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Abstract: Poly (ADP-ribose) polymerase inhibitors (PARPi) are a unique class of antineoplas-
tic agents that function by inducing synthetic lethality. Synthetic lethality occurs when PARPi
and either another agent or an underlying genetic alteration together lead to overwhelming DNA
damage and ultimately cell death. PARPi first showed promise as a cancer therapy in patients
with BRCA1/2 mutations and have become part of standard treatment for breast and ovarian
cancer. In prostate cancer, two PARP1, rucaparib and olaparib, have been FDA approved for the
treatment of metastatic castration-resistant prostate cancer (mCRPC). While both agents are
approved for tumors with BRCA1/2 alterations, for olaparib the indication is also expanded to
patients with 12 other homologous recombination deficiency (HRD) gene alterations including
ATM and PALB2. PARPi differ in their pharmacokinetics and pharmacodynamics, and additional
studies are being conducted with niraparib, veliparib, and talazoparib in prostate cancer. While
PARPi are fairly well tolerated, common toxicities include hematologic (anemia/thrombocyto-
penia) and gastrointestinal effects (nausea/vomiting). Ongoing studies are being conducted
combining PARPi with other agents in patients with and without HRD alterations. Early data
are promising for the combination of PARPi with second-generation antiandrogens and with
immunotherapy. As additional trials are developed and reported, the hope is that the patient
population who may benefit from PARPi will continue to expand.
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Introduction

Poly (ADP-ribose) polymerase inhibitors (PARPi) are a class of anticancer drugs that
utilize the mechanism of “synthetic lethality” to induce cell death.' Synthetic lethality
refers to the concept that cell death occurs when there is an underlying feature of the
cancer which is exploited and becomes toxic when used in combination with another
agent or genetic lesion.® The two predominant PARP enzymes (PARP1 and PARP2) are
integral to the DNA damage response mechanism, which is critical to maintaining intact
DNA integrity.' PARP1 binds to DNA at sites of single-stranded DNA breaks in order to
induce the post-translational modification of protein poly ADP-ribosylation
(PARylation).* The binding of DNA and post-translational modification recruits DNA
repair proteins for single-stranded break repair and non-homologous end joining
(NHEJ).” Multiple mechanisms have been proposed for how PARPi lead to increased
DNA damage. One idea is that single-stranded breaks are not corrected, and conse-
quently, during DNA replication the replication fork is stalled with the creation of double-
stranded breaks. Additionally, it has been recognized that PARP1 trap the PARP enzymes
on the DNA strand by inhibiting normal auto-PARylation.’ By trapping the PARP
complex on DNA, replication is stalled and DNA breaks are formed.' The cytotoxic
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effect of PARPi is hypothesized to be mediated through the
creation of an intolerable amount of DNA damage when
combined with an additional cytotoxic agent or underlying
genetic deficiency in DNA damage repair. It was recognized in
2005 by Farmer et al, and separately by Bryant et al, that
homologous recombination deficient cells with BRCAI/2
mutations are specifically susceptible to PARPi-induced
apoptosis.”®

The BRCAI1/2 proteins are crucial to double-stranded
DNA break repair through homologous recombination.
Homologous recombination is a conserved system of DNA
damage repair which is comparatively error free.” With
genetic defects in homologous recombination proteins, the
cell becomes dependent on methods of DNA repair that are
more prone to error such as NHEJ. BRCA1/2 interact with
a complex of proteins and are part of a greater pathway that
regulates homologous recombination.'® While robust litera-
ture exists elucidating the role of BRCA1/2 in homologous
recombination and cancer predisposition, an increasing array
of proteins which lead to a homologous recombination-
deficient phenotype when they are impaired are being
identified."" This includes proteins such as PALB2, FANCA,
ATM, CHEK 1, CHEK?2, RAD51 and others.'?

The current PARPi that have been FDA approved or are
under investigation for the treatment of prostate cancer are
olaparib, rucaparib, niraparib, talazoparib and veliparib.
Differences exist in the metabolism of the different PARPi,
with niraparib being metabolized by carboxylesterase-
catalysed amide hydrolysis, while rucaparib, talazoparib, veli-
parib, and olaparib are metabolized by cytochrome P450
enzymes."> The ability to trap PARP on chromatin varies
between the different PARPi as well, with talazoparib having
the most potent effect on trapping PARP.'*'> Pamiparib is
a new PARPi that has not yet been approved for any cancer
type, but investigation studies have begun using this agent in
prostate cancer.'® The most significant toxicity noted for
PARP inhibitors as a class are hematological dyscrasias
including anemia, thrombocytopenia, and neutropenia.'
Anemia is seen in ~50% of patients. Additional noted toxi-
cities include gastrointestinal effects, with nausea and anorexia
being the most frequently observed. Additional important
toxicities to note are creatinine elevations and fatigue.

