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Abstract

Purpose of Review We highlight the clinical development of Poly (ADP-Ribose) polymerase (PARP) inhibitors in prostate
cancer.

Recent Findings Approximately 10 to 30% of metastatic prostate cancer patients carry germline or somatic mutations in
DNA repair pathways. BRCA?2 is the most commonly mutated gene in DNA damage repair pathways. Because of its critical
function in homologous recombination repair (HRR) machinery, deleterious BRCA2 mutation enables synthetic lethality to
a PARP inhibitor. Olaparib demonstrated clinical benefit in patients with deleterious mutations in HRR-related genes and
most clearly in patients with BRCA2 mutations. Olaparib received the US FDA approval or mCRPC patients with a qualifying
HRR gene mutation in May 2020. Rucaparib received an accelerated FDA approval for patients with BRCAI- or BRCA2-
mutated mCRPC based on 43% objective response rate in a phase II study. To expand the application of a PARP inhibitor,
several trials have evaluated various combination strategies with an androgen receptor signaling inhibitor, immunotherapy,
radium-223, and others. While no PARP inhibitor combination regimen has been approved, promising data from a PARP
inhibitor and an ASI combination have been reported.

Summary PARP inhibitor represents a standard treatment for patient with mCRPC with germline or somatic mutations in
BRCA?2 and other HRR pathway genes.

Keywords Prostate cancer - PARP inhibitors - DNA damage repair defect - Homologous recombination repair defect -
BRCAZ2 - PARP trapping

Introduction

Prostate cancer is the second most common cancer of men
in the world, slightly behind lung cancer, with an annual
estimated incidence of 1,414,259 in 2020, and 375,304
deaths according to GLOBOCAN 2020 [1]. In the USA,
prostate cancer is the most common non-skin cancer with
209,512 cases annually. Incidence per 100,000 is 127.9
while mortality per 100,000 is 19.8. While not every
prostate cancer case ends up in prostate cancer-related death,
the disease status known as metastatic castration-resistant
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prostate cancer (mCRPC), the one that progresses with
metastatic disease despite androgen deprivation therapy,
kills approximately 370,000 men worldwide every year.
The median overall survival for mCRPC ranges 33.7
to 36.2 months per a contemporary clinical trial [2].
Treatment options for mCRPC include androgen signaling
inhibitors (ASI) (e.g., abiraterone and enzalutamide),
cytotoxic chemotherapies (docetaxel and cabazitaxel), bone
metastasis-targeted radiopharmaceutical (radium-223), and
a cell-based immunotherapy (sipuleucel-T). While their
respective pivotal trials showed OS benefit of 3—4 months,
the application of these data has now become outdated
because most of these agents are now used in the metastatic
castration sensitive prostate cancer (mCSPC). With this
background, the approval of two PARP inhibitors, olaparib
and rucaparib, for mCRPC with a deleterious HRR gene
alteration heralds the beginning of precision oncology in
mCRPC. In this review, we will discuss the key milestones
in the clinical development of PARP inhibitors and their
future direction in prostate cancer.
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Genomic Landscape of Metastatic Prostate
Cancer

Several researchers spearheaded the efforts to sketch out
the genomic landscape of metastatic prostate cancer by
performing germline sequencing of metastatic prostate
cancer patients [3¢] and next-generation-sequencing of
prostate tumor biopsies [4, 5]. Pritchard et al. showed that
11.8% of metastatic prostate cancer patients carry ger-
mline DNA-repair gene mutations [3e]. The most common
germline mutations were BRCA2 (5.3%), ATM (1.6%),
CHEK2 (1.9%), and BRCAI (0.9%). Robinson et al.
reported the integrative data from whole-exome, matched
germline, and transcriptome sequencing from 150 patients
with mCRPC and their tumor biopsy samples [4]. The
integrative analysis showed 12.7% of the cases with loss
of BRCA2, most of which were bi-allelic loss as a result of
somatic mutation plus loss of heterozygosity or homozy-
gous deletion. An expanded analysis identified at least
22.7% of cases with other DNA repair gene alteration,
including bi-allelic loss of ATM, BRCAI, CDK12, FANCA,
RADS5IB, and RAD51C. The most commonly mutated
genes in DNA repair pathway were BRCA2 (13.3%), ATM
(7.3%), and CDK12 (4.7%). Similarly, Abida et al. identi-
fied 27% of patients harboring a germline or a somatic
alteration in a DNA damage repair (DDR) gene, which
may predict a response to a PARP inhibitor.

