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Abstract
During the last decade several new therapies have been investigated and approved for metastatic prostate cancer that
greatly impacts patients’ quality of life and outcome. Nevertheless, optimal sequencing algorithms are still lacking, as
are combinatory strategies that deliver long-term disease stabilization. Precision medicine, utilizing molecular profiles
from tissue biopsies, will help us deliver optimal patient care by identifying patients that may benefit from targeted- and
immunotherapy, and help guide treatment decisions by use of predictive biomarkers. Here, we present an overview of
predictive biomarkers in prostate cancer, including mismatch repair and DNA damage repair deficiency, and promising
novel targeted- and immunotherapies regimens, such as PSMA-radioligand therapy, PARP inhibition and PD-1/PD-L1
and CTLA-4 checkpoint therapy. We anticipate that these agents in monotherapy and in combination regimens will alter
uro-oncological patient management within the next ten years.

Keywords mHSPC · mCRPC · immunotherapy · targeted therapy · PSMA-ligand therapy · molecular profiling

Samenvatting
In de afgelopen jaren zijn nieuwe vormen van therapie onderzocht en geregistreerd voor gemetastaseerd prostaatcarci-
noom, die een enorme impact hebben gehad op de kwaliteit en kwantiteit van leven van patiënten. Echter, een optimale
behandelingsstrategie ten aanzien van de volgorde van therapie en de combinatie van verschillende therapieën, die langere
stabilisatie van ziekte kunnen bewerkstelligen, ontbreken nog. Het verkrijgen van een moleculair profiel van kanker door
middel van het nemen van biopten helpt bij de identificatie van de patiënten die baat hebben bij targeted en immunothe-
rapie en bij de selectie van andere behandelstrategieën door het gebruik van predictieve biomarkers. In deze review geven
we een overzicht van predictieve biomarkers, zoals mismatch-repairdeficiëntie en DNA-repairdeficiëntie en veelbelovende
nieuwe therapieën, zoals PSMA-ligand therapie, PARP-remmers en immunotherapie. Deze behandelingen zullen zowel
als monotherapie, als in combinatieschema’s hoogstwaarschijnlijk onze uro-oncologische zorg in de komende tien jaar
veranderen.

Trefwoorden mHSPC · mCRPC · immuuntherapie · targeted therapie · PSMA-ligand therapie · moleculair profileren

Introduction

During the last decade several new therapies have been
investigated and approved for metastatic hormone sensitive
(mHSPC) and both metastatic and non-metastatic castra-
tion resistant prostate cancer (mCRPC and nmCRPC);
these include docetaxel and cabazitaxel, androgen receptor
(AR) signaling inhibitors (e.g. abiraterone, enzalutamide,
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apalutamide and darolutamide), and radium-223 for bone
predominant mCRPC. Although these new palliative ther-
apies have had great clinical impact on patient quality of
life and outcome, optimal sequencing and combinatory
strategies are still lacking, as well as introduction of new
(immunotherapeutic) treatment strategies that may deliver
long-term disease stabilization.

Here we present an overview of new therapies which
have been evaluated or are currently under investigation in
mHSPC and mCRPC and we discuss novel and innovative
treatment strategies that may be introduced into the ther-
apeutic landscape of metastatic prostate cancer within the
next ten years.

https://doi.org/10.1007/s13629-019-00261-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s13629-019-00261-y&domain=pdf
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Immunotherapy

There are several ongoing immunotherapeutic trials for
patients with localized high-risk HSPC, oligometastatic
HSPC, mHSPC and mCRPC. Immunotherapy may boost
any shortfalls that may occur in any stage of the tumor-
immunity cycle [1], and comprises a heterogeneous group
of agents. Neoantigens generated during the process of
oncogenesis and tumor evolution may be presented by
dendritic cells to immature T-cells in lymphoid organs, re-
sulting in priming and expansion of tumor-specific T-cells.
Vaccination strategies enhance neoantigen load for antigen-
presentation, whereas dendritic cell vaccination strategies
increase antigen-presentation capacity. Following migration
of cytotoxic T-cells into the tumor environment, they bind
to MHC molecules presenting specific antigens on target
cells to eliminate cancer cells. Immunogenic cell death
drives presentation of additional neo-antigens that may
further stimulate the cancer-immunity cycle. In prostate
cancer, several steps of this cycle are known to be ham-
pered due to a high level of immunosuppression present in
the tumor micro-environment (TME) [2, 3].