PARPi in Metastatic Prostate

Cancer
Initially, patients with germline BRCA1/2 mutations were
the focus of studies with PARPi, which enrolled multiple

types of cancer including prostate cancer.'” Olaparib was
the first PARPi to be investigated in 2009 in a Phase
I clinical trial enriched for germline BRCAI/2-deficient
solid tumor patients.'® In that study, among patients with
BRCAI/2-deficient tumors, 63% were reported to have
a clinical benefit to olaparib, defined as radiographic or
tumor marker response or disease stabilization. A patient
with metastatic castration-resistant prostate cancer
(mCRPC) was noted to have a significant response with
a decline in PSA and improvement of bone metastasis.
After this study, multiple Phase III studies have been
conducted in patients with BRCA1/2 deficient tumors lead-
ing the approval of PARPi in breast and ovarian cancer.
Specifically in ovarian cancer, PARPi have been shown to
be effective in patients with unknown or wild-type
BRCA1/2 status who previously responded to platinum
therapy.'® Additional studies have been conducted to eval-
uate surrogates to BRCA /2 mutations that may determine
tumor response. With the impressive response to PARPi in
breast and ovarian cancer, there has been a recognition that
PARPi may also be a therapeutic option in other cancers
including pancreatic and prostate cancer. PARPi monother-

apy for mCRPC is summarized in Table 1.

Olaparib

Recently, PARPi have been recognized as an important
cytotoxic agent in prostate cancer. The somatic and germ-
line mutational landscape of mCRPC shows that ~15-25%
have HRD gene alterations.”®** In 2015, olaparib was
studied in a Phase II clinical trial (TOPARP-A) of patients
with mCRPC enriched for germline and somatic HRD
gene mutations.”* In this study, the primary endpoint of
response rate (composite of 50% PSA decline, objective
tumor response by RECIST, or CTC reduction) of 33%
was observed, with a median duration of response of 40
weeks. One-third of the patients analyzed were determined
to have germline or somatic bi-allelic defects in HRD
genes. BRCA2 was the most commonly mutated gene,
but additional defects were noted in ATM, BRCAI,
FANCA, CHEK?2 and PALB2. Importantly, patients with
HRD alterations had an 88% composite response rate to
olaparib, while patients without an HRD defect had
a response rate of 6%. This study was followed by the
TOPARP-B trial, which accrued patients based on having
a HRD gene alteration.”” Overall, two dose-levels of ola-
parib (300 mg and 400 mg, each given twice daily) were
evaluated in patients with mCRPC who progressed on
previous treatment. The primary endpoint was again
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Table 1 Summary of Ongoing or Completed Trials of PARP Inhibitor Monotherapy in mCRPC

PARPi Study Study Population Selected Outcomes Study Result
Olaparib TOPARP-A Phase I,>* single mCRPC, unselected for HRD mutations, Composite RR (PSA decline - Composite RR 33% entire
arm, previously received taxane therapy by 2 50%, objective tumor population
start date 7/2012, response, CTC reduction) - Composite RR 88% HRD
enrollment 50 patients mutations
- Composite RR 6% no HRD
mutation
TOPARP-B Phase I, single mCRPC, HRD selected, previously received Composite RR (PSA decline - Composite RR 54% at 400 mg
arm, start date 4/1/2015, taxane therapy by = 50%, objective tumor dose level
enrollment 98 patients response, CTC reduction) - Composite RR 39% for 300 mg
dose level
PROfound Phase III,26 mCRPC, HRD selected (cohort A: BRCAI, Primary outcome rPFS in - rPFS cohort A vs control 7.4 vs
compared to enzalutamide or | BRCA2, ATM mut, cohort B: |12 other pre- cohort A, secondary pre- 3.6 mo
abiraterone, start date 2/6/ specific HRD genes), received second- specified outcome rPFS in - rPFS cohort A+B vs control 5.8
2017, enroliment 387 patients | generation hormonal agent and up to one cohort A+B, OS cohort A vs 3.5 mo
taxane (or taxane-unfit) - OS cohort A vs control 18.5 mo
vs 15.1 mo
Rucaparib | TRITON2 Phase I1,”?° single | mCRPC, HRD selected, received second- ORR per RECIST/PCWG3 | - ORR for BRCAI/2 mut 43.5-
arm, start date 2/15/2017, generation hormone agent and a taxane Secondary: PSA decline by = | 50.8%
estimated enrollment 360 50% - PSA response for BRCAI/2 mut
patients 53.8%
- ORR for ATM mut 10.5%
- ORR for CDK2 mut 0%
- ORR for CHEK2 mut I 1.1%
- ORR for other HRD mut 28.6%
Niraparib GALAHAD Phase 11, single mCRPC, HRD selected bi-allelic, ORR by RECIST - ORR for BRCA/2 mut 41%
arm, start date 8/31/2016, received second-generation hormone agent and | Composite RR (PSA decline - Composite RR for BRCAI/2 mut
enrollment 291 patients a taxane by = 50%, objective tumor 63%
response, CTC reduction) - ORR non-BRCAI/2 HRD mut
9%
- Composite RR non-BRCAI/2
HRD mut 17%
Talazoparib | TALAPRO-I Phase I1,°%*' mCRPC, HRD selected, received second- ORR per RECIST - ORR of 25.6%
single arm, start date 7/4/ generation hormone agent and a taxane
2017, estimated enrollment
100 patients