Role of PARP and Early Clinical Development
of PARP Inhibitors

Poly (ADP-ribose) polymerases are a superfamily of pro-
teins capable of ribosylation of protein targets, including
themselves. PARPs are present throughout the cell and
perform multiple cellular functions. Once bound to the
target in the nucleus, poly-ADP-ribose (PAR) serves as
a molecular signal to recruit DNA damage repair factors
[6-8]. PARylation of the target factors is one of early key
steps in base excision repair (BER) and single strand break
repair (SSBR) pathways. Because of the critical role of
PARP in DNA damage repair pathways, PARP inhibitors
were first developed as sensitizers of DNA damaging ther-
apies such as alkylating chemotherapy [9—12] and ionizing
radiation therapy [13] to augment their anti-tumor activity.
A phase I study evaluated AG014699, a first-generation
PARP inhibitor, in combination with temozolomide, an
alkylator, to establish a “PARP inhibitory dose” as a phar-
macodynamic measure of DNA single-strand breaks [11].
Farmer, Bryant, and their colleagues first reported the
therapeutic potential of a PARP inhibitor in BRCA-mutated
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tumor cells [14e, 15]. Both groups demonstrated that the
BRCA-deficient cells are defective in homologous recom-
bination repair and are highly sensitive to PARP inhibitors.
Fong et al. first reported the clinical activity of a PARP
inhibitor, olaparib, in cancer patients with germline BRCA
mutation [16e]. This opened the floodgate of PARP inhibi-
tor trials, which eventually led to their approval in ovarian,
breast, pancreas, and prostate cancers.

Mechanism of Cytotoxicity of PARP Inhibitor

Cytotoxicity of PARP inhibitors has been described in two
mechanisms — (1) catalytic inhibition of PARP, and (2)
trapping of PARP-DNA complexes [17]. As shown in Fig. 1,
the first mechanism (illustrated with a line 1 in Fig. 1A and
B) refers to the catalytic inhibition of PARP’s PARylation, a
critical step of BER and single strand break repair. Without
BER and SSBR, SSBs go unrepaired, which eventually stalls
and damages the replication fork (RF), requiring HR repair.
In tumors with defective HRR, PARP inhibition disrupting
SSBR and BER leads to effective apoptosis of cancer cells.
This concept of disrupting two critical biological processes
to induce selective cytotoxicity is known as synthetic
lethality.

The second mechanism of cytotoxicity is mediated via
allosteric effect from the binding of a PARP inhibitor to
the catalytic domain on PARP enzyme. Murai et al.showed
that, when a PARP inhibitor binds the catalytic domain
on the enzyme, it not only inhibits PARylation, but also
causes allosteric changes on the DNA binding domain of
the enzyme and enhances its binding affinity to the DNA,
preventing it from dissociation when it should, which
ultimately leads to RF damage and double-stranded DNA
breaks [17]. This latter allosteric effect depends on the
rigidity and chemical structure of a PARP inhibitor. The
bulkier the structure is, the greater is the allosteric effect
with greater PARP-DNA trapping mediated cytotoxicity.
This type of DNA damage requires utilization of additional
repair pathways including Fanconi anemia pathway,
template switching, ATM, replicative flap endonuclease, and
polymerase-beta [17, 18]. Of the PARP inhibitors tested,
BMNG673 (aka, talazoparib) and niraparib were shown to
have stronger potencies at PARP trapping than rucaparib and
olaparib. Veliparib seems to be weaker than others [17, 18].

