% of total), one PR and 8 SD were observed. Grade (G) 4 thrombopenia was
observed in 46.8% of cases (no cases of bleeding) and G4 neutropenia in 25.5% (reversible
in all cases). Compared to the 65 mCi/m2 dose, patients who received the 70 mCi/m2 dose
(had a further 30% PSA decrease (46.9 vs. 13.3%, p = 0.048) and longer OS time (21.8 vs.
11.9 months, p = 0.03), but at the cost of greater hematologic toxicity [89].

Given the dose limiting effects of myelosuppression, Tagawa and colleagues con-
ducted a phase 1b/2a dose-escalation study of 177Lu-PSMA J591, under the rationale that
dose fractionation may allow safe administration of higher doses. Those authors performed
an initial phase 1b dose escalation study (20–45 mCi/m2) followed by a phase 2a study
involving 49 patients with mCRPC treated with the recommended two doses two weeks
apart (40–45 mCi/m2). They found that fractionated administration allowed for a higher
cumulative radiation dose. PSA levels decrease while OS improved; however, toxicity
increased with higher doses (35.3% of patient developed reversible G4 neutropenia and
58.8% thrombocytopenia). Overall, 79.6% of patients had positive PSMA imaging; patients
with less intense PSMA imaging tended to have poorer responses [90].
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A serious long-term toxicity of this treatment is myelosuppression, although it is pre-
dictable and self-limiting, and in most patients does not limit the subsequent administration
of other therapies, including ChT [87].

Recently, Niaz et al. hypothesized that additional dose fractionation would allow for
a higher cumulative dose, potentially with less toxicity and greater efficacy [91]. Those
authors administered 25 mCi/m2 every 2 weeks until onset of G2 toxicity in 6 polytreated
mCRPC patients (83% were previously treated with abiraterone, 50% with enzalutamide,
50% with docetaxel, 33% with cabazitaxel, 33% with sipuleucel-T, and 17% with investi-
gational agents). Lu-J591 imaging was performed and CTC counts were measured before
and after treatment along with a standard follow-up. Patients received three to six doses
(cumulative: 75–150 mCi/m2). In two (33%) patients, PSA levels decreased by >30% and
three patients (50%) showed a decrease in CTC count. A total of two (33%) experienced
G 4 neutropenia (no fever), three (50%) had G 4 thrombocytopenia (no bleeding) and two
(33%) required platelet transfusions. After hematologic improvement, two patients devel-
oped worsening cytopenia during progression of PCa. Bone marrow biopsies revealed
the presence of infiltrative tumor replacing normal marrow elements without myelodys-
plasia. The authors concluded that hyper-fractionation with 177Lu-J591 is feasible, but
does not appear to have significant advantages over the two-dose fractionation regimen.
Consequently, they recommended single doses of 70 mCi/m2 or two fractionated doses of
80–90 mCi/m2 (cumulative).

Other ongoing studies are attempting to improve the therapeutic index in combination
with other therapies (NCT00859781).

A small molecule targeting PSMA of note is 177Lu PSMA-617 (see Table 4). This drug
has shown antitumor activity with less myelosuppression. Since 2015, several retrospective
studies have reported promising results with this drug, and a favorable safety profile in
patients with mCRPC. The largest study to date was carried out by the German Society
of Nuclear Medicine, multicenter, retrospective analysis of 145 polytreated mCRPC pa-
tients who received 177Lu PSMA-617 (mean dose, 5.9 GBq). Serial PSA levels (to assess
biochemical response) were available for 99 patients, 45% (45 out of 99) of whom had a
PSA decrease ≥ 50%. G3-4 hematologic toxicity was observed in 12% (18 out of 145) of the
patients [92].

Table 4. Summary of 177Lu PSMA-617 studies.

Reference Study Type Patients (n) Treatment
(GBq) Biologic Activity

Rahbar et al.
(2017) [92] Retrospective 145 5.9 45% PSA declines

Hofman et al.
(2018) [93] Phase 2 30 7.5 57% PSA declines

Yadav et al.
(2019) [94]

Systematic review
and meta-analysis 671

75% PSA declines
75.5% clinical

benefit rate overall

Hofman et al.
(2020) [95] Randomised phase 2

200
(LuPSMA (n = 99)

or cabazitaxel
(n = 101))

6–8
66% PSA declines-
Improvement in

PSA-PFS

Key: PFS: progression-free survival; PSA: prostate-specific antigen.

Hofman et al. conducted a prospective phase II study involving 30 patients with
mCRPC. Most of the patients (87%) received at least one prior line of ChT (80% docetaxel
and 47% cabazitaxel) and 83% had previously received abiraterone or enzalutamide. The
mean radioactivity administered was 7.5 GBq per cycle. A PSA decrease of 50% or more
was achieved in 57% of patients (17 out of 30). The most common adverse effects were
G1 xerostomia (due to PSMA expression in the salivary glands) (87%), G1 and 2 nausea
(50%), and G1–G2 nausea (50%). Grade 3–4 toxicity (thrombopenia) occurred in 13% of
cases. Objective response of nodal or visceral disease was observed in 14 of 17 patients
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(82%) with measurable disease and 11 patients (37%) achieved a significant improvement
in quality of life (≥10 points on the global health score in the second treatment cycle) [93].

Yadav et al. performed a systematic review and meta-analysis (published in 2019)
including 17 studies with 671 patients treated with 177Lu-PSMA-617. That review found
that 46% of patients achieved a reduction in PSA values > 50% (and 75% had a decrease in
PSA levels post-treatment). The clinical benefit rate overall was 75.5% (37.2% of patients
with PR and 38.3% SD). Median OS and PFS were 13.7 and 11 months, respectively, likely
due to the fact that the treatment was received in advanced lines. In terms of treatment-
related (177Lu-PSMA-617) toxicity, the most common were hematologic toxicity (23%
anemia, 14.2% leukopenia, 15% thrombopenia), nephrotoxicity (9.5%), and xerostomia
(14.5%). Other toxicities such as fatigue, nausea, and loss of appetite were less common [94].

Recently, Hofman and colleagues published the results of the first analysis of the Thera
P study, a randomized phase II trial comparing 177Lu-PSMA-617 (LuPSMA) (6–8 GBq
every 6 weeks for up to 6 cycles) to cabazitaxel in 200 men with mCRPC after progression
to docetaxel with high PSMA expression on 68Ga-PSMA-11 and 18F- fluorodeoxyglucose
(FDG) PET-CT imaging and no FDG-positive/PSMA-negative disease sites vs. cabazitaxel
(20 mg/m2 every 3 weeks for up to 10 cycles) observing that 177Lu-PSMA-617 achieved a
superior rate of PSA reduction ≥50% (primary endpoint) compared to cabazitaxel (66 vs.
37%; p < 0.001). In addition, an improvement in PFS (median follow-up 11.3 months) was
seen (HR 0.63; 95% CI 0.45–0.88; p = 0.007). OS data are still immature. G3–4 adverse events
occurred in 32% of men treated with LuPSMA vs. 49% of men treated with cabazitaxel [95].

We are currently awaiting the results of the phase 3 VISION trial. Recruitment has
been completed (n = 750). That trial is being conducted to evaluate the efficacy of 177Lu-
PSMA-617 7, 4 GBq (±10%) every 6 weeks (± one week) for up to 6 cycles, together with
best supportive care in patients with mCRPC and 68Ga-PSMA-11 PET-positive, PET-CT in
progression who have received ≥ one taxane (maximum two) and a new-generation an-
tiandrogen (enzalutamide and/or abiraterone) in terms of OS and PFS (primary endpoints)
vs. best supportive care [96].