Abbreviations: PARPi, poly (ADP-ribose) polymerase inhibitors; mCRPC, metastatic castration-resistant prostate cancer; RR, response rate; HRD, homologous recombina-
tion deficiency; CTC, circulating tumor cells; Mut, mutation; rPFS, radiographic progression-free survival; OS, overall survival; mo, months; ORR, objective response rate.

50%
decrease in PSA, or conversion of circulating tumor

a composite of radiologic objection response,

cells. An overall composite response of 54% was observed
for the 400 mg dose level, and 39% for the 300 mg dose
level. Of note, due to toxicity (mainly anemia), 37% of
patients in the 400 mg dose level, and 12% of patients in
the 300 mg dose level, required a dose reduction. The most
commonly altered HRD genes in that study were BRCA1/2
(33%), ATM (21%), CDK12 (21%), PALB2 (7%) and
several others (21%). The overall composite response
rate was 83% for men with alterations in BRCA1/2, and

20% in patients with unspecified other alterations. These

studies showed impressive efficacy in patients with
mCRPC with an HRD gene alteration, which appeared to
be driven primarily by mutations in BRCA1/2.

Recently, the pivotal phase III PROfound study com-
pared olaparib to enzalutamide or abiraterone (physicians’
choice) in patients with mCRPC who had previously
received at least one second-generation hormonal agent
and up to one taxane chemotherapy (permitted but not
required).”® For this study, patients all had an HRD gene
alteration and were separated into two cohorts: cohort
A patients with BRCAI, BRCA2, ATM mutations; and
cohort B with alterations in one of the 12 other HRD
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genes. The primary end-point for the study was radio-
graphic progression-free survival (rPFS) in cohort A,
which was significantly increased in the olaparib arm
with an rPFS of 7.4 compared to 3.6 months in the phy-
sicians’ choice arm (hazard ratio 0.34, P<0.001). In a pre-
specified secondary analysis, rPFS was then evaluated
when combining all patients in both cohorts (cohort A +
B); the rPFS was also substantially improved in this com-
bined analysis in the olaparib group compared to the con-
trol group (5.8 months vs 3.5 months, hazard ratio 0.49,
P<0.001). Importantly, PROfound was the first study to
show a statistical improvement in overall survival with
PARPi in prostate cancer, with a median overall survival
for cohort A of 19.1 months with olaparib versus 14.7
months with physicians’ choice of second-generation hor-
monal therapy (hazard ratio 0.69, P=0.02). Additional
toxicities noted in this study included a 7% venous throm-
boembolism prevalence, and potential induction of myelo-
dysplastic syndrome (MDS)/acute myeloid leukemia
(AML). The results of the PROfound study have led to
the FDA approval (on May 19, 2020) of olaparib for men
with metastatic castration-resistant prostate cancer harbor-
ing a germline or somatic HRD gene mutation (specifi-
cally: BRCAI/2, ATM, BARDI, BRIPI, CDKI2, CHEK]I,
CHEK?2, FANCL, PALB2, RAD51B, RAD51C, RAD51D, or
RADS54L), who have previously received a second-
generation hormonal agent.

Rucaparib

The results of the phase II TRITON2 study have led to
accelerated FDA approval (on May 15, 2020) of rucaparib
for men mCRPC harboring a germline or somatic BRCA1/
2 alteration, who have previously received a second-
generation hormonal agent and a taxane chemotherapy.?’
The TRITON2 study showed an objective response rate
(ORR) for patients with a BRCA1/2 alterations of 43.5%
(27/62 patients) when assessed by independent radiology
review and 50.8% (33 of 65 patients) when assessed by the
investigators, and a similar proportion achieved PSA
responses as well..>> When HRD alterations in non-
BRCAL1/2 genes were analyzed (ATM 49 patients (pts),
CDKI12 15 pts, CHEK?2 12 pts and other 14 pts), minimal
response was observed.”’ Important toxicities that were
reported include nausea (52%), anemia (43%), elevation
in AST/ALT (33%) and additional gastrointestinal and
hematological side effects. MDS/AML has been observed
in small numbers of patients treated with rucaparib, but not
specifically observed in the TRITON2 study. Full FDA

approval of this PARPi will be contingent upon positive
results from the ongoing randomized phase III study,
TRITON3,
choice of systemic therapy (chemotherapy or second-

comparing rucaparib against physicians’

generation hormonal agent) in patients who have received
one hormonal agent but not a taxane drug for mCRPC.