In the last decade several treatment strategies have been
developed specifically interfering with one or more steps
of the cancer-immunity cycle, such as DNA vector vac-
cines, cellular vaccines, adoptive T-cell therapy, and check-
point therapy. Many strategies have also been investigated
in prostate cancer and will be discussed below.

Vaccination

Several different types of vaccines were investigated in
mCRPC; cell or vector-based vaccines, including PROST-
VAC and GVAX, and dendritic-cell based vaccines, includ-
ing sipuleucel-T. For mHSPC, most studies on vector or
cellular vaccination have yet to be published.

Natural dendritic-cell vaccines

In 1994 it was discovered that dendritic cells (DCs) could ex
vivo be generated from monocytes by culturing them in the
presence of IL-4 and GM-CSF [4]. However, the DC func-
tion was negatively affected probably by the long culture
period and the addition of compounds required to differen-
tiate them into DCs. During the last decade it has been dis-
covered that natural DCs (plasmacytoid and myeloid DCs)
can easily be obtained by leukapheresis without the need
of culturing and several clinical trials are demonstrating its
safety and effectiveness [5, 6].

Several small studies have been conducted to investigate
whether monocyte-derived DCs can be used to evoke or
enhance tumor-specific immune responses [7–9]. Although
immune response was often observed, these did not always

translate into clinical meaningful responses in patients with
prostate cancer. Presumably, the presence of high levels
of immune suppressive cells in the tumor microenviron-
ment, such as myeloid-derived suppressor cells (MDSCs),
prevented full activation of the induced T cells. To over-
come these potential suppressive factors co-administration
of docetaxel chemotherapy with DCs was investigated in
mCRPC, since taxanes were shown to decrease MDSC lev-
els in murine models [10]. This randomized phase II trial
compared docetaxel in combination with monocyte-derived
DCs to monotherapy docetaxel. Although no difference was
seen in progression free survival (PFS) and disease specific
survival (DSS), a significant decline of MDSCs was ob-
served in patients who received docetaxel and DCs, which
appeared to be an independent prognostic factor for DSS
[11]. A phase III trial (NCT02111577) is ongoing investi-
gating overall survival (OS) in docetaxel with DCs versus
monotherapy docetaxel. The disappointing results in earlier
trials could possibly also be explained by the use of mono-
cyte-derived DCs instead of natural DCs. The immuno-
logic efficacy and clinical response of natural DCs tested
in a Dutch randomized phase IIa trial (NCT02692976) in
first-line patients with mCRPC will be presented this year.

Sipuleucel-T vaccination

Prostatic acid phosphatase (PAP) is expressed in the ep-
ithelial cells of the prostate, and was discovered in 1936
by Gutman before the introduction of prostate specific
antigen (PSA). Its expression is increased in prostate
adenocarcinoma, making it an interesting antigen for vac-
cination strategies. Sipuleucel-T is a therapeutic vaccine
consisting of CD54-positive monocytes directed in vitro
into activated antigen-presenting cells by short-term cul-
ture with PA2024, a fusion protein of PAP and granulocyte
macrophage colony-stimulating factor (GM-CSF) [12]. The
clinical effects of sipuleucel-T were investigated in several
phase III studies, and while PFS endpoints were not met,
the pivotal phase III registration study powered for OS ben-
efit was a positive study [13–15]. Proliferation of T cells
directed against PAP and PA2024 was more often seen in
patients receiving sipuleucel-T, with a positive relation-
ship between antibody titers and the duration of OS [15].
Based on these studies sipuleucel-T was FDA-approved for
asymptomatic or minimally symptomatic mCRPC in 2010
and EMA-approved in 2013. It was withdrawn by the EMA
in 2015 requested by the marketing authorization holder for
commercial reasons. Many trials are testing Sipuleucel-T
together with regimens that may boost neo-antigenicity
(radium-223, taxanes, PARPi) and immune checkpoint-in-
hibitors, and are discussed further in the future perspectives
section.
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DNA vaccination