Multiple studies investigating the effectiveness and safety of 177Lu-PSMA-617 with
dose escalation and in combination with other drugs such as olaparib or pembrolizumab
are ongoing (NCT03454750, NCT03042468, NCT03805594, NCT03874884).

3.3.2. Chimeric Antigen Receptor (CAR) T (CAR-T) Cells

Ex vivo modification of autologous T lymphocytes to make them express a chimeric
antigen receptor (CAR) can be used to direct the patient’s own lymphocytes to attack the
cancer cells. CAR-Ts are genetically modified synthetic molecules in which the effector func-
tion of TLs is combined with the ability of antibodies to identify specific tumor-associated
antigens. CAR-T cells do not require antigens to be presented by antigen-presenting cells,
thus circumventing various immune tolerance mechanisms [97]. CAR-T cells consist of
an extracellular domain (involved in antigen identification), a transmembrane domain
that contacts the intracellular zone where the immunoreceptor tyrosine-based activation
motif (ITAM) is located, which plays a key role in signal transduction aimed at T-cell activa-
tion [97]. Currently, in vitro transfection technology is the standard method for transfecting
CAR molecules into T lymphocytes.

Despite the advances of CAR-T technology in the treatment of hematological malig-
nancies, in solid tumors they still represent a challenge. In PCa, PSMA has been used as a
target for CAR-T cell production.

In 2016, Junghans et al. reported results of the first phase I trial of PSMA-targeted CAR-
T cells administered with continuous infusion of low-dose IL-2 [98]. Of the five patients
treated in that study, three were successfully engrafted (defined as 20% engraftment of CAR-
T cells). No toxicity was reported. In total, two patients achieved partial clinical response,
with a reduction of 50 and 70% in PSA values, respectively. The authors suggested that
efficacy was limited by low plasma IL-2 depleted by high levels of engrafted activated
T-cells, underscoring the impact of “drug–drug” interactions on efficacy.
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The immunosuppressive microenvironment, which includes high levels of transform-
ing growth factor beta (TGFβ) found by redirected T cells following tumor infiltration, is
also important. The immunosuppressive functions of TGFβ can be overridden in T cells
by using a dominant negative TGFβ receptor (TGFβRdn), thereby enhancing antitumor
immunity. In vivo models of metastatic PCa have shown that co-expression of TGFβRdn on
PSMA-targeted CAR-T cells result in increased T-cell proliferation, increased cytokine secre-
tion, resistance to exhaustion, long-term persistence, and enhanced tumor eradication [99].
Recruitment is now complete for the first phase I clinical trial to evaluate the safety and pre-
liminary efficacy of autologous T-cell modified, CART-PSMA-TGFβRdn cells in men with
mCRPC (NCT03089203) [100]. Several other phase I studies are underway to determine
the dose of this type of drug (NCT01140373, NCT04227275, NCT04053062, NCT04249947).

3.3.3. Bispecific T-Cell Antibodies

Another approach could be bispecific antibodies, also called “bifunctional” antibodies
or bispecific T cell engagers (BITEs) molecules. Bispecific antibodies are antibodies in
which two immunoglobulin chains of differing specificity have been fused into a single
antibody molecule. This allows the antibody to carry two different antigens in close
physical proximity, which in turn can perform a new function, such as immune cells acting
on tumor cells or tumor signaling blockade [99].

One example is blinatumomab, a bispecific antibody construct that binds to CD3
on T cells and the cell surface protein CD19, present on precursor B-cells and acute lym-
phoblastic leukemia (ALL) cells, potentially recruiting cytotoxic T cells to kill ALL cells.

Preclinical models of PCa have shown that AMG 160, an antibody targeting PSMA
on PCa cells and CD3 on T cells (leading to T-cell activation, proliferation, and cytokine
production) has antitumor activity with specificity for PSMA-positive tumor cells [101].
Pasotuxizumab, another antibody targeting PSMA and CD3, has been evaluated in a
phase I dose-escalation study involving 16 patients with mCRPC. The primary objective
of that study was to determine safety and MTD. The most common adverse effects ≥ G1
were fever (94%), chills (69%), and fatigue (50%). The most common toxicities ≥ G3 were
lymphopenia and infections (both 44%). Dose-dependent clinical activity was observed,
with two long-term responders in the dose escalation cohort, with a PSA response of 14 and
19.4 months, respectively. In the latter case, the patient had complete response of soft tissue
metastases and partial PR of bone metastases on PSMA-PET-CT imaging, with a >90%
reduction in PSA and alkaline phosphatase, and significant and durable improvement in
disease-related symptoms [102].

Other phase I studies are currently evaluating these therapies, some in combination
with immunotherapy, such as the study evaluating the safety and efficacy of AMG 160 alone
and in combination with pembrolizumab (NCT03792841).

Tri-specific T-cell activator models are also being developed. These models, called Tri-
TAC (“Trispecific T-cell Activating Constructs”), have three domains that bind specifically
to tumor antigens, human serum albumin, and the CD3-epsilon subunit of the T-cell re-
ceptor complex. Austin et al. recently described a novel PSMA-targeted TriTAC (HPN424)
in patients with mCRPC [103]. HPN424 is currently being evaluated as monotherapy in a
phase I study in patients with mCRPC (NCT03577028).

4. Conclusions

Apart from AR blockade—a mainstay in the treatment of castration resistant PCa—
and ChT, several additional treatment options are now available for patients with mCRPC,
most notably PARP inhibitors and immunotherapy. Understanding the mechanisms of
synergy and resistance remains a major challenge, but we have several strategies that are
underway where we are seeing that population selection is crucial to improve outcomes.
Targeted therapies for PSMA may be another possible treatment option in these patients,
particularly radionuclides, which are in more advanced stages of development.
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There is a clear need to develop biomarkers to predict response in order to establish
the optimal treatment sequence in these patients to extend and improve survival, as well
as improving and maintaining quality of life and preventing unnecessary side effects.

Author Contributions: F.C., S.H.P. and D.M.M. conceived the idea; S.H.P., D.M.M., J.S.R., A.C.R.R.,
and D.I.R.R. wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable. No new data were created or analyzed in
this study.

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

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef]
2. Campá, J.; Mar-Barrutia, G.; Extramiana, J.; Arróspide, A.; Mar, J. Advanced prostate cancer survival in Spain according to the

Gleason score, age and stage. Actas Urol. Esp. 2016, 40, 499–506. [CrossRef]
3. Wang, G.; Zhao, D.; Spring, D.J.; DePinho, R.A. Genetics and biology of prostate cancer. Genes Dev. 2018, 32, 1105–1140. [CrossRef]

[PubMed]
4. Hong, J.H.; Kim, I.Y. Nonmetastatic castration-resistant prostate cancer. Korean J. Urol. 2014, 55, 153–160. [CrossRef] [PubMed]
5. Robinson, D.; Van Allen, E.M.; Wu, Y.M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.M.; Montgomery, B.; Taplin, M.E.; Pritchard, C.C.;

Attard, G.; et al. Integrative clinical genomics of advanced prostate cancer. Cell 2015, 161, 1215–1228. [CrossRef] [PubMed]
6. Romanel, A.; Gasi Tandefelt, D.; Conteduca, V.; Jayaram, A.; Casiraghi, N.; Wetterskog, D.; Salvi, S.; Amadori, D.; Zafeiriou, Z.;

Rescigno, P.; et al. Plasma AR and abiraterone-resistant prostate cancer. Sci. Transl. Med. 2015, 7, 312re310. [CrossRef]
7. Antonarakis, E.S.; Lu, C.; Wang, H.; Luber, B.; Nakazawa, M.; Roeser, J.C.; Chen, Y.; Mohammad, T.A.; Chen, Y.; Fedor, H.L.; et al.

AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N. Engl. J. Med. 2014, 371, 1028–1038. [CrossRef]
[PubMed]

8. Antonarakis, E.S.; Lu, C.; Luber, B.; Wang, H.; Chen, Y.; Nakazawa, M.; Nadal, R.; Paller, C.J.; Denmeade, S.R.; Carducci, M.A.; et al.
Androgen Receptor Splice Variant 7 and Efficacy of Taxane Chemotherapy in Patients With Metastatic Castration-Resistant
Prostate Cancer. JAMA Oncol. 2015, 1, 582–591. [CrossRef] [PubMed]

9. Ferraldeschi, R.; Nava Rodrigues, D.; Riisnaes, R.; Miranda, S.; Figueiredo, I.; Rescigno, P.; Ravi, P.; Pezaro, C.; Omlin, A.;
Lorente, D.; et al. PTEN protein loss and clinical outcome from castration-resistant prostate cancer treated with abiraterone
acetate. Eur. Urol. 2015, 67, 795–802. [CrossRef]

10. Castro, E.; Goh, C.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Dadaev, T.; Govindasami, K.; Guy, M.; Ellis, S.;
Frost, D.; et al. Effect of BRCA Mutations on Metastatic Relapse and Cause-specific Survival After Radical Treatment for Localised
Prostate Cancer. Eur. Urol. 2015, 68, 186–193. [CrossRef]

11. Attard, G.; Swennenhuis, J.F.; Olmos, D.; Reid, A.H.; Vickers, E.; A’Hern, R.; Levink, R.; Coumans, F.; Moreira, J.; Riisnaes, R.; et al.
Characterization of ERG, AR and PTEN gene status in circulating tumor cells from patients with castration-resistant prostate
cancer. Cancer Res. 2009, 69, 2912–2918. [CrossRef] [PubMed]

12. Cha, H.R.; Lee, J.H.; Ponnazhagan, S. Revisiting Immunotherapy: A Focus on Prostate Cancer. Cancer Res. 2020, 80, 1615–1623.
[CrossRef]

13. Lee, P.; Gujar, S. Potentiating prostate cancer immunotherapy with oncolytic viruses. Nat. Rev. Urol. 2018, 15, 235–250. [CrossRef]
[PubMed]

14. Christenson, E.S.; Antonarakis, E.S. PARP inhibitors for homologous recombination-deficient prostate cancer. Expert Opin.
Emerg. Drugs 2018, 23, 123–133. [CrossRef]

15. De Velasco, M.A.; Uemura, H. Prostate cancer immunotherapy: Where are we and where are we going? Curr. Opin. Urol. 2018,
28, 15–24. [CrossRef]

16. Prokhnevska, N.; Emerson, D.A.; Kissick, H.T.; Redmond, W.L. Immunological Complexity of the Prostate Cancer Microenviron-
ment Influences the Response to Immunotherapy. Adv. Exp. Med. Biol. 2019, 1210, 121–147. [CrossRef]

17. Madan, R.A.; Gulley, J.L. Prostate cancer immunotherapy: The path forward. Curr. Opin. Supportive Palliat. Care 2017, 11, 225–230.
[CrossRef] [PubMed]

18. Schellhammer, P.F.; Chodak, G.; Whitmore, J.B.; Sims, R.; Frohlich, M.W.; Kantoff, P.W. Lower baseline prostate-specific antigen
is associated with a greater overall survival benefit from sipuleucel-T in the Immunotherapy for Prostate Adenocarcinoma
Treatment (IMPACT) trial. Urology 2013, 81, 1297–1302. [CrossRef]

http://doi.org/10.3322/caac.21442
http://doi.org/10.1016/j.acuro.2016.03.008
http://doi.org/10.1101/gad.315739.118
http://www.ncbi.nlm.nih.gov/pubmed/30181359
http://doi.org/10.4111/kju.2014.55.3.153
http://www.ncbi.nlm.nih.gov/pubmed/24648868
http://doi.org/10.1016/j.cell.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26000489
http://doi.org/10.1126/scitranslmed.aac9511
http://doi.org/10.1056/NEJMoa1315815
http://www.ncbi.nlm.nih.gov/pubmed/25184630
http://doi.org/10.1001/jamaoncol.2015.1341
http://www.ncbi.nlm.nih.gov/pubmed/26181238
http://doi.org/10.1016/j.eururo.2014.10.027
http://doi.org/10.1016/j.eururo.2014.10.022
http://doi.org/10.1158/0008-5472.CAN-08-3667
http://www.ncbi.nlm.nih.gov/pubmed/19339269
http://doi.org/10.1158/0008-5472.CAN-19-2948
http://doi.org/10.1038/nrurol.2018.10
http://www.ncbi.nlm.nih.gov/pubmed/29434366
http://doi.org/10.1080/14728214.2018.1459563
http://doi.org/10.1097/MOU.0000000000000462
http://doi.org/10.1007/978-3-030-32656-2_7
http://doi.org/10.1097/SPC.0000000000000278
http://www.ncbi.nlm.nih.gov/pubmed/28644303
http://doi.org/10.1016/j.urology.2013.01.061


Biomedicines 2021, 9, 392 17 of 20

19. Janiczek, M.; Szylberg, Ł.; Kasperska, A.; Kowalewski, A.; Parol, M.; Antosik, P.; Radecka, B.; Marszałek, A. Immunotherapy as a
Promising Treatment for Prostate Cancer: A Systematic Review. J. Immunol. Res. 2017, 2017, 4861570. [CrossRef]

20. Sfanos, K.S.; De Marzo, A.M. Prostate cancer and inflammation: The evidence. Histopathology 2012, 60, 199–215. [CrossRef]
[PubMed]

21. Anassi, E.; Ndefo, U.A. Sipuleucel-T (provenge) injection: The first immunotherapy agent (vaccine) for hormone-refractory
prostate cancer. Pharm. Ther. 2011, 36, 197–202.