This non-catalytic inhibition of PARP activity and DNA
repair was shown to be cytotoxic for healthy erythroid pro-
genitor cells at concentrations inhibiting PAR synthesis [19].
This preclinical observation aligns with clinical experience
of the differential effects of myelosuppression. Table 1 sum-
marizes the hematologic toxicities of the clinically approved
PARP inhibitors from their respective trials and FDA pack-
age inserts. Grade >3 anemia occurred >20% across all
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Fig. 1 Mechanisms of cytotoxicity of a PARP inhibitor. A Arrow 1
represents catalytic inhibition of PARPi on the catalytic domain to
inhibit auto-modifying PARylation, which ultimately leads to lack
of inhibition at the DNA BD with DNA. Arrow 2 represents binding
of a PARPi to PARP enzyme causing allosteric changes on the DNA
binding domain promoting the binding of PARP onto the DNA and

Replication Fork Failure

preventing it. B Arrow 1 represents catalytic inhibition of PARP lead-
ing to interrupted BER and allowing SSDB un-repaired and prompt-
ing HRR machinery to repair. Arrow 2 represents binding of a PARPi
at DNA damage site and its persistent trapping leading to replication
fork failure

Table 1 Hematologic toxicity profiles from their respective trials and FDA package inserts

Anemia (g3 or higher)

Thrombocytopenia

Lymphopenia (g3 Neutropenia (g3 MDS/AML

(g3 or higher) or higher) or higher) according to FDA

inserts
Olaparib (300 mg BID dose) 21.5% [20°] 3.5% <2% 3.9% <1.5%

21/1680
Rucaparib (600 mg dose) 25.2% [21] 9.6% 0 7% 20/1146

(1.7%)
Talazoparib 31% [22] 9% 6% 8% 0.3%

2/584
Niraparib (biallelic BRCA data) 35% [23] 8.3% - 10% 0.8%

(15/1785)

PARP inhibitors. Grade >3 anemia occurred > 30% with
niraparib and talazoparib, the agents that are shown to have
greater PARP trapping potential. It is not known if greater
PARP trapping capacity translates into improved clinical
efficacy.

Clinical Activity of PARP Inhibitor
as a Monotherapy in mCRPC

Olaparib

TOPARP was the first phase II study of olaparib in mCRPC
that provided the promise of olaparib in mCRPC and paved
the path toward its biomarker-development [24e]. This was a
single-arm, two-part, phase II trial with an adaptive design.
During the first part of the study (TOPARP-A), as without

knowing a validated predictive biomarker at that time, the
study accrued patients without a selective molecular bio-
marker. The study required archival tissue or fresh tumor
biopsies for biomarker analyses with the sequencing of the
DNA repair genes. The primary endpoint was the response
rate, where a response was defined as an objective response
by RECIST vl1.1 criteria, a decline in the PSA level of
50% or more (PSA50) from the baseline, or a conversion
of circulating tumor cells count (CTC) from 5 or more at
baseline to less than 5 in 7.5 ml of blood (CTC < 5) during
treatment with a confirmation assessment at least 4 weeks
later. In overall population, the response rate was 33% (16
of 49 patients). Among patients with deleterious mutations
in DNA repair genes, the response rate was 88% (14 of 16)
whereas the response rate was only 6% (2 of 33) among
those without the mutations. Radiographic progression-free
survival (rPFS) and overall survival (OS) were significantly
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longer in DNA repair gene mutation positive group than
in the negative group (median PFS: 9.8 vs 2.7 months;
median OS: 13.8 vs 7.5 months). The results of this study
provided an impetus for the pivotal phase III trial of olaparib
in mCRPC in biomarker selected mCRPC. Table 2 sum-
marizes the results.