PROSTVAC-VF is a DNA-based vaccine that utilizes PSA
as the tumor-specific antigen, and contains two live pox
virus-based vectors enclosing transgenes for PSA with
3 co-stimulatory molecules. Due to the positive outcomes
of OS (8.5 months longer OS after 3 years follow up)
in mCRPC patients receiving PROSTVAC-VF in a phase
II trial in 2010 [16], which was again confirmed in a revi-
sion analysis in 2017 [17], a phase III trial was conducted
and recently results were published [18]. A total of 1286
patients were included and randomized to be treated with
PROSTVAC-VF+GM-CSF or PROSTVAC-VF+ placebo
or placebo+ placebo. Surprisingly, no OS benefit was seen
between these arms. There were also no differences in sec-
ondary endpoints (time to event, HLA-A2 status and tumor
response results). These unexpected results are possibly
explained by an underpowered OS analysis in the phase
II trial (in total 122 patients) [17], biased data collection
(OS data collection after data lock up and unblinding),
a control arm with worse clinical outcomes than expected
(16.6 months vs 20.2 months according to Halabi criteria)
and the introduction of new therapies since start of the
phase III trial [18]. Based on translational data within this
phase III trial, the immunological responses do not trans-
late to the clinical benefit that would be expected, with
suggestion that expression of inhibitory checkpoints and
other factors dampen the clinical benefit.

Treatment of patients with a DNA-vaccine encoding PAP
(pTVG-HP) induced a PAP-specific Th1-biased T cell re-
sponse [19, 20]. However, this didn’t lead to meaningful
PSA decline in cohorts with HSPC or non-metastatic CRPC
patients. No randomized studies with monotherapy pTVG-
HP have yet been conducted in mCRPC patients, however
a combination with chemotherapy or immunotherapy will
be investigated in currently recruiting trials (Tab. 1).

Checkpoint inhibitors

The trial results of checkpoint inhibitors in localized and
mHSPC are eagerly awaited, as less immunosuppression
is seen prior to castration, therefore early initiation of
checkpoint blockade may deliver better response rates
and/or durable responses. On the other hand, lower neo-
antigen load in HSPC is seen with on average 1–1.5 mu-
tations/Mb [21, 22] compared to 2–4.4 mutations/Mb
in CRPC [23–25]. In mCRPC multiple trials have been
conducted with CTLA-4 and anti-PD1/PD-L1 checkpoint
inhibitors, and additional trials are underway that are ex-
amining multiple combinatory regimens.
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Anti-PD1 therapy

Whereas PD-L1 expression is predictive for the response
to anti-PD1 therapy in many types of cancer [26, 27], its
expression did not associate with objective response or clin-
ical benefit in the largest study to date in prostate cancer
[28]. Utilizing different PD-L1 antibodies and cut-off values
by different research groups, PD-L1 positivity in primary
prostate cancer is estimated between 15–60% [29–31], and
in CRPC between 14–32% [32, 33].

In the phase Ib KEYNOTE-028 trial 23 patients with
PD-L1 positive mCRPC were treated with pembrolizumab.
In 4 patients a partial response (PR) occurred, and 8 patients
experienced stable disease (SD). The median objective re-
sponse was 13.5 months, and median OS was 7.9 months
[33].

Bishop et al. showed for the first time that timing of
checkpoint inhibition may be crucial in prostate cancer,
as levels of PD-L1-positive circulating immune cells were
altered following resistance to enzalutamide [34]. This
led to a small phase II trial by Graff et al. [35], who
included 10 chemotherapy-naive patients with mCRPC
following enzalutamide resistance, to continue on enzalu-
tamide with addition of pembrolizumab. The remarkable
objective responses (60% non-PD) [35] led to an extended
trial and follow-up data that were presented in 2018 show-
ing a biochemical response in 18% and ORR of 25% with
a median radiographic progression free survival (rPFS) of
10.8 months and median OS of 22.2 months [36].