22. Kantoff, P.W.; Higano, C.S.; Shore, N.D.; Berger, E.R.; Small, E.J.; Penson, D.F.; Redfern, C.H.; Ferrari, A.C.; Dreicer, R.;
Sims, R.B.; et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N. Engl. J. Med. 2010, 363, 411–422.
[CrossRef]

23. Caram, M.E.V.; Ross, R.; Lin, P.; Mukherjee, B. Factors Associated With Use of Sipuleucel-T to Treat Patients With Advanced
Prostate Cancer. JAMA Netw. Open 2019, 2, e192589. [CrossRef]

24. Scholz, M.; Yep, S.; Chancey, M.; Kelly, C.; Chau, K.; Turner, J.; Lam, R.; Drake, C.G. Phase I clinical trial of sipuleucel-T combined
with escalating doses of ipilimumab in progressive metastatic castrate-resistant prostate cancer. Immunotargets Ther. 2017, 6, 11–16.
[CrossRef]

25. Bilusic, M.; Madan, R.A.; Gulley, J.L. Immunotherapy of Prostate Cancer: Facts and Hopes. Clin. Cancer Res. 2017, 23, 6764–6770.
[CrossRef] [PubMed]

26. Kantoff, P.W.; Schuetz, T.J.; Blumenstein, B.A.; Glode, L.M.; Bilhartz, D.L.; Wyand, M.; Manson, K.; Panicali, D.L.; Laus, R.;
Schlom, J.; et al. Overall survival analysis of a phase II randomized controlled trial of a Poxviral-based PSA-targeted immunother-
apy in metastatic castration-resistant prostate cancer. J. Clin. Oncol. 2010, 28, 1099–1105. [CrossRef]

27. Gulley, J.L.; Borre, M.; Vogelzang, N.J.; Ng, S.; Agarwal, N.; Parker, C.C.; Pook, D.W.; Rathenborg, P.; Flaig, T.W.; Carles, J.; et al.
Phase III Trial of PROSTVAC in Asymptomatic or Minimally Symptomatic Metastatic Castration-Resistant Prostate Cancer.
J. Clin. Oncol. 2019, 37, 1051–1061. [CrossRef] [PubMed]

28. Zahm, C.D.; Colluru, V.T.; McNeel, D.G. DNA vaccines for prostate cancer. Pharmacol. Ther. 2017, 174, 27–42. [CrossRef] [PubMed]
29. Darvin, P.; Toor, S.M.; Sasidharan Nair, V.; Elkord, E. Immune checkpoint inhibitors: Recent progress and potential biomarkers.

Exp. Mol. Med. 2018, 50, 1–11. [CrossRef]
30. Maleki Vareki, S. High and low mutational burden tumors versus immunologically hot and cold tumors and response to immune

checkpoint inhibitors. J. Immunother. Cancer 2018, 6, 157. [CrossRef] [PubMed]
31. Beer, T.M.; Kwon, E.D.; Drake, C.G.; Fizazi, K.; Logothetis, C.; Gravis, G.; Ganju, V.; Polikoff, J.; Saad, F.; Humanski, P.; et al.

Randomized, Double-Blind, Phase III Trial of Ipilimumab Versus Placebo in Asymptomatic or Minimally Symptomatic Patients
With Metastatic Chemotherapy-Naive Castration-Resistant Prostate Cancer. J. Clin. Oncol. 2017, 35, 40–47. [CrossRef] [PubMed]

32. Kwon, E.D.; Drake, C.G.; Scher, H.I.; Fizazi, K.; Bossi, A.; van den Eertwegh, A.J.; Krainer, M.; Houede, N.; Santos, R.;
Mahammedi, H.; et al. Ipilimumab versus placebo after radiotherapy in patients with metastatic castration-resistant prostate
cancer that had progressed after docetaxel chemotherapy (CA184-043): A multicentre, randomised, double-blind, phase 3 trial.
Lancet Oncol. 2014, 15, 700–712. [CrossRef]

33. Reimers, M.A.; Slane, K.E.; Pachynski, R.K. Immunotherapy in Metastatic Castration-Resistant Prostate Cancer: Past and Future
Strategies for Optimization. Curr. Urol. Rep. 2019, 20, 64. [CrossRef]

34. Goodall, J.; Mateo, J.; Yuan, W.; Mossop, H.; Porta, N.; Miranda, S.; Perez-Lopez, R.; Dolling, D.; Robinson, D.R.; Sandhu, S.; et al.
Circulating Cell-Free DNA to Guide Prostate Cancer Treatment with PARP Inhibition. Cancer Discov. 2017, 7, 1006–1017.
[CrossRef] [PubMed]

35. Gamat, M.; McNeel, D.G. Androgen deprivation and immunotherapy for the treatment of prostate cancer. Endocr. Relat. Cancer
2017, 24, T297–T310. [CrossRef] [PubMed]

36. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef]

37. Antonarakis, E.S.; Goh, J.C.; Gross-Goupil, M.; Vaishampayan, U.N.; Piulats, J.M.; De Wit, R.; Alanko, T.; Fukasawa, S.; Tabata, K.;
Feyerabend, S.; et al. Pembrolizumab for metastatic castration-resistant prostate cancer (mCRPC) previously treated with
docetaxel: Updated analysis of KEYNOTE-199. J. Clin. Oncol. 2019, 37, 216. [CrossRef]

38. Venturini, N.J.; Drake, C.G. Immunotherapy for Prostate Cancer. Cold Spring Harb. Perspect. Med. 2019, 9. [CrossRef]
39. Sharma, P.; Pachynski, R.K.; Narayan, V.; Flechon, A.; Gravis, G.; Galsky, M.D.; Mahammedi, H.; Patnaik, A.; Subudhi, S.K.;

Ciprotti, M.; et al. Initial results from a phase II study of nivolumab (NIVO) plus ipilimumab (IPI) for the treatment of metastatic
castration-resistant prostate cancer (mCRPC.; CheckMate 650). J. Clin. Oncol. 2019, 37, 142. [CrossRef]

40. Anti-PD-1-CTLA4 Combo Hits Prostate Cancer. Cancer Discov. 2019, 9, 569–570. [CrossRef] [PubMed]
41. Virtanen, V.; Paunu, K.; Ahlskog, J.K.; Varnai, R.; Sipeky, C.; Sundvall, M. PARP Inhibitors in Prostate Cancer—The Preclinical

Rationale and Current Clinical Development. Genes 2019, 10, 565. [CrossRef]
42. Ku, S.Y.; Gleave, M.E.; Beltran, H. Towards precision oncology in advanced prostate cancer. Nat. Rev. Urol. 2019, 16, 645–654.

[CrossRef]
43. Mateo, J.; Boysen, G.; Barbieri, C.E.; Bryant, H.E.; Castro, E.; Nelson, P.S.; Olmos, D.; Pritchard, C.C.; Rubin, M.A.; de Bono, J.S.

DNA Repair in Prostate Cancer: Biology and Clinical Implications. Eur. Urol. 2017, 71, 417–425. [CrossRef]

http://doi.org/10.1155/2017/4861570
http://doi.org/10.1111/j.1365-2559.2011.04033.x
http://www.ncbi.nlm.nih.gov/pubmed/22212087
http://doi.org/10.1056/NEJMoa1001294
http://doi.org/10.1001/jamanetworkopen.2019.2589
http://doi.org/10.2147/ITT.S122497
http://doi.org/10.1158/1078-0432.CCR-17-0019
http://www.ncbi.nlm.nih.gov/pubmed/28663235
http://doi.org/10.1200/JCO.2009.25.0597
http://doi.org/10.1200/JCO.18.02031
http://www.ncbi.nlm.nih.gov/pubmed/30817251
http://doi.org/10.1016/j.pharmthera.2017.02.016
http://www.ncbi.nlm.nih.gov/pubmed/28185916
http://doi.org/10.1038/s12276-018-0191-1
http://doi.org/10.1186/s40425-018-0479-7
http://www.ncbi.nlm.nih.gov/pubmed/30587233
http://doi.org/10.1200/JCO.2016.69.1584
http://www.ncbi.nlm.nih.gov/pubmed/28034081
http://doi.org/10.1016/S1470-2045(14)70189-5
http://doi.org/10.1007/s11934-019-0931-3
http://doi.org/10.1158/2159-8290.CD-17-0261
http://www.ncbi.nlm.nih.gov/pubmed/28450425
http://doi.org/10.1530/ERC-17-0145
http://www.ncbi.nlm.nih.gov/pubmed/28814451
http://doi.org/10.1126/science.aan6733
http://doi.org/10.1200/JCO.2019.37.7_suppl.216
http://doi.org/10.1101/cshperspect.a030627
http://doi.org/10.1200/JCO.2019.37.7_suppl.142
http://doi.org/10.1158/2159-8290.CD-NB2019-039
http://www.ncbi.nlm.nih.gov/pubmed/30894362
http://doi.org/10.3390/genes10080565
http://doi.org/10.1038/s41585-019-0237-8
http://doi.org/10.1016/j.eururo.2016.08.037