PROFOUND was a randomized, open-label, phase III
trial of olaparib versus a second-line ASI (e.g., abirater-
one or enzalutamide) in men with mCRPC who received
a first-line ASI and have a qualifying genetic alteration in
prespecified 15 HRR-related genes [20e]. Assuming differ-
ential strengths as a predictive biomarker of each of these
gene alterations, the investigator designed the study in two
prospective cohorts based on the gene alteration. Cohort A
(n=245) consisted of patients with at least one alteration in
BRCAI, BRCA2, or ATM. Cohort B (n=142) consisted of
patient with alterations in any of 12 other specified genes
including (CDK12, CHEK2, PPP2R2A, RAD51B, RAD54L,
and others). Patients were randomized in a 2:1 ratio to olapa-
rib or the physician’s choice of enzalutamide or abiraterone
(control). The primary end point was imaging-based pro-
gression-free survival (iPFS) in cohort A by blind independ-
ent central review (BICR). The study showed an improve-
ment of median iPFS by 7.4 months vs. 3.6 months (hazard
ratio (HR) of 0.34, 95% CI, 0.25 to 0.47, p <0.001). The
overall survival analysis in cohort A showed 4.4-month dif-
ference in median OS between olaparib arm (19.1 months)
and control arm (14.7 month) with HR 0.69, 95% CI 0.5
to 0.97; p=0.02 [27]. The median OS in overall popula-
tion (cohorts A and B) was 17.3 months and 14.0 months in
olaparib and control arms, respectively. This was not statisti-
cally significant. Another key secondary endpoint was the
iPFS in overall population, combined cohorts A and B. With
the iPFS data combined from cohorts A and B, the study
continued to show a statistically significant improvement
in iPFS. Median iPFS were 5.8 months versus 3.5 months
(HR 0.49 (95% CI1<0.38-0.63), p <0.001) [20e]. These data
led to the US FDA approval of olaparib in patients with an
alteration in the 15-gene panel used in the trial except the
PPP2R2A. PPP2R2A, in fact, showed worse overall survival
on its exploratory analysis (HR: 5.11 (1.10-35.73). Consist-
ent with prior report, the most common grade >3 adverse
event (AE) was anemia (21%) and fatigue (3%).

The US FDA'’s labeled indication of olaparib in prostate
cancer reads, “deleterious or suspected deleterious germline
or somatic homologous recombination repair (HRR) gene-
mutated” mCRPC. This rather seemingly general labeling
without specifying gene alterations generated some discus-
sion on the strength of each of the “qualifying” mutations
used in the trial as a predictive biomarker. For instance, the
number of patients with the following gene alterations in
PROFOUND study was quite small. The number of partici-
pants with a mutation in the following genes were only 4 or

less: BARDI, BRIP1, CHEK]I, and RAD51D. Another point
was that even for those with sizable number of mutation
cases, the hazard ratio and their 95% confidence interval (CI)
seemed underwhelming. For instance, HR with 95% CI for
ATM, CDK12, and CHEK?2 were as follows: 1.04 (0.61 to
1.87), 0.74 (0.44 to 1.31), and 0.87 (0.23 to 4.13), respec-
tively. Based on these data along with exploratory analyses,
the European Medicines Agency conferred the approval of
olaparib limited to those with BRCAI and BRCA2 muta-
tions, who have progressed on a novel hormonal agent for
mCRPC [28].

Taken together, while the study was positive in the com-
bined cohort, the benefit of olaparib over a second-line ASI
in non-BRCA-mutated mCRPC is debatable and is unknown
over a taxane-based chemotherapy. In clinical practice, at
least in the USA, for patients with non-BRCA-mutated
mCRPC who progressed on a first-line ASI, the benefit of
olaparib should be discussed in the context of alternative
treatment options, such as a second-line ASI and taxane-
based chemotherapy.

Rucaparib

TRITON2 was a single-arm, open-label phase II study of
rucaparib in patients with mCRPC with a DDR gene altera-
tion who have received one or two ASI and one prior taxane-
based chemotherapy. The results were reported in two pub-
lications. The first was on the group of patients with BRCAI
or BRCA2 mutations [21] and the other was on the group
with a non-BRCA, DDR gene alteration [29]. The study
used the panel of 15 DDR genes: BRCAI, BRCA2, ATM,
BARDI, BRIP1, CKDI2, CHEK2, FANCA, NBN, PALB2,
RADS51, RAD51B, RAD51C, RAD51D, and RAD54L. The
study accrued 115 patients with BRCA alteration includ-
ing 13 BRCAI and 102 BRCA2, and 44 germline and 71
somatic mutations. Among the patients with measurable dis-
ease, rucaparib resulted in 43.5% ORR by BICR and 54.8%
confirmed PSA response rate [21]. The response rates were
similar for patients with germline or somatic BRCA muta-
tion. The median radiographic PFS was 9.0 months (95%
CI: 8.3-13.5).