Outcomes of the previous studies have led to the larger
phase II KEYNOTE-199 study, comprising 5 different co-
horts. The results of the first three cohorts were presented
in 2018 with a recent presentation of longer follow up data
at the ASCO GU in 2019 [28]. Although responses to pem-
brolizumab were durable in most of the patients with a par-
tial or complete response (CR), only a specific subset in the
entire cohort, comprising 13% of unselected patients with
mCRPC, seems to take advantage of PD-1 blockage.

The fourth and fifth cohort contain patients who pro-
gressed on enzalutamide and continued enzalutamide with
the addition of pembrolizumab, to investigate and corrob-
orate the results from Graff et al. [35] whether the com-
bination yields increased responsiveness [28]. The combi-
nation of enzalutamide and pembrolizumab will also be
investigated in a currently recruiting phase III trial, and
will demonstrate the differences in response when pem-
brolizumab was directly added at the start of enzalutamide
compared to enzalutamide alone (NCT03834493). Addi-
tionally, two phase III trials are starting to recruit that are
testing the combination of pembrolizumab with docetaxel
(NCT03834506) and olaparib (NCT02861573), and are dis-
cussed further in this review.

Anti-PD-L1 therapy

Only one study has investigated monotherapy of PD-L1
inhibition in prostate cancer. This phase I study with
avelumab included 18 patients with mCRPC who pro-
gressed on previous treatment. No responses were observed
[37]. In currently active phase 2/3 trials PD-L1 inhibitors
are investigated with or without second generation anti-an-
drogen therapy (ADT), or in combination with poly ADP
ribose polymerase (PARP) inhibitors (Tab. 1).

Anti-CTLA4 therapy

Ipilimumab was the first checkpoint inhibitor showing an
OS benefit in metastatic melanoma [38]. It is an inhibitor of
the CTLA4-B7 pathway, which negatively regulates prim-
ing of tumor antigen specific T-cells [1] in lymphoid or-
gans. In earlier phase I/II trials responses were observed
in mCRPC patients receiving ipilimumab [39, 40]. Despite
the expectations based on these trials, ipilimumab did im-
prove PFS, but no improvement was observed for OS in two
phase III trials [41, 42]. Here, ipilimumab was compared to
placebo in chemo-naive [42] and chemotherapy-treated pa-
tients [41]. Based on a post hoc multivariate analysis in the
study by Kwon et al. [41] OS benefit of ipilimumab was
seen only in the patient group with favorable prognostic
characteristics. Particularly the presence of visceral metas-
tases was associated with a lack of response to ipilimumab
[41].

Both phase III trials [41, 42] suggest that ipilimumab
can induce clinical meaningful antitumor responses, how-
ever only present in a small subset of patients. Due to a lack
of predictive biomarkers associating with ipilimumab re-
sponses, monotherapy has limited future in mCRPC, and
is mainly of interest in the neo-adjuvant or oligometastatic
setting in combination with radiotherapy.

Combination of anti-PD1 and anti-CTLA4 therapy

A retrospective study by Gao et al. demonstrated an upreg-
ulation in PD-L1 immune checkpoint expression on both
tumor infiltrating T-cells and tumor cells when treated with
ipilimumab [43], suggesting co-administration of PD1/PD-
L1 checkpoint inhibitors might be able to generate a more
effective immune response. This has led to the phase
II Checkmate-650 study of which the first results were
recently presented [44]. Of the 78 patients who had a min-
imum follow up of 6 months the objective response rate
(ORR) was 26% vs 10% in chemo-naive and chemother-
apy pretreated patients respectively. In both cohorts ORR
was higher in patients with PD-L1 expression >1%, DNA
repair deficiencies or above median tumor mutational bur-
den (TMB) [44]. The toxicity profile of the combo (grade
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3–4 treatment-related AE’s 39 and 51% resp) does not
warrant further evaluation in phase III, and additional less
toxic regimens are to be studied.