Biomedicines 2021, 9, 392 18 of 20

44. Bartkova, J.; Rezaei, N.; Liontos, M.; Karakaidos, P.; Kletsas, D.; Issaeva, N.; Vassiliou, L.V.; Kolettas, E.; Niforou, K.;
Zoumpourlis, V.C.; et al. Oncogene-induced senescence is part of the tumorigenesis barrier imposed by DNA damage checkpoints.
Nature 2006, 444, 633–637. [CrossRef] [PubMed]

45. Pritchard, C.C.; Mateo, J.; Walsh, M.F.; De Sarkar, N.; Abida, W.; Beltran, H.; Garofalo, A.; Gulati, R.; Carreira, S.; Eeles, R.; et al.
Inherited DNA-Repair Gene Mutations in Men with Metastatic Prostate Cancer. N. Engl. J. Med. 2016, 375, 443–453. [CrossRef]
[PubMed]

46. Ray Chaudhuri, A.; Callen, E.; Ding, X.; Gogola, E.; Duarte, A.A.; Lee, J.E.; Wong, N.; Lafarga, V.; Calvo, J.A.; Panzarino, N.J.; et al.
Replication fork stability confers chemoresistance in BRCA-deficient cells. Nature 2016, 535, 382–387. [CrossRef] [PubMed]

47. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005, 434, 913–917. [CrossRef]

48. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.; Knights, C.; et al.
Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 2005, 434, 917–921. [CrossRef]

49. Castro, E.; Romero-Laorden, N.; Del Pozo, A.; Lozano, R.; Medina, A.; Puente, J.; Piulats, J.M.; Lorente, D.; Saez, M.I.; Morales-
Barrera, R.; et al. PROREPAIR-B: A Prospective Cohort Study of the Impact of Germline DNA Repair Mutations on the Outcomes
of Patients With Metastatic Castration-Resistant Prostate Cancer. J. Clin. Oncol. 2019, 37, 490–503. [CrossRef] [PubMed]

50. 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] [PubMed]

51. Kamel, D.; Gray, C.; Walia, J.S.; Kumar, V. PARP Inhibitor Drugs in the Treatment of Breast, Ovarian, Prostate and Pancreatic
Cancers: An Update of Clinical Trials. Curr. Drug Targets 2018, 19, 21–37. [CrossRef]

52. Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Nava Rodrigues, D.; Robinson, D.; Omlin, A.;
Tunariu, N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N. Engl. J. Med. 2015, 373, 1697–1708.
[CrossRef] [PubMed]

53. Mateo, J.; Mossop, H.; Goodall, J.; Lorente, D.; Porta, N.; Carreira, S.; Miranda, S.; Zafeiriou, Z.; Ralph, C.; Jain, S.; et al. Association
of changes in circulating cell-free plasma DNA (cfDNA) and circulating tumor cells (CTC) during treatment with clinical outcome
from olaparib in castration-resistant prostate cancer (CRPC): Exploratory analyses from the TOPARP-A trial. J. Clin. Oncol. 2017,
35, 141. [CrossRef]

54. Mateo, J.; Porta, N.; Bianchini, D.; McGovern, U.; Elliott, T.; Jones, R.; Syndikus, I.; Ralph, C.; Jain, S.; Varughese, M.; et al. Olaparib
in patients with metastatic castration-resistant prostate cancer with DNA repair gene aberrations (TOPARP-B): A multicentre,
open-label, randomised, phase 2 trial. Lancet Oncol. 2020, 21, 162–174. [CrossRef]

55. Antonarakis, E.S. Cyclin-Dependent Kinase 12, Immunity, and Prostate Cancer. N. Engl. J. Med. 2018, 379, 1087–1089. [CrossRef]
56. Antonarakis, E.S.; Gomella, L.G.; Petrylak, D.P. When and How to Use PARP Inhibitors in Prostate Cancer: A Systematic Review

of the Literature with an Update on On-Going Trials. Eur. Urol. Oncol. 2020, 3, 594–611. [CrossRef] [PubMed]
57. Antonarakis, E.S.; Isaacsson Velho, P.; Fu, W.; Wang, H.; Agarwal, N.; Sacristan Santos, V.; Maughan, B.L.; Pili, R.; Adra, N.;

Sternberg, C.N.; et al. CDK12-Altered Prostate Cancer: Clinical Features and Therapeutic Outcomes to Standard Systemic
Therapies, Poly (ADP-Ribose) Polymerase Inhibitors, and PD-1 Inhibitors. JCO Precis. Oncol. 2020, 4, 370–381. [CrossRef]

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

59. De Bono, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.K.; Mehra, N.; Kolinsky, M.; Roubaud, G.; Özgüroǧlu, M.; Matsubara, N.; et al.
Central, prospective detection of homologous recombinationrepair gene mutations (HRRm) in tumour tissue from &4000 men
with metastatic castration-resistant prostate cancer (mCRPC) screened for the PROfound study. Ann. Oncol. 2019, 30, V328–V329.
[CrossRef]

60. De Bono, J.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2020, 382, 2091–2102. [CrossRef]

61. Abida, W.; Campbell, D.; Patnaik, A.; Sautois, B.; Shapiro, J.; Vogelzang, N.J.; Bryce, A.H.; McDermott, R.; Ricci, F.; Rowe, J.; et al.
Preliminary results from the TRITON2 study of rucaparib in patients with DNA damage repair (DDR)-deficient metastatic
castration-resistant prostate cancer (mCRPC): Updated analyses. Ann. Oncol. 2019, 30, 327–328. [CrossRef]

62. Abida, W.; Campbell, D.; Patnaik, A.; Shapiro, J.D.; Sautois, B.; Vogelzang, N.J.; Voog, E.G.; Bryce, A.H.; McDermott, R.;
Ricci, F.; et al. Non-BRCA DNA Damage Repair Gene Alterations and Response to the PARP Inhibitor Rucaparib in Metastatic
Castration-Resistant Prostate Cancer: Analysis From the Phase II TRITON2 Study. Clin. Cancer Res. 2020, 26, 2487–2496.
[CrossRef]

63. De Bono, J.S.; Mehra, N.; Higano, C.S.; Saad, F.; Buttigliero, C.; van Oort, I.M.; Mata, M.; Chen, H.-C.; Healy, C.G.;
Paccagnella, M.L.; et al. TALAPRO-1: Phase II study of talazoparib (TALA) in patients (pts) with DNA damage repair alterations
(DDRm) and metastatic castration-resistant prostate cancer (mCRPC)—updated interim analysis (IA). J. Clin. Oncol. 2020,
38, 5566. [CrossRef]