Niraparib

The phase II GALAHAD study using niraparib is being
conducted in patients with mCRPC who have a biallelic
HRD alteration and have progressed on a second-generation
hormonal agent and a taxane chemotherapy. The gene panel
included in this study includes BRCA1/2, ATM, FANCA,
PALB2, CHEK?2, BRIPI1, and HDAC?2. Interestingly, elig-
ibility for this trial uses a liquid-based (ctDNA) assay for
assessment of mutational status, and only patients with bi-
allelic HRD mutations are permitted to enroll. The primary
end-point for the study is ORR, and a secondary endpoint
includes a composite response rate (RR) encompassing
objective response, circulating tumor cell conversion, or
PSA decline by 50% or more. An interim analysis reported
in September 2019 showed an ORR of 41% for 29 patients
enrolled with bi-allelic BRCA1/2 mutations, and a 9% ORR
for 22 patients with other bi-allelic HRD mutations.”’ The
composite response rate was 63% for 46 patients for
BRCA1/2 alterations, and 17% for 35 patients for non-
BRCA1/2 alterations. The most significant reported side
effects were hematologic (grade 3/4 anemia 25%, and
thrombocytopenia 15%), along with non-hematologic
effects including asthenia and hypertension. Niraparib is
now being tested definitively in the phase III
MAGNITUDE study, which is a randomized trial of nira-
parib plus abiraterone versus abiraterone alone (plus pla-
cebo) in men with metastatic CRPC.

Talazoparib

An interim analysis of the phase Il TALAPRO-1 study was
first reported at the 2020 GU ASCO symposium,* and
was updated at the annual ASCO 2020 meeting.’' In
TALAPRO-1, patients with mCRPC harboring mono- or
bi-allelic alterations in one of the 11 pre-specified HRD
genes were treated with talazoparib, with the primary out-
come of overall ORR of 28% (21/75 patients). All patients
had an HRD mutation, with differences noted in ORR
depending on mutation type. For patients with BRCAI1/2
mutations, an ORR of 43.9% (18/41 patients) was noted
while an ORR of 11.8% (2/17 patients) was noted for ATM
mutations. The most commonly reported adverse events
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were anemia, nausea, anorexia, and asthenia. Talazoparib
is currently being tested definitively in the phase III
TALAPRO-2 study, which is a randomized trial of talazo-
parib plus enzalutamide versus enzalutamide alone (plus
placebo) in men with metastatic CRPC.

Combination Strategies with PARPi
and Other Agents

PARPI have also been studied in combination with a number
of other different agents. An interaction between androgen
receptor signaling and synthetic lethality with PARPi has
been proposed.®*?* In vitro data suggest that androgen depri-
vation impairs NHEJ and initiation of double-stranded break
repair.***° Further data have demonstrated that combination
treatment of bicalutamide plus olaparib in murine xenograft
models leads to a decrease in tumor burden while single-
agent treatment did not.>? This is being explored through
a number of ongoing studies combining PARPi with second-
generation antiandrogen therapies. A phase II study combin-
ing abiraterone and olaparib versus abiraterone alone in
patients unselected for mutational status found an increase
in rPFS in the olaparib plus abiraterone arm (13.8 months
versus 8.2 months) compared to the abiraterone alone arm.*®
The phase III PROpel trial is being conducted to analyze
olaparib in combination with abiraterone as first-line therapy
in patients with mCRPC. The primary end-point for this
study is rPFS. Ongoing trials with additional PARPi agents
are also being completed in combination with second-
generation androgen therapy. The phase IIlIl MAGNITUDE
study with niraparib and abiraterone is being conducted in
both patients with and without HRD alterations. The phase
III TALAPRO-2 study is investigating the combination of
talazoparib and enzalutamide in patients with mCRPC. The
initial phase of dose finding has been completed, and the
study is currently enrolling patients. For this study, there are
also biomarker-positive and biomarker-negative cohorts
being enrolled. Finally, the phase II NCI 9012 trial rando-
mized mCRPC patients to abiraterone or abiraterone plus
veliparib. This was a negative trial without a significant
difference in rPFS in the combination abiraterone-veliparib
arm.>’ In summary, PARPi in combination with second-
generation antiandrogens are a potential combination ther-
apy, which would greatly increase the patient population
benefiting from PARPi. Multiple trials are currently being
conducted and there may be differences in outcomes depend-
ing on the PARPi (or the combinatorial hormonal therapy
partner) being investigated.