Based on data suggesting that AR-V7 positive prostate
cancer harbors more defects in DNA repair genes and has
a higher TMB [45] the phase II (STARVE-PC) trial [46] was
conducted including 15 patients with AR-V7 positive circu-
lating tumor cells who were treated with the combination of
nivolumab and ipilimumab. Preliminary data indicate a PSA
response in 13% and 2 out of 8 patients with measurable
disease had an objective response. Interestingly, PFS was
significantly longer in DNA repair deficient patients but did
not (yet) translate to differences in OS [46].

Other new combinations with ipilimumab and nivolumab
are mentioned in Tab. 1.

Targeted therapy

PARP inhibitors

In about 20% of the patients with mCRPC DNA repair de-
ficiencies, mutations or deletions in DNA repair genes such
as BRCA1/2, ATM CHEK1/2, RAD51B, CDK12 and the
Fanconi anemia genes, can be found [23, 24]. When a sin-
gle-strand break occurs in DNA, PARP 1 and 2 binds to
this break and by generating PAR polymers (PARylation)
on itself and target proteins, PARP is able to recruit repair
proteins that have roles in different aspects of DNA dam-
age repair [47, 48]. PARP-1 is also able to repair double-
strand breaks in DNA. Cumulative PARylation ultimately
leads to dissociation of PARP from the DNA. PARP inhibi-
tion results in accumulation of unrepaired DNA breaks and
trapping of PARP on DNA. Reparation of these breaks re-
quires DNA repair genes from the homologous repair (HR)
pathway. However, if these DNA repair genes are mutated
and a PARP inhibitor is administered, accumulation of both
single and double strand breaks occurs, eventually leading
to apoptosis of the cell.

While no studies have investigated PARP inhibitors in
mHSPC, several studies have been published in patients
with mCRPC targeting those with DNA damage response
deficiency (DDRd) with PARP inhibitors.

In a phase II trial the PARP inhibitor olaparib was inves-
tigated in 49 patients. DDRd patients experienced a signif-
icantly higher ORR (88% vs 6%) and a longer median PFS
(9.8 vs 2.7 months) and OS (13.8 vs 7.5 months) [49]. This
study has led to the large multicenter phase III ProFOUND
trial in which patients were randomized to either olaparib or
either abiraterone or enzalutamide. The first results of this
study will be expected this year (NCT02987543). A re-
cently published retrospective study demonstrated the re-
sponses adjusted to the different DNA repair deficiencies

[50]. Interestingly, while 4 out of 6 patients with an ATM
mutation had a response to olaparib in the study by Mateo
et al. [49], none of the 6 patients in this retrospective study
achieved a response [50]. For BRCA 1/2 mutations response
rates were promising (90 and 76%) in both studies[49, 50].
In the ongoing phase II trial with niraparib first prelimi-
nary data also suggest higher response rates in patients with
BRCA1/2 versus other DDR deficiencies (NCT02854436).
The larger phase III trials (NCT02987543, NCT02975934)
may give us more insights in the response to PARP in-
hibitors in patients with different DNA repair deficiencies.

Other PAPR inhibitors, such as talazoparib, niraparib and
rucaparib, are currently also under investigation in patients
with mCRPC. In mHSPC one small phase II trial is con-
ducted to investigate the response of rucaparib in DDR de-
fiecient patients (NCT03413995).