64. Smith, M.R.; Sandhu, S.K.; Kelly, W.K.; Scher, H.I.; Efstathiou, E.; Lara, P.N.; Yu, E.Y.; George, D.J.; Chi, K.N.; Saad, F.; et al.
Pre-specified interim analysis of GALAHAD: A phase 2 study of niraparib in patients (pts) with metastatic castration-resistant
prostate cancer (mCRPC) and bial-lelic DNA-repair gene defects. Ann. Oncol. 2019, 30, V884–V885. [CrossRef]

http://doi.org/10.1038/nature05268
http://www.ncbi.nlm.nih.gov/pubmed/17136093
http://doi.org/10.1056/NEJMoa1603144
http://www.ncbi.nlm.nih.gov/pubmed/27433846
http://doi.org/10.1038/nature18325
http://www.ncbi.nlm.nih.gov/pubmed/27443740
http://doi.org/10.1038/nature03443
http://doi.org/10.1038/nature03445
http://doi.org/10.1200/JCO.18.00358
http://www.ncbi.nlm.nih.gov/pubmed/30625039
http://doi.org/10.1001/jamaoncol.2018.5801
http://www.ncbi.nlm.nih.gov/pubmed/30589920
http://doi.org/10.2174/1389450118666170711151518
http://doi.org/10.1056/NEJMoa1506859
http://www.ncbi.nlm.nih.gov/pubmed/26510020
http://doi.org/10.1200/JCO.2017.35.6_suppl.141
http://doi.org/10.1016/S1470-2045(19)30684-9
http://doi.org/10.1056/NEJMcibr1808772
http://doi.org/10.1016/j.euo.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32814685
http://doi.org/10.1200/PO.19.00399
http://doi.org/10.1186/s40425-018-0463-2
http://doi.org/10.1093/annonc/mdz248.004
http://doi.org/10.1056/NEJMoa1911440
http://doi.org/10.1093/annonc/mdz248.003
http://doi.org/10.1158/1078-0432.CCR-20-0394
http://doi.org/10.1200/JCO.2020.38.15_suppl.5566
http://doi.org/10.1093/annonc/mdz394.043


Biomedicines 2021, 9, 392 19 of 20

65. Asim, M.; Tarish, F.; Zecchini, H.I.; Sanjiv, K.; Gelali, E.; Massie, C.E.; Baridi, A.; Warren, A.Y.; Zhao, W.; Ogris, C.; et al. Synthetic
lethality between androgen receptor signalling and the PARP pathway in prostate cancer. Nat. Commun. 2017, 8, 374. [CrossRef]
[PubMed]

66. Li, L.; Karanika, S.; Yang, G.; Wang, J.; Park, S.; Broom, B.M.; Manyam, G.C.; Wu, W.; Luo, Y.; Basourakos, S.; et al. Androgen
receptor inhibitor-induced “BRCAness” and PARP inhibition are synthetically lethal for castration-resistant prostate cancer.
Sci. Signal. 2017, 10. [CrossRef]

67. Polkinghorn, W.R.; Parker, J.S.; Lee, M.X.; Kass, E.M.; Spratt, D.E.; Iaquinta, P.J.; Arora, V.K.; Yen, W.F.; Cai, L.; Zheng, D.; et al.
Androgen receptor signaling regulates DNA repair in prostate cancers. Cancer Discov. 2013, 3, 1245–1253. [CrossRef] [PubMed]

68. Schiewer, M.J.; Goodwin, J.F.; Han, S.; Brenner, J.C.; Augello, M.A.; Dean, J.L.; Liu, F.; Planck, J.L.; Ravindranathan, P.;
Chinnaiyan, A.M.; et al. Dual roles of PARP-1 promote cancer growth and progression. Cancer Discov. 2012, 2, 1134–1149.
[CrossRef] [PubMed]

69. González-Billalabeitia, E.; Seitzer, N.; Song, S.J.; Song, M.S.; Patnaik, A.; Liu, X.S.; Epping, M.T.; Papa, A.; Hobbs, R.M.; Chen, M.; et al.
Vulnerabilities of PTEN-TP53-deficient prostate cancers to compound PARP-PI3K inhibition. Cancer Discov. 2014, 4, 896–904.
[CrossRef] [PubMed]

70. Hussain, M.; Daignault-Newton, S.; Twardowski, P.W.; Albany, C.; Stein, M.N.; Kunju, L.P.; Siddiqui, J.; Wu, Y.M.; Robinson, D.;
Lonigro, R.J.; et al. Targeting Androgen Receptor and DNA Repair in Metastatic Castration-Resistant Prostate Cancer: Results
From NCI 9012. J. Clin. Oncol. 2018, 36, 991–999. [CrossRef] [PubMed]

71. Clarke, N.; Wiechno, P.; Alekseev, B.; Sala, N.; Jones, R.; Kocak, I.; Chiuri, V.E.; Jassem, J.; Fléchon, A.; Redfern, C.; et al.
Olaparib combined with abiraterone in patients with metastatic castration-resistant prostate cancer: A randomised, double-blind,
placebo-controlled, phase 2 trial. Lancet Oncol. 2018, 19, 975–986. [CrossRef]

72. Saad, F.; Chi, K.N.; Shore, N.; Graff, J.N.; Posadas, E.M.; Freeman, S.; Tryon, J.; Trudel, G.C.; de Jong, J.; Meltzer, J.; et al. Interim
results of a phase Ib study of niraparib plus androgen receptor-targeted therapy in men with metastatic castration-resistant
prostate cancer. Ann. Oncol. 2018, 29. [CrossRef]

73. Sato, H.; Niimi, A.; Yasuhara, T.; Permata, T.B.M.; Hagiwara, Y.; Isono, M.; Nuryadi, E.; Sekine, R.; Oike, T.; Kakoti, S.; et al. DNA
double-strand break repair pathway regulates PD-L1 expression in cancer cells. Nat. Commun. 2017, 8, 1751. [CrossRef] [PubMed]

74. Bunting, S.F.; Callén, E.; Kozak, M.L.; Kim, J.M.; Wong, N.; López-Contreras, A.J.; Ludwig, T.; Baer, R.; Faryabi, R.B.;
Malhowski, A.; et al. BRCA1 functions independently of homologous recombination in DNA interstrand crosslink repair. Mol. Cell
2012, 46, 125–135. [CrossRef]

75. Juvekar, A.; Burga, L.N.; Hu, H.; Lunsford, E.P.; Ibrahim, Y.H.; Balmañà, J.; Rajendran, A.; Papa, A.; Spencer, K.; Lyssiotis, C.A.; et al.
Combining a PI3K inhibitor with a PARP inhibitor provides an effective therapy for BRCA1-related breast cancer. Cancer Discov.
2012, 2, 1048–1063. [CrossRef] [PubMed]

76. De Bono, J.S.; Bracarda, S.; Sternberg, C.N.; Chi, K.N.; Olmos, D.; Sandhu, S.; Massard, C.; Matsubara, N.; Alekseev, B.; Gafanov, R.; et al.
IPATential150 trial: Phase III study of ipatasertib plus abiraterone vs. placebo plus abiraterone in mCPRC. Ann. Oncol. 2020,
31, S1153–S1154. [CrossRef]

77. Criscuolo, D.; Morra, F.; Giannella, R.; Cerrato, A.; Celetti, A. Identification of Novel Biomarkers of Homologous Recombination
Defect in DNA Repair to Predict Sensitivity of Prostate Cancer Cells to PARP-Inhibitors. Int. J. Mol. Sci. 2019, 20, 3100. [CrossRef]