Combination therapy with PARPi and immunotherapy
has also been proposed based on preclinical work linking
DNA damage and immune activation. One proposed
mechanism is that DNA damage leads to immune activation
through the enhancement of stimulator of interferon genes
(STING).*® Multiple mechanisms have been proposed to
connect DNA damage to immune activation in breast cancer,
including STING activation and increased CD8+ tumor-
infiltrating lymphocytes; an indicator of response to
immunotherapy.®® In cells lines, PARPi are shown to
increased DNA damage leading to cytosolic DNA and ulti-
mately STING activation. Combination therapy with talazo-
parib and anti-PD-L1 therapy has been shown to lead to
increased survival in mouse syngeneic models of colorectal
and ovarian cancer.*’ In prostate cancer, a phase I/II study of
durvalumab plus olaparib in mCRPC was done with early
indicators of response and adequate safety. Nine of the 17
patients had a decrease in PSA by 50% or greater. Toxicities
reported include grade 3/4 anemia, lymphopenia, infection,
and nausea. Additionally, 4 of the 17 patients had immune-
The KEYNOTE-365 study is
a phase III study of pembrolizumab plus olaparib in

related adverse events.*!

mCRPC patients who previously received docetaxel. Of
note, 26% of patients had PD-L1+ disease. Results showed
similar safety profiles to the individual agents, a PSA
response of 8.5% (7/82 patients) and an ORR of 8.3% (2/
24 patients).*” The KEYLYNK-010 is a phase III study
comparing pembrolizumab plus olaparib versus abiraterone
or enzalutamide in mCRPC patients who have progressed on
chemotherapy (docetaxel) and one second-generation anti-
androgen therapy in patients unselected for HRD alterations.
A similar study (CheckMate 9KD) is testing the combination
of rucaparib plus nivolumab in mCRPC patients that are
unselected for HRD defects. These ongoing studies will
help delineate the interaction of immunotherapy with
PARPi and the potential synergistic effects.

Furthermore, PARPi have been investigated in combi-
nation with cytotoxic chemotherapy in solid tumors, with
mixed results and concern for increased toxicity.*> In
prostate cancer, veliparib has been combined with temozo-
lomide based on preclinical data in a small 25-patient sin-
gle-arm study in mCRPC, with minimal clinical benefit
achieved.** Therefore, the combination of chemotherapy
plus PARPi in mCRPC is not being developed further at
this time. Rather than combined with chemotherapy, a phase
II study is being done with olaparib as maintenance therapy

following treatment with cabazitaxel and carboplatin.
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Additional combination trials are being completed with
the goal to increase DNA damage through a variety of
mechanisms. Such trials include the phase II study combin-
ing olaparib with ceralasertib, which targets the ATR
(ataxia-telangiectasia and Rad3-related) protein. In vitro
combination studies in ATM-deficient cell lines have
shown synergy between PARP and ATR inhibitors.*’
Supraphysiologic (high-dose) testosterone is also being
combined with olaparib in a phase II trial with the goal of
increasing DNA damage with combination therapy.*®
Finally, in vitro and in vivo data have demonstrated
increased cytotoxicity with the combination of DNA
methyltransferase inhibitors (DNMTi) and PARPi.*’
DNMTi become incorporated into the DNA, trap DNMT
enzymes, and also enhance PARP trapping when used in
combination with a PARPi. This leads to an increase in
double-strand DNA breaks and cytotoxicity. A phase
I trial of a novel oral DNMTi plus talazoparib is being
conducted in breast cancer patients (NCT04134884), and
similar trials are currently being designed for patients with
BRCA1/2 wild-type mCRPC.

Finally, it is proposed that PARPi may augment the
DNA damaging effects of ionizing radiation or radiophar-
maceutical agents. In vivo studies combining fractionated
radiation plus PARPi show promising data with increased
tumor toxicity.*® Radium-223 is a targeted alpha-particle
therapy which has shown a survival benefit for prostate
cancer patients with symptomatic bone metastases.*” Two
early-phase trials have been initiated combining radium-
223 with PARPI in patients with mCRPC with known bone
metastasis.’® A Phase 1b study was presented at ASCO
2020 combining radium-223 with niraparib in patients
with mCRPC.>' Combination therapy was considered to
have adequate safety, with the most common grade >3
adverse events being cytopenias and hypertension.
A secondary analysis of >50% PSA response was 10%
(3 of 30 patients) in the full cohort and was even higher at
14-30% (dose-dependent) in the chemotherapy-naive
group. Further studies are warranted, and indeed, others
are currently ongoing to combine olaparib plus radium-
223 as well. Combination studies involving PARPi are
summarized in Table 2.

Limitations of the Current Data

The above studies use a variety of different primary out-
come measurements. A number of studies use a composite
primary end-point. Composite end-points can make it dif-
ficult to interpret results and understand what component

is driving the results. The field of PARPi has been rapidly
evolving and many studies have been reported as interim
results at international meetings but have not yet been
published in peer-reviewed journals. An additional limita-
tion to the listed studies is the variety of inclusion criteria
based on tumor genetics to define HRD. The wide variety
of definitions of HRD genes included in different studies
and specific cohorts make it difficult to interpret the sig-
nificance of mutations in genes such as ATM. ATM was
included with BRCAI and BRCA2 for cohort A of the
PROfound study with unclear biologic reasoning.**
While both olaparib and rucaparib have been approved
by the FDA for use in prostate cancer, this is specific for
drug approval in the United States and not in other parts of
the world. Finally, no phase III studies, which are the
standard for the adequate assessment of a therapy, have
been reported for combination studies with PARPi.