Polkinghorn et al. was able to demonstrate that AR sig-
naling increases the expression of DNA repair genes from
the HR pathway [51]. As discussed earlier HR is necessary
to repair double-strand breaks in DNA. It was hypothesized
that androgen-deprivation therapy (ADT) would decrease
activity of HR, thereby inhibiting repair of double-strand
breaks, which would lead to an increase of PARP activ-
ity. This was indeed proved by Asim et al. [52] leading to
the hypothesis that the combination of ADT and a PARP
inhibitor would be more effective than ADT alone. This im-
plicates that PARP inhibitors may also be effective in DDR
proficient patients [52]. A phase II trial randomizing pa-
tients to abiraterone+ olaparib versus abiraterone+ placebo
[53], although not powered to test differences between DDR
proficient and deficient patients, hinted that the 5.6 months
rPFS benefit of the combo was independent of DDR sta-
tus. This suggests that there is benefit from olaparib in
DDR proficient patients, but probably only when com-
bined with second-generation androgen-signaling inhibition
[49, 53]. A larger double-blind placebo-controlled phase
III trial (NCT03732820) just started including patients to
investigate whether adding olaparib to abiraterone indeed
provides better outcomes than monotherapy abiraterone in
first-line mCRPC patients. Phase III trials are also investi-
gating the combination of abiraterone with or without ni-
raparib (NCT03748641) and enzalutamide with or without
talazoparib (NCT03395197) in mCRPC patients.

Nuclear medicine

As prostate specific membrane antigen (PSMA) is overex-
pressed in prostate adenocarcinoma, and even more strongly
enhanced following initiation of ADT or AR signaling in-
hibitors, several groups investigated the effect of targeting
PSMA utilizing radionuclide-labeled ligands. PSMA is la-
belled to either alpha- or beta-emitting radioligands. Alpha-
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emitters (e.g. 225-Actinium, 227-Thorium) are highly en-
ergetic particles translating into substantial tissue damage
around the particle, while beta-emitters (e.g. 177-Lutetium)
have a much lower energy transmission but higher tissue
penetration. Both types of PSMA ligand therapies have
been investigated in mCRPC and will be discussed below.

177-Lu PSMA ligand therapy

Several single-arm studies, performed between 2016 and
2018 in Germany [54–58] and recently in the Netherlands
[59] and Australia [60], have shown extraordinary biochem-
ical response rates in advanced and often end-stage mCRPC
patients.

With a PSA response of 45–60% and a longer rPFS and
OS 177-Lu PSMA therapy seems to be a promising treat-
ment in patients with mCRPC, which led to a currently
recruiting phase 3 trial with heavily pretreated mCRPC
patients randomized between 177-Lu PSMA therapy and
best supportive care/standard of care (NCT03511664). The
question is whether 177-Lu PMSA therapy improves out-
come compared to current available therapies. A phase
II trial will also evaluate differences in overall survival in
patients with mCRPC randomized between either cabazi-
taxel or 177-Lu PSMA therapy (NCT03392428).

There are no results of 177-Lu PSMA therapy in
prospective studies with newly diagnosed HSPC or early
CRPC patients. To evaluate feasibility of Lu177-PSMA
therapy in low volume mHSPC patients, a prospective
trial is now currently being conducted at the Radboudumc
(NCT03828838).

225-Ac PSMA ligand therapy

At present, only two unique cohorts [61, 62] have been
treated with 225-Ac-PSMA therapy and in retrospect ana-
lyzed. Both studies showed remarkable PSA response rates
ranging from 63% in heavily pretreated mCRPC patients
[61] to 82% in hormone sensitive and first-line CRPC pa-
tients [62]. Grade 3–4 xerostomia was common and 13%
of patients discontinued therapy due to this toxicity de-
spite many of these were responding [61]. Although results
are promising in both mHSPC and mCRPC cancer, larger
prospective trials with 225-Ac PSMA therapy are needed
for increased understanding on issues regarding safety and
toxicity, response rate and duration of response, in both
disease states.

The genomic landscape of prostate cancer

During the last decade a comprehensive insight was ob-
tained regarding the genomic landscape of primary and

metastatic prostate cancer through results from multiple
large next generation sequencing (NGS) studies [22–25,
63–65]. Results show both commonalities as heterogene-
ity between patients, regarding genetic alterations in key
signaling pathways such as AR signaling, DNA repair and
chromatin remodeling, PI3K/Akt/mTOR, MAPK and Wnt.

In the era of precision medicine, molecular profiling
is becoming paramount for the identification of patients
that may benefit from specific targeted therapies, for ex-
ample PARP- and PI3K-inhibitors. It could also guide us
in selecting different treatment regimens than the currently
registered options, for instance preferring taxane-based
chemotherapy in case of presence of AR gain or AR splice
variant 7, which appear to be associated with resistance to
AR inhibitors [66, 67].