78. Lu, Y.; Chu, A.; Turker, M.S.; Glazer, P.M. Hypoxia-induced epigenetic regulation and silencing of the BRCA1 promoter.
Mol. Cell. Biol. 2011, 31, 3339–3350. [CrossRef]

79. Byrum, A.K.; Vindigni, A.; Mosammaparast, N. Defining and Modulating ‘BRCAness’. Trends Cell Biol. 2019, 29, 740–751.
[CrossRef]

80. Thomas, C.; Ji, Y.; Lodhi, N.; Kotova, E.; Pinnola, A.D.; Golovine, K.; Makhov, P.; Pechenkina, K.; Kolenko, V.; Tulin, A.V.
Non-NAD-Like poly(ADP-Ribose) Polymerase-1 Inhibitors effectively Eliminate Cancer in vivo. EBioMedicine 2016, 13, 90–98.
[CrossRef]

81. Karpova, Y.; Wu, C.; Divan, A.; McDonnell, M.E.; Hewlett, E.; Makhov, P.; Gordon, J.; Ye, M.; Reitz, A.B.; Childers, W.E.; et al.
Non-NAD-like PARP-1 inhibitors in prostate cancer treatment. Biochem. Pharmacol. 2019, 167, 149–162. [CrossRef] [PubMed]

82. Bostwick, D.G.; Pacelli, A.; Blute, M.; Roche, P.; Murphy, G.P. Prostate specific membrane antigen expression in prostatic
intraepithelial neoplasia and adenocarcinoma: A study of 184 cases. Cancer 1998, 82, 2256–2261. [CrossRef]

83. Chang, S.S. Overview of prostate-specific membrane antigen. Rev. Urol. 2004, 6 (Suppl. 10), S13–S18.
84. Pastorino, S.; Riondato, M.; Uccelli, L.; Giovacchini, G.; Giovannini, E.; Duce, V.; Ciarmiello, A. Toward the Discovery and

Development of PSMA Targeted Inhibitors for Nuclear Medicine Applications. Curr. Radiopharm. 2020, 13, 63–79. [CrossRef]
85. Rajasekaran, S.A.; Christiansen, J.J.; Schmid, I.; Oshima, E.; Ryazantsev, S.; Sakamoto, K.; Weinstein, J.; Rao, N.P.; Rajasekaran, A.K.

Prostate-specific membrane antigen associates with anaphase-promoting complex and induces chromosomal instability.
Mol. Cancer Ther. 2008, 7, 2142–2151. [CrossRef]

86. Caroli, P.; Sandler, I.; Matteucci, F.; De Giorgi, U.; Uccelli, L.; Celli, M.; Foca, F.; Barone, D.; Romeo, A.; Sarnelli, A.; et al.
(68)Ga-PSMA PET/CT in patients with recurrent prostate cancer after radical treatment: Prospective results in 314 patients. Eur. J.
Nucl. Med. Mol. Imaging 2018, 45, 2035–2044. [CrossRef]

87. Tagawa, S.T.; Akhtar, N.H.; Nikolopoulou, A.; Kaur, G.; Robinson, B.; Kahn, R.; Vallabhajosula, S.; Goldsmith, S.J.; Nanus, D.M.;
Bander, N.H. Bone marrow recovery and subsequent chemotherapy following radiolabeled anti-prostate-specific membrane
antigen monoclonal antibody j591 in men with metastatic castration-resistant prostate cancer. Front. Oncol. 2013, 3, 214. [CrossRef]

http://doi.org/10.1038/s41467-017-00393-y
http://www.ncbi.nlm.nih.gov/pubmed/28851861
http://doi.org/10.1126/scisignal.aam7479
http://doi.org/10.1158/2159-8290.CD-13-0172
http://www.ncbi.nlm.nih.gov/pubmed/24027196
http://doi.org/10.1158/2159-8290.CD-12-0120
http://www.ncbi.nlm.nih.gov/pubmed/22993403
http://doi.org/10.1158/2159-8290.CD-13-0230
http://www.ncbi.nlm.nih.gov/pubmed/24866151
http://doi.org/10.1200/JCO.2017.75.7310
http://www.ncbi.nlm.nih.gov/pubmed/29261439
http://doi.org/10.1016/S1470-2045(18)30365-6
http://doi.org/10.1093/annonc/mdy284.043
http://doi.org/10.1038/s41467-017-01883-9
http://www.ncbi.nlm.nih.gov/pubmed/29170499
http://doi.org/10.1016/j.molcel.2012.02.015
http://doi.org/10.1158/2159-8290.CD-11-0336
http://www.ncbi.nlm.nih.gov/pubmed/22915751
http://doi.org/10.1016/j.annonc.2020.08.2250
http://doi.org/10.3390/ijms20123100
http://doi.org/10.1128/MCB.01121-10
http://doi.org/10.1016/j.tcb.2019.06.005
http://doi.org/10.1016/j.ebiom.2016.10.001
http://doi.org/10.1016/j.bcp.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/30880062
http://doi.org/10.1002/(SICI)1097-0142(19980601)82:11&lt;2256::AID-CNCR22&gt;3.0.CO;2-S
http://doi.org/10.2174/1874471012666190729151540
http://doi.org/10.1158/1535-7163.MCT-08-0005
http://doi.org/10.1007/s00259-018-4067-3
http://doi.org/10.3389/fonc.2013.00214


Biomedicines 2021, 9, 392 20 of 20

88. Bander, N.H.; Milowsky, M.I.; Nanus, D.M.; Kostakoglu, L.; Vallabhajosula, S.; Goldsmith, S.J. Phase I trial of 177lutetium-labeled
J591, a monoclonal antibody to prostate-specific membrane antigen, in patients with androgen-independent prostate cancer.
J. Clin. Oncol. 2005, 23, 4591–4601. [CrossRef] [PubMed]

89. Tagawa, S.T.; Milowsky, M.I.; Morris, M.; Vallabhajosula, S.; Christos, P.; Akhtar, N.H.; Osborne, J.; Goldsmith, S.J.; Larson, S.;
Taskar, N.P.; et al. Phase II study of Lutetium-177-labeled anti-prostate-specific membrane antigen monoclonal antibody J591 for
metastatic castration-resistant prostate cancer. Clin. Cancer Res. 2013, 19, 5182–5191. [CrossRef]

90. Tagawa, S.T.; Vallabhajosula, S.; Christos, P.J.; Jhanwar, Y.S.; Batra, J.S.; Lam, L.; Osborne, J.; Beltran, H.; Molina, A.M.;
Goldsmith, S.J.; et al. Phase 1/2 study of fractionated dose lutetium-177-labeled anti-prostate-specific membrane antigen mono-
clonal antibody J591 ((177) Lu-J591) for metastatic castration-resistant prostate cancer. Cancer 2019, 125, 2561–2569. [CrossRef]

91. Niaz, M.J.; Batra, J.S.; Walsh, R.D.; Ramirez-Fort, M.K.; Vallabhajosula, S.; Jhanwar, Y.S.; Molina, A.M.; Nanus, D.M.; Osborne, J.R.;
Bander, N.H.; et al. Pilot Study of Hyperfractionated Dosing of Lutetium-177-Labeled Antiprostate-Specific Membrane Antigen
Monoclonal Antibody J591 ((177) Lu-J591) for Metastatic Castration-Resistant Prostate Cancer. Oncologist 2020, 25, 477. [CrossRef]