The study also accrued 78 patients with a non-BRCA
DDR gene alteration. The most common was ATM (n=49),
CDKI2 (n=15), CHEK2 (n=12), and other DDR genes
(n=14). Clinical activity was observed only in a limited
number of patients with an alteration in ATM (2/19, 11%)
and CHEK?2 (1/9, 11% ORR). None of 10 patients with
CDK 12 mutation responded. No radiographic or PSA
response was seen in 11 patients with confirmed biallelic
ATM loss, which undermined the role of ATM mutation as
a predictive biomarker. A small number of patients with a
deleterious alteration in PALB2, FANCA, BRIP1, or RAD51B
achieved a response to rucaparib.
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This set of data led to the US FDA’s approval of rucaparib
on an accelerated pathway for mCRPC patients with somatic
or germline BRCAI or BRCA2 mutation who had one or two
prior NHAs and one prior taxane-based chemotherapy [30].

TRITON3 is an ongoing, randomized phase III trial of
rucaparib 600 mg BID versus physician choice of abirater-
one, enzalutamide, or docetaxel in patients with mCRPC
and a deleterious germline or somatic BRCAI, BRCA2, or
ATM mutation (NCT02975934). The primary endpoint is
rPFS assessed by BICR. Table 3 provides the selected list
of PARP inhibitor trials in prostate cancer.

Talazoparib

Talazoparib is an approved therapy for germline BRCA
mutation carrier with pre-treated HER2 negative locally
advanced or metastatic breast cancer but remains to an
investigational therapy in prostate cancer. Compared with
other clinically available PARP inhibitors, talazoparib has
the strongest PARP-trapping potential [18].

TALAPRO-1 was a single-arm, open-label phase II trial
of talazoparib in men with mCRPC, who received one or
two taxane-based regimens, and progressed on one or two
ASI [22]. The study used an 11 DDR gene panel: ATM,
ATR, BRCAI, BRCA2, CHEK2, FANCA, MLHI1, MRE1 A,
NBN, PALB2, and RAD5 1. The primary endpoint was con-
firmed objective response rate by BICR. Of 1225 patient
screened, 161 (11%) passed the prescreening with a quali-
fying mutation. Of those, 127 were enrolled and received
talazoparib, including 52 patients with BRCA2 mutation
alone, 15 with ATM mutation, 4 with BRCAI, 4 with PALB2
mutations, and 7 with co-occurring HRR mutations, and the
rest had one of the other mutations. Among patients with
measurable disease and a qualifying g mutation (n=104),
the ORR was 29.8% (31/104). The ORR were 46% (28/61),
25% (1/4), and 12% (1/17) in BRCAI or BRCA2, PALB?2,
and ATM cohorts, respectively. No objective response was
observed in rest of the patients. No difference in ORR was
observed between germline and somatic HRR gene mutation
groups. The median rPFS was 5.6 months in overall popu-
lation (n=104), 11.2 months in BRCAI or BRCA2 group
(n=61), and 3.5 months in ATM group (n=11). Median OS
was 16.4 months, 24 months, 16 months, and 12.2 months,
in overall population, BRCAI or BRCA2 mutation group,
PALB?2 mutation group, and ATM mutation group, respec-
tively. The most common grade 3—4 treatment-emergent
adverse events were anemia (31%), thrombocytopenia
(9%), and neutropenia (8%). No myelodysplastic syndrome
or acute myeloid leukemia was observed while on study or
by the end of the follow-up.

Based on the findings from TALAPRO-1, talazoparib
is now under investigation in two phase III trials — TAL-
APRO-2 and TALAPRO-3. TALAPRO-2 is a randomized

phase III trial of enzalutamide 160 mg plus talazoparib
0.5 mg daily versus enzalutamide plus placebo as a first-
line treatment of mMCRPC (NCT03395197). The DDR gene
mutation status is used as a stratification factor, not as a
selection criterion. The study has two co-primary endpoints:
rPFS in unselected patients and rPFS in patients harboring
DDR mutation. TALAPRO-3 is a randomized phase III
trial of talazoparib plus enzalutamide versus placebo plus
enzalutamide in men with DDR gene-mutated mCSPC
(NCT04821622). The primary endpoint is the rPFS in the
overall population. The qualifying mutation will be identi-
fied by either a liquid or soft tissue tumor biopsy using Foun-
dationOne Liquid CDx or FoundationOne CDx, respectively.