Approximately 35–60% of patients with metastatic
prostate cancer [24, 65] show inactivation of PTEN, an
important tumor suppressor and guardian of the genome,
through loss of function mutations or through (focal) loss.
Inactivation of PTEN leads to hyperactivation of the PI3K-
Akt-mTOR pathway [24]. This is of importance, as there
is clinically relevant cross-talk between AR signaling and
the PI3K-Akt-mTOR pathway; when targeting AR signal-
ing, for example by enzalutamide or abiraterone, activation
of the PI3K-Akt-mTOR overrides the inhibitory effects
of these agents through downstream activation of andro-
gen responsive genes [68]. Inhibition of the PI3K-Akt-
mTOR pathway therefore has received remarkable interest
as novel target in prostate cancer. Early phase clinical trials
with monotherapy PI3K or mTOR inhibitors, however, did
not report meaningful clinical responses in patients with
mCRPC [69, 70]. Recently a phase II trial was published
demonstrating a prolonged rPFS and trend towards PSA
PFS and OS when combining an Akt-inhibitor with abi-
raterone, which was even more evident in patients with
PTEN loss [71]. Clinical responses of this Akt-inhibitor
in combination with abiraterone are currently evaluated in
a phase III trial (NCT03072238).

Results from a whole genome sequencing study from
a Dutch patient cohort, comprising 197 mCRPC patients
from the CPCT-02 study (NCT01855477), were recently
presented at ASCO and ESMO. These findings support
use of NGS for precision medicine, as the authors were
able to demonstrate different relevant biological subtypes of
prostate cancer, based on unsupervised clustering of genetic
aberrations. Clinically relevant genotypes include clusters
with microsatellite instability (MSI), homologous recombi-
nant deficiency, biallelic loss of CDK12 and a group en-
riched for chromothripsis events [23].

Mismatch repair (MMR) deficiency leading to MSI
yields a high tumor mutational burden with corresponding
high neoantigen load. MSI and/or MMR deficiency are
therefore an ideal tumor-agnostic and predictive biomarker
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for checkpoint immunotherapy. The prevalence of MSI in
mCRPC is between 3–7% [23, 24, 72–75]. Recently a small
retrospective study (n= 11 MSI/MMR deficient patients)
presented by Abida et al. showed impressive and durable
responses to anti-PD1 therapy; 54.5% had a PSA decline
of >50% of whom 67.7% had also a radiologic response.
[74]. The Drug Rediscovery Program (DRUP-study) in
the Netherlands has used this tumor-agnostic biomarker as
selection criterium for a checkpoint inhibitor cohort, and
was able to confirm the impressive response rates pub-
lished before. These data support the use of routine MSI
testing and/or next-generation sequencing in all patients
with metastatic prostate cancer.

Biallelic inactivation of CDK12, a key player in the
DNA repair pathway, results in a distinct genetic finger-
print, comprising focal tandem duplications and gene fu-
sions across the genome, and is recently identified as a novel
molecular subtype by Wu et al. [76]. CDK12 inactivation
is present in about 7% of mCRPC patients [23, 76], and
this tumor subtype appears to be very immunogenic due
to a high neoantigen burden resulting from the genetic re-
arrangements and focal amplifications. This is accompa-
nied by higher T cell infiltration compared to wildtype pa-
tients [76], which led to the study by Wu et al. evaluating
whether these patients were good responders to immune
checkpoint inhibition[76]. In retrospect, 2 out of 4 CDK12-
loss mCRPC patients treated with anti-PD1 therapy had an
exceptional response which led to a phase 2 trial recruiting
patients to investigate whether ipilimumab in combination
with nivolumab leads to even better responses in this par-
ticular group of patients (NCT03570619).