Unanswered Questions and Future

Directions

PARPi induce cytotoxicity through the novel mechanism
of synthetic lethality in the appropriate genetic back-
ground. Robust data exists for the role of PARPi in
patients with multiple tumor types with underlying HRD
alterations, specifically BRCA1/2 mutations. Due to the
growing evidence of the efficacy of PARPi in prostate
cancer, including a survival benefit for a subset of patients
with BRCA1/2 and ATM mutations in the PROfound study,
the FDA approved olaparib for mCRPC patients with
somatic and/or germline HRD alterations who have pro-
gressed through enzalutamide or abiraterone. Rucaparib
was also approved in the setting of BRCAI/2 mutation-
positive patients with mCRPC who have progressed on
androgen receptor therapy and taxane therapy. Rucaparib
was approved on an accelerated basis and confirmatory
studies (eg TRITON3) will be needed for full approval.
These two approvals are a big step forward for our patients
with HR-deficient prostate cancer, but also highlight the
need to understand additional biomarkers of response to
PARPi better than we currently do.

While for BRCAI/2, the evidence is growing that
alterations in these genes are a strong predictor of
a favorable response to PARPI, it is still unclear how
HRD genes broadly should be classified. Different trials
are using different panels of genes involved in the wider
pathway of DNA repair to determine HRD status and are
seeing variable results and inconsistent outcomes with
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Table 2 Selected Combination Studies Involving PARP Inhibitors

Class of Agent Combined with PARPi

Trial

PARPi

Combined Agent

Second-generation antiandrogen therapy

Phase Il [NCTO01972217]
Study start date 4/1/2014

Enrollment 158 patients

Olaparib

Abiraterone

Phase I1I/PROpel [NCT03732820]
Study start date 10/31/2018

Estimated enrollment 720 patients

Olaparib

Abiraterone

Phase III/MAGNITUDE [NCT03748641]
Study start date 1/25/2019

Estimated enrollment 1000 patients

Nirapirib

Abiraterone

Phase III/TALAPRO-2 [NCT03395197]
Study start date 12/18/2017

Estimated enrollment 1037 patients

Talazoparib

Enzalutamide

Immunotherapy

Phase I/1l [NCT02484404]
Study start date 6/29/2015

Estimated enrollment 384 patients

Olaparib

Durvalumab

Phase II/KEYNOTE-365 [NCT02861573]
Study start date |1/17/2016

Estimated enrollment 400 patients

Olaparib

Pembrolizumab

Phase [II/KEYLYNK-010 [NCT03834519]
Study start date 5/2/2019

Estimated enrollment 780 patients

Olaparib

Pembrolizumab

Phase Il/CheckMate 9KD [NCT03338790]
Study start date 12/15/2017

Estimated enrollment 330 patients

Rucaparib

Nivolumab

Radiopharmaceutical

Phase I/I/COMRADE [NCT03317392]
Study start date 10/12/2018

Estimated enrollment |12 patients

Olaparib

Radium-223

Phase 1b/Il [NCT03076203]
Study start date 10/22/207

Enrollment 14 patients

Nirapirib

Radium-223

Chemotherapy

Phase Ib/Il [NCT04019327]
Study start date 7/11/2019

Estimated enrollment 55 patients

Talazoparib

Temozolomide

Phase Il [NCT03263650]
Study start date 10/3/2017

Estimated enrollment 96 patients

Olaparib

maintenance

Cabazitaxel and Carboplatin

Study start date 10/31/2019

Estimated enrollment 47 patients

High-dose testosterone Phase Il [NCTO03516812] Olaparib Testosterone enanthate or cypionate
Study start date 8/29/2018
Estimated enrollment 30 patients

ATR-targeted agent Phase Il [NCT03787680] Olaparib Ceralasertib

respect to specific gene alterations. This may be partly due
to the differences in the PARPi themselves, but also in part
due to the different effects each gene alteration has on
DNA damage and repair. Additionally, the field is still

grappling with the best way to classify individual altera-
tions within a given gene and determining those which are
bystander alterations versus truly pathogenic drivers.
Ultimately, a functional marker of HRD through a test
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that does not depend on gene sequencing would be bene-
ficial to expand and clarify the patient population which
will benefit (or not) from PARPi treatment.