92. Rahbar, K.; Ahmadzadehfar, H.; Kratochwil, C.; Haberkorn, U.; Schäfers, M.; Essler, M.; Baum, R.P.; Kulkarni, H.R.; Schmidt, M.;
Drzezga, A.; et al. German Multicenter Study Investigating 177Lu-PSMA-617 Radioligand Therapy in Advanced Prostate Cancer
Patients. J. Nucl. Med. 2017, 58, 85–90. [CrossRef]

93. Hofman, M.S.; Violet, J.; Hicks, R.J.; Ferdinandus, J.; Thang, S.P.; Akhurst, T.; Iravani, A.; Kong, G.; Ravi Kumar, A.; Murphy, D.G.; et al.
[(177)Lu]-PSMA-617 radionuclide treatment in patients with metastatic castration-resistant prostate cancer (LuPSMA trial): A
single-centre, single-arm, phase 2 study. Lancet Oncol. 2018, 19, 825–833. [CrossRef]

94. Yadav, M.P.; Ballal, S.; Sahoo, R.K.; Dwivedi, S.N.; Bal, C. Radioligand Therapy With (177)Lu-PSMA for Metastatic Castration-
Resistant Prostate Cancer: A Systematic Review and Meta-Analysis. Am. J. Roentgenol. 2019, 213, 275–285. [CrossRef]

95. Hofman, M.S.; Emmett, L.; Sandhu, S.K.; Iravani, A.; Joshua, A.M.; Goh, J.C.; Pattison, D.A.; Tan, T.H.; Kirkwood, I.D.; Ng, S.; et al.
TheraP: A randomised phase II trial of 177Lu-PSMA-617 (LuPSMA) theranostic versus cabazitaxel in metastatic castration
resistant prostate cancer (mCRPC) progressing after docetaxel: Initial results (ANZUP protocol 1603). J. Clin. Oncol. 2020, 38, 5500.
[CrossRef]

96. Sartor, A.O.; Morris, M.J.; Krause, B.J. VISION: An international, prospective, open-label, multicenter, randomized phase 3 study
of 177Lu-PSMA-617 in the treatment of patients with progressive PSMA-positive metastatic castration-resistant prostate cancer
(mCRPC). J. Clin. Oncol. 2019, 37, TPS5099. [CrossRef]

97. Schepisi, G.; Cursano, M.C.; Casadei, C.; Menna, C.; Altavilla, A.; Lolli, C.; Cerchione, C.; Paganelli, G.; Santini, D.; Tonini, G.; et al.
CAR-T cell therapy: A potential new strategy against prostate cancer. J. Immunother. Cancer 2019, 7, 258. [CrossRef]

98. Junghans, R.P.; Ma, Q.; Rathore, R.; Gomes, E.M.; Bais, A.J.; Lo, A.S.; Abedi, M.; Davies, R.A.; Cabral, H.J.; Al-Homsi, A.S.; et al.
Phase I Trial of Anti-PSMA Designer CAR-T Cells in Prostate Cancer: Possible Role for Interacting Interleukin 2-T Cell Pharmaco-
dynamics as a Determinant of Clinical Response. Prostate 2016, 76, 1257–1270. [CrossRef]

99. Suurs, F.V.; Lub-de Hooge, M.N.; de Vries, E.G.E.; de Groot, D.J.A. A review of bispecific antibodies and antibody constructs in
oncology and clinical challenges. Pharmacol. Ther. 2019, 201, 103–119. [CrossRef]

100. Narayan, V.; Gladney, W.; Plesa, G.; Vapiwala, N.; Carpenter, E.L.; Maude, S.L.; Lal, P.; Lacey, S.F.; Melenhorst, J.J.; Fraietta, J.; et al.
A phase I clinical trial of PSMA-directed/TGFβ-insensitive CAR-T cells in metastatic castration-resistant prostate cancer.
J. Clin. Oncol. 2020, 38, TPS269. [CrossRef]

101. Bailis, J.; Deegen, P.; Thomas, O.; Bogner, P.; Wahl, J.; Liao, M.; Li, S.; Matthes, K.; Nägele, V.; Rau, D.; et al. Preclinical evaluation
of AMG 160, a next-generation bispecific T cell engager (BiTE) targeting the prostate-specific membrane antigen PSMA for
metastatic castration-resistant prostate cancer (mCRPC). J. Clin. Oncol. 2019, 37, 301. [CrossRef]

102. Hummel, H.-D.; Kufer, P.; Grüllich, C.; Deschler-Baier, B.; Chatterjee, M.; Goebeler, M.-E.; Miller, K.; De Santis, M.; Loidl, W.C.;
Buck, A.; et al. Phase 1 study of pasotuxizumab (BAY 2010112), a PSMA-targeting Bispecific T cell Engager (BiTE) immunotherapy
for metastatic castration-resistant prostate cancer (mCRPC). J. Clin. Oncol. 2019, 37, 5034. [CrossRef]

103. Austin, R.J.; Lemon, B.D.; Aaron, W.H.; Barath, M.; Culp, P.A.; DuBridge, R.B.; Evnin, L.B.; Jones, A.; Panchal, A.; Patnaik, P.; et al.
TriTACs, a Novel Class of T-Cell-Engaging Protein Constructs Designed for the Treatment of Solid Tumors. Mol. Cancer Ther.
2021, 20, 109–120. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2005.05.160
http://www.ncbi.nlm.nih.gov/pubmed/15837970
http://doi.org/10.1158/1078-0432.CCR-13-0231
http://doi.org/10.1002/cncr.32072
http://doi.org/10.1634/theoncologist.2020-0028
http://doi.org/10.2967/jnumed.116.183194
http://doi.org/10.1016/S1470-2045(18)30198-0
http://doi.org/10.2214/AJR.18.20845
http://doi.org/10.1200/JCO.2020.38.15_suppl.5500
http://doi.org/10.1200/JCO.2019.37.15_suppl.TPS5099
http://doi.org/10.1186/s40425-019-0741-7
http://doi.org/10.1002/pros.23214
http://doi.org/10.1016/j.pharmthera.2019.04.006
http://doi.org/10.1200/JCO.2020.38.6_suppl.TPS269
http://doi.org/10.1200/JCO.2019.37.7_suppl.301
http://doi.org/10.1200/JCO.2019.37.15_suppl.5034
http://doi.org/10.1158/1535-7163.MCT-20-0061
http://www.ncbi.nlm.nih.gov/pubmed/33203731

	Introduction 
	Molecular Subtypes of Castration-Resistant Prostate Cancer 
	Castration-Resistant Prostate Cancer 
	Molecular Biology of CRPC 

	Targeted Therapies for Prostate Cancer 
	Immuno Therapy 
	Dendritic Cell Vaccines 
	Other Vaccines 
	Immune Checkpoint Inhibitors 
	Suicide Gene Therapy or Cytotoxic Immunotherapy Mediated by Genetic Manipulation 

	PARP Inhibitors 
	PARP Inhibitor Monotherapy 
	Combinations of PARP Inhibitors 
	Mechanisms to Sensitize to PARP Inhibitors and Reverse Resistance 

	PSMA-Targeted Therapies 
	Radionuclides 
	Chimeric Antigen Receptor (CAR) T (CAR-T) Cells 
	Bispecific T-Cell Antibodies 


	Conclusions 
	References