Combinations of different strategies and pre-
selected prostate cancer subtypes: future
perspectives

Presorting based onmolecular profiling

As discussed above, several NGS studies have demonstrated
a presence of various different targetable genetic aberra-
tions in prostate cancer. MMR deficiency/MSI and DDR
deficiency have both led to several clinical trials with new
targeted therapies, some demonstrating impressive results
regarding response rate. In DDR deficient patients, besides
PARP inhibitors and platinum chemotherapy, additional op-
tions could also provide better outcomes. For example,
checkpoint inhibitors show higher responses in DDR de-
ficient patients compared to DDR proficient patients due
to a higher mutational burden witnessed in DDR deficient
patients, indicating more neoantigens are available to be
presented to our immune system [23, 24, 76]. Three cur-
rently recruiting studies (NCT03330405, NCT03431350,

NCT03248570) will give us more insights. Another exam-
ple is the combination of radioligand therapy and PARP
inhibitors (NCT03874884, NCT03317392) which is based
on the finding that patients harboring DDR deficiencies
are having better outcomes following radium-223 [77] and
probably also to 177-Lu PSMA therapy [78].

Genetic profiling and stratification of other genetic aber-
rations, including CDK12 and alterations in the PI3K/Akt/
mTOR pathway, are also future targets for novel drugs and
regimens, and are currently under investigation
(NCT03072238, NCT03570619).

Combination therapies

The current guidelines provide us with various options for
sequential treatment of drugs in monotherapy, however we
foresee the future in multi-drug combinations.

For immunotherapy, interfering simultaneously in dif-
ferent steps of the cancer-immunity cycle likely will boost
responsiveness and long-term outcome. For example, the
combination of pTVG-HP vaccines followed by anti-PD1
therapy increased immunological and clinical response
[79], which led to a still ongoing larger randomized phase
I/II trial (NCT02499835).

Since many vaccines are able to induce tumor antigen-
specific T-cell responses, combinatory treatment might ben-
efit from this prime-boost strategy in the future. For exam-
ple, a currently recruiting trial is investigating the effects
of combining PROSTVAC with a tumor antigen specific
DNA vaccination and ipilimumab/nivolumab in patients
with mHSPC (NCT03532217).

The release of cancer cell antigens, that may result fol-
lowing treatment with chemotherapy and targeted agents,
hypothetically activate an immune response by the prim-
ing and activation of T cells. If checkpoints inhibiting
an immune response against cancer cells can be blocked,
synergy of these agents is expected. Combinations of
chemotherapy and targeted therapy (e.g. PARP inhibitors)
with anti-PD1 or anti-CTLA4 checkpoint inhibitors are
currently being investigation in several phase II/III trials
in mHSPC and mCRPC (Tab. 1). For example, a random-
ized multi-arm trial started recently to recruit patients,
and is investigating whether the addition of nivolumab, or
nivolumab in combination with ipilimumab, to docetaxel
(CHAARTED regimen) would improve OS in patients with
mHSPC with regard to docetaxel alone (NCT03879122).
Another trial is being conducted to evaluate the addi-
tion of neo-adjuvant ipilimumab and degarelix in low
volume mHSPC and interim results demonstrated in 6
of 7 patients ultra-low PSA levels during follow up af-
ter radical prostatectomy, and long-term follow-up is ea-
gerly awaited (NCT02020070). The PEACE-1 randomized
phase III trial (NCT01957436) is investigating what treat-
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ment strategy would be best in mHSPC; ADT+ docetaxel,
ADT+ docetaxel+ abiraterone, ADT+ docetaxel+ local ra-
diotherapy, ADT+ docetaxel+ local radiotherapy+
abiraterone with regard to PFS and OS.

The combination of docetaxel, second generation an-
drogen signaling inhibition and/or PARP inhibitors with
checkpoint inhibitors are evaluated in many different
phase II/III trials (Tab. 1) in CRPC, and the first results
of combinational strategies are expected next year (e.g.
NCT03338790, NCT03330405).

In conclusion, an extensive number of combinatory treat-
ment strategies are being studied in metastatic prostate can-
cer, and even though some of these regimens will prove
successful in improving outcome, an acceptable toxicity
profile still remains paramount in this elderly population
and palliative setting.
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