Combination strategies of PARPi with agents selected
based on synergistic pre-clinical data will also be an impor-
tant strategy to expand the population that may benefit from
PARPI therapies. Pre-clinical data have shown a link between
DNA damage and immune activation that is being leveraged
by combining PARPi with checkpoint-targeting immunother-
apy. While early studies are promising, additional data from
KEYLINK-010 and CheckMate 9KD will help to clarify the
role of immunotherapy combined with PARPi treatment. In
addition, it will be interesting to determine whether the
addition of an immune checkpoint inhibitor will also be
able to improve the efficacy (and duration of response) of
PARPi treatment in HR-deficient cancers, especially those
with non-BRCA 1/2 HRD mutations.

Finally, the majority of the data for PARPi have been in
patients with mCRPC, but given the positive results in this
context, it will be interesting to see results from studies in
earlier disease states ranging from neoadjuvant/adjuvant
therapy for localized disease, to biochemical recurrence (ie
micrometastatic disease), to metastatic hormone-sensitive
prostate cancer. It will also be important to answer the ques-
tion of whether androgen deprivation therapy is even neces-
sary for PARP inhibitors to work in prostate cancer;
preliminary data suggest that PARPi demonstrate efficacy
in the hormone-naive state even when used as monotherapies
(without concurrent medical castration). Studies in early-
stage disease will have to be approached with caution given
the known side effects of cytopenias and concern for second-
ary MDS/AML which may be worsened with longer term
therapy and longer survival. In this fashion, PARP inhibition
will become a realization of personalized medicine in pros-
tate cancer moving forward.

Funding
Dr Antonarakis is partially funded by NIH grant P30
CA006973 and DOD grant W81 XWH-16-PCRP-CCRSA.

Disclosure

Dr Antonarakis reports grants and personal fees from
Janssen, personal fees from Astellas, grants and personal
fees from Sanofi, grants and personal fees from Dendreon,
personal fees from Pfizer, personal fees from Invitae,
grants and personal fees from AstraZeneca, grants and
personal fees from Clovis, grants and personal fees from
Merck, grants from Johnson & Johnson, grants from

Genentech, grants from Novartis, grants from Bristol
Myers-Squibb; and also has patent (PCT/US2015/
046806, US20170275673A1) on an AR-V7 biomarker
technology, licensed to Qiagen. Dr Nizialek reports no
financial disclosure to this work.

References

.Lord CJ, Ashworth A. PARP inhibitors: synthetic lethality in the
clinic. Science. 2017;355(6330):1152—-1158. doi:10.1126/science.
aam7344

2. Tangutoori S, Baldwin P, Sridhar S. PARP inhibitors: a new era of
targeted therapy. Maturitas. 2015;81:5-9. doi:10.1016/j.maturitas.
2015.01.015

. O’Neil NJ, Bailey ML, Hieter P. Synthetic lethality and cancer. Nat
Rev Genet. 2017;18:613-623. doi:10.1038/nrg.2017.47

4. Wei H, Yu X. Functions of PARylation in DNA damage repair
pathways. Genomics Proteomics Bioinformatics. 2016;14:131-139.
doi:10.1016/j.gpb.2016.05.001

. Patel AG, Sarkaria JN, Kaufmann SH. Nonhomologous end joining
drives poly(ADP-ribose) polymerase (PARP) inhibitor lethality in
homologous recombination-deficient cells. Proc Natl Acad Sci
US A.2011;108:3406-3411. doi:10.1073/pnas.1013715108

. Hopkins TA, Ainsworth WB, Ellis PA, et al. PARPI trapping by
PARP inhibitors drives cytotoxicity in both cancer cells and healthy
bone marrow. Mol Cancer Res. 2019;17:409-419. doi:10.1158/1541-
7786.MCR-18-0138

. Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair
defect in BRCA mutant cells as a therapeutic strategy. Nature.
2005;434:917-921. doi:10.1038/nature03445

. Bryant HE, Schultz N, Thomas HD, et al. Specific killing of
BRCAZ2-deficient tumours with inhibitors of poly(ADP-ribose)
polymerase. Nature. 2005;434:913-917. doi:10.1038/naturec03443

. Turner N, Tutt A, Ashworth A. Targeting the DNA repair defect of
BRCA tumours. Curr Opin  Pharmacol. 2005;5:388-393.
doi:10.1016/j.coph.2005.03.006

10. Li X, Heyer WD. Homologous recombination in DNA repair and
DNA damage tolerance. Cell Res. 2008;18:99-113. doi:10.1038/
¢r.2008.1

. Jasin M. Homologous repair of DNA damage and tumorigenesis: the
BRCA connection. Oncogene. 2002;21:8981-8993. doi:10.1038/s;.
onc.1206176

12. Lord CJ, Ashworth A. The DNA damage response and cancer

therapy. Nature. 2012;481:287-294. doi:10.1038/nature10760

13. LaFargue CJ, Dal Molin GZ, Sood AK, Coleman RL. Exploring and

comparing adverse events between PARP inhibitors. Lancet Oncol.
2019;20:e15—e28. doi:10.1016/S1470-2045(18)30786-1