Niraparib

Niraparib (MK4827) is an oral PARP-1 and PARP-2 inhibitor
with a maximum inhibitory concentration of 2.8 nmol/L
for PARP-1 and 2.1 nmol/L for PARP-2 [31]. Compared
with veliparib and olaparib, niraparib has shown superior
potency in trapping PARP [17]. Niraparib remains to be
an investigational therapy in prostate cancer whereas it is
approved as a maintenance therapy after the first-line or
platinum-based chemotherapy in ovarian cancer without a
biomarker requirement.

During an early stage of the phase I study of niraparib,
it was enriched with BRCAI or BRCA2 mutation carriers.
Most of the mutation carriers were with ovarian or breast
cancers. As expected, objective responses were seen in 40 to
50% of these patients. The study also included 23 sporadic
prostate cancer patients. Nine (43%) were able to receive
maximally tolerated dose (MTD) (300 mg/day), and median
duration for stable disease was 254 days. None of these pros-
tate cancer patients had a radiographic objective response.
One patient had > 50% decrease in PSA, and three patients
had significant decreases in circulating tumor cells (CTC).
No correlation was observed between PTEN or ERG rear-
rangements and treatment benefits [32].

GALAHAD is an open-label phase II trial of niraparib
in mCRPC patients with DNA-repair gene defect (DRD)
that received at least one taxane-based treatment and at least
on ASI. The biomarker, DRD, was defined as a pathogenic
mutation in an 8-gene panel: BRCAI, BRCA2, ATM, FANCA,
PALB2, CHEK2, BRIP1, or HDAC?2 using plasma circulat-
ing tumor DNA (Resolution, Bioscience, Redmond, WA).
Of all enrolled patients (n=207), 29% patients were with
mutations in BRCAI or BRCA2, the primary analysis cohort.
In patients with biallelic BRCAI or BRCA2 mutations, the
ORR was 41.4%, and the CTC < 5 rate was 49% (25 of 51).
CTCO rate, defined as rate of CTC conversion from >5 to
0 CTC, was 20% (10 of 51). They also showed a correla-
tion of CTCO or CTC <5 with OS. Most common reported
grade 3—4 adverse events in BRCA population (n=60) were
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anemia (35%), neutropenia (10%), thrombocytopenia (8.3%),
and hypertension (5.3%). Two fatalities were reported from
adverse events: urosepsis and seizure, which were deemed
related to study drug [23].

Clinical Investigation of PARP Inhibitor
Combination in mCRPC

To expand the application of a PARP inhibitor, various com-
bination strategies have been examined including AR sign-
aling inhibitors, immunotherapy, and other investigational
therapies.

Rationale for Combining PARP Inhibitor plus AR
Signaling Inhibitor

Schiewer and colleagues at Knudsen’s lab first reported
the interaction between PARP-1 and androgen receptor
[29]. They showed that tumorigenic effects of PARP-1 in
AR-positive prostate cancer cell lines. PARP-1 is recruited
to the sites AR function and promotes the AR occupancy
and AR function leading resulting in tumorigenic effects
in the absence of the DNA damage. Brenner and col-
leagues also showed that ETS-positive prostate cancer
xenografts were preferentially sensitive to PARP inhibition
and TMPRSS2:ERG fusion induces DNA damage which is
potentiated by PARP inhibition [33]. These set of data gener-
ated a hypothesis that there may be added benefit of PARP
inhibitor to the ASI in AR-driven prostate cancer even in the
absence of DDR mutation.

ABT888 (Veliparib) plus Abiraterone

Veliparib and abiraterone combination was tested in a rand-
omized, biomarker-stratified, phase II trial compared against
abiraterone and prednisone in mCRPC. The patients were
stratified by ETS fusion status. The study did not confirm
the preclinical hypothesis. The study did not show signifi-
cant difference in confirmed PSA response rate between the
arms. ETS fusion status did not predict PSA response either.
An exploratory analysis, however, showed the patients
with DRD, defined as presence of a deleterious mutation
in BRCAI, BRCA2, ATM, FANCA, PALB2, RAD51B, or
RADS51C, had superior clinical outcome in terms of PSA
response rate, radiographic response rate, and PFS compared
with those without DRD [26].

Olaparib plus Abiraterone

Olaparib and abiraterone was evaluated in a placebo-con-
trolled randomized phase II trial against abiraterone in
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post-docetaxel setting [34]. The study showed olaparib/abi-
raterone (O/A) showed a superior median rPFS compared
with placebo/abiraterone (P/A) in overall population (13.8
versus 8.2 months, HR =0.65 95% CI 0.44-0.97). The dif-
ference was even greater for DDR-deficient subgroups —
17.8 months versus 6.5 months (HR=0.74, p=0.58) in O/A
versus P/A, respectively. In DDR-proficient subgroups, there
was a trend toward a rPFS improvement favoring O/A arm
with 5.3-month difference without statistical significance
(HR=0.52, p=0.11). Based on the data, the PROPEL
study, a phase III randomized controlled trial of abiraterone
with olaparib or placebo was conducted (NCT03732820) as
a first-line treatment for mCRPC. The recent press release
indicated that the study met the primary endpoint of rPFS
at the interim analysis [35]. The publication of the full data
is eagerly awaited.

Niraparib plus Abiraterone

BEDIVERE was a phase I study to evaluate the recommended
phase 2 dose of niraparib combined with abiraterone (1000 mg;
prednisone 10 mg) (AAP) or apalutamide 240 mg. Because of
dose-limiting toxicities observed at 300-mg dose level of nira-
parib, and lower niraparib exposure given with apalutamide,
niraparib 200 mg was determined as a recommended phase
2 dose with AAP. The common AEs with this regimen were
thrombocytopenia (26.3%) and hypertension (21.1%) [36].
MAGNITUDE is an ongoing phase III randomized trial of abi-
raterone with niraparib or with placebo as a first-line treatment
for mCRPC (NCT03748641). The study will have two parallel
cohorts: with DRD (n=400) and without DRD (n=600). DRD
status will be determined by plasma and tissue assays with a
marker panel consisting of BRCA1, BRCA2, FANCA, PALB2,
CHEK?2, BRIP1, HDAC2, and ATM.

Rucaparib plus Enzalutamide

RAMP was a phase Ib trial that assessed PK, safety, and pre-
liminary efficacy of rucaparib with enzalutamide in mCRPC
patients. The overall safety profile of rucaparib 600 mg
BID combined with enzalutamide 160 mg once daily was
consistent with observed in monotherapy. Preliminary effi-
cacy was observed in 4 of 8 patients with confirmed PSA
response (>50% reduction) and 1 of 1 measurable disease
with radiographic complete response. This combination is
investigated in a double-blinded placebo-controlled, phase
III trial, CASPAR trial, in the frontline setting for mCRPC
(NCT04455750) [37].

PARP Inhibitor plus Inmunotherapy

PARP inhibitors have been combined with several immune
checkpoint inhibitors (ICI) in clinical trials in mCRPC and
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other solid tumors. The activity of an ICI monotherapy in
prostate cancer is limited to patients with mismatch repair
deficiency (MMRJ), and the prevalence of which is~5%
[3e]. Otherwise, the activity of an ICI is limited to a small
subset of biomarker-unselected patients with mCRPC [38].
One of the preclinical data supporting the evaluation of
PARP inhibitor combined with an immunotherapy is the
work by Ding L et al. [39]. She and her colleagues showed
STING pathway mediated intratumoral immune activation
generated by the PARP inhibitors can be extended via PD-1
blockade.

Olaparib was tested in combination with durvalumab [40]
and pembrolizumab [41].

Olaparib plus Durvalumab

Durvalumab and olaparib combination was evaluated in
patients with advanced solid tumors including 17 patients
with mCRPC in a phase I study [40]. Nine (53%) of 17
patients had a PSA50 response or radiographic response. Of
these 17 patients, 11 had a BRCA2 mutation: 4 with indel-
frameshift, 1 “pathogenic mutation,” 1 “deep deletion,” and
4 “shallow deletion.” Four of 4 (100%) indel-frameshift
BRCA2 mutation, 1 of 1 “deep deletion,” and 1 of 1 “patho-
genic mutation” responded, and 1 of 4 (25%) “shallow dele-
tion” of BRCAZ2 cases responded. One responder had a NBN
mutation, and the other responder did not a detectable DDR
alteration [40].

Olaparib plus Pembrolizumab

Pembrolizumab and olaparib combination was tested in
cohort A of KEYNOTE-365 trial, a phase Ib trial of pem-
brolizumab with different combination in mCRPC [41].
ORR and PSA response rate was 8% and 9%, in molecularly
unselected, docetaxel-pretreated mCRPC. The full data are
yet to be published. This regimen is being evaluated in a
phase III trial in unselected mCRPC patients progressed
after one ASI and chemotherapy, compared against a ASI
with OS as the primary endpoint [42].

Rucaparib plus Nivolumab

Rucaparib and nivolumab were tested as a cohort of Check-
Mate9KD trial, a phase II trial investigating various combi-
nations of nivolumab for mCRPC. Results of cohort A2 of
CheckMate 9KD, presented at 2021 ESMO, showed ruca-
parib and nivolumab resulted in 25% (5/20) ORR and 41.9%
(13/31) PSA50 RR in homologous repair deficient (HRD)
biomarker positive mCRPC and 5.3% ORR and 14.3%
PSASO0RR in HRD biomarker negative [43].

Taken together, while the clinical activities of ICI and
PARP inhibitor combination have been reported in patients

with HRD biomarker positive patients, only modest activi-
ties have been reported in unselected, or HRD biomarker-
negative patients. It is unknown how much benefit an ICI
adds to a PARP inhibitor in HRD biomarker-positive mCR-
PCP. Further studies are warranted to investigate the efficacy
of the ICI/PARP inhibitor combination over PARP inhibitor
in HRD biomarker selected patients.

PARP Inhibitor plus Radium-223 (Radioisotope
Therapy)

Because of its inherent genotoxic property inducing DNA
damage, radium-223 has been investigated in combination
with PARP inhibitors. Both olaparib [44] and niraparib
[45] are investigated in a phase I/II trial combined with
radium?223. Kelly et al. reported that the MTD of niraparib
combined with 55kbBq of Radium223 was 100 mg daily for
chemotherapy-exposed patients and 200 mg daily for chem-
otherapy-naive patients. Three (10%) of 30 patient > 50%
PSA decline at 12 weeks. Most common treatment-related
grade >3 adverse events were lymphopenia (13%), neu-
tropenia (10%), anemia (10%), and hypertension (10%)
and thrombocytopenia (7%) [45]. Olaparib is investigated
in combination with Radium223 in COMRADE trial
(NCT03076203).

PARP Inhibitor plus VEGFR Inhibitor

NCI 9984 was a randomized phase II study of olaparib
with or with cediranib in patients with mCRPC. The study
showed olaparib combined with cediranib led to superior
rPFS over olaparib alone [46]. The biomarker analysis
showed that the margin of the benefit was driven primar-
ily by those with HRD mCRPC, not by those with HRP
mCRPC [47], warranting further investigation of this com-
bination in a biomarker selected group.

Conclusion

PARP inhibitors have emerged as a new standard treat-
ment for mCRPC harboring deleterious mutations in HRR
pathway genes. While the activity of a PARP inhibitor in
BRCA2 and BRCAI mutation is most clear, the evidence
of its activity in other HRR genes has been debated. This
is expected given the different roles of these HRR fac-
tors in the HRR repair pathway. While the loss of func-
tion mutation in BRCA2 seems to the most bona fide event
predicting PARP inhibitor sensitivity, loss of other HRR
factors, such as ATM and CDK12, does not appear to con-
fer such great sensitivity to PARP inhibitors. The clinical
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use of PARP inhibitors in non-BRCA2-mutated mCRPC
should be discussed in the context of alternative treatment
options, such as taxane-based chemotherapy.

To date, no PARP inhibitor combination has been
approved. Various combination strategies have been exam-
ined with an ASI, an ICI, and radium-223. Most of the
phase III trial of PARP inhibitor plus ASI combination
trials are using a HRD biomarker as a stratification fac-
tor not as an eligibility criterion to see if the benefit of
the combination extends beyond the biomarker-positive
group. Of those trials, PROPEL trial, a phase III study of
olaparib and abiraterone combination, has met the primary
endpoint. Publication of the full data is eagerly awaited.
Trials of other novel DNA pathway targeting agents or
other combination strategies are needed to overcome
PARP inhibitor-resistant, HRD mCRPC.
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