14. Shen Y, Aoyagi-Scharber M, Wang B. Trapping Poly(ADP-Ribose)

polymerase. J Pharmacol Exp Ther. 2015;353:446-457. doi:10.1124/
jpet.114.222448

15. Shen Y, Rehman FL, Feng Y, et al. BMN 673, a novel and highly

potent PARP1/2 inhibitor for the treatment of human cancers with
DNA repair deficiency. Clin Cancer Res. 2013;19:5003-5015.
doi:10.1158/1078-0432.CCR-13-1391

16. Chowdhury S, Mateo J, Gross M, et al. Pamiparib, an investigational

PARP inhibitor, in patients with metastatic castration-resistant pros-
tate cancer (mCRPC) and a circulating tumor cell (CTC) homologous
recombination deficiency (HRD) phenotype or BRCA defects: a trial
in progress. J Clin Oncol. 2019;37:TPS5086-TPS5086. doi:10.1200/
JCO.2019.37.15_suppl. TPS5086

17. Sandhu SK, Schelman WR, Wilding G, et al. The poly(ADP-ribose)

polymerase inhibitor niraparib (MK4827) in BRCA mutation carriers

and patients with sporadic cancer: a phase 1 dose-escalation trial.

Lancet Oncol. 2013;14:882-892. doi:10.1016/S1470-2045(13)70240-7

—_

w

W

(=)}

~J

]

o

1

—_

submit your manuscript

8112

Dove

Cancer Management and Research 2020:12


https://doi.org/10.1126/science.aam7344
https://doi.org/10.1126/science.aam7344
https://doi.org/10.1016/j.maturitas.2015.01.015
https://doi.org/10.1016/j.maturitas.2015.01.015
https://doi.org/10.1038/nrg.2017.47
https://doi.org/10.1016/j.gpb.2016.05.001
https://doi.org/10.1073/pnas.1013715108
https://doi.org/10.1158/1541-7786.MCR-18-0138
https://doi.org/10.1158/1541-7786.MCR-18-0138
https://doi.org/10.1038/nature03445
https://doi.org/10.1038/nature03443
https://doi.org/10.1016/j.coph.2005.03.006
https://doi.org/10.1038/cr.2008.1
https://doi.org/10.1038/cr.2008.1
https://doi.org/10.1038/sj.onc.1206176
https://doi.org/10.1038/sj.onc.1206176
https://doi.org/10.1038/nature10760
https://doi.org/10.1016/S1470-2045(18)30786-1
https://doi.org/10.1124/jpet.114.222448
https://doi.org/10.1124/jpet.114.222448
https://doi.org/10.1158/1078-0432.CCR-13-1391
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS5086
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS5086
https://doi.org/10.1016/S1470-2045(13)70240-7
http://www.dovepress.com
http://www.dovepress.com

Dove

Nizialek and Antonarakis

18.

19.

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

34.

35.

Fong PC, Boss DS, Yap TA, et al. Inhibition of poly(ADP-ribose)
polymerase in tumors from BRCA mutation carriers. N Engl J Med.
2009;361:123-134. doi:10.1056/NEJM0a0900212

Ledermann J, Harter P, Gourley C, et al. Olaparib maintenance
therapy in platinum-sensitive relapsed ovarian cancer. N Engl
J Med. 2012;366:1382-1392. doi:10.1056/NEJMoal105535

Grasso CS, Wu YM, Robinson DR, et al. The mutational landscape
of  lethal castration-resistant ~ prostate  cancer.  Nature.
2012;487:239-243. doi:10.1038/nature11125

. Criscuolo D, Morra F, Giannella R, et al. 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.

Pritchard CC, Mateo J, Walsh MF, et al. Inherited DNA-repair gene
mutations in men with metastatic prostate cancer. N Engl J Med.
2016;375:443-453. doi:10.1056/NEJMoal603144

Robinson D, Van Allen EM, Wu YM, et al. Integrative clinical
genomics of advanced prostate cancer. Cell. 2015;162:454.
doi:10.1016/j.cell.2015.06.053

Mateo J, Carreira S, Sandhu S, et al. DNA-repair defects and olaparib
in metastatic prostate cancer. N Engl J Med. 2015;373:1697-1708.
doi:10.1056/NEJMoal506859

Mateo J, Porta N, Bianchini D, 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. doi:10.1016/S1470-2045(19)30684-9
de Bono J, Mateo J, Fizazi K, et al. Olaparib for metastatic
castration-resistant prostate cancer. N Engl J Med. 2020;382
(22):2091-2102. doi:10.1056/NEJMoa1911440

Abida W, Campbell D, Patnaik A, 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 2 TRITON2 study. Clin Cancer Res. 2020;26(11):2487-2496.
doi:10.1158/1078-0432.CCR-20-0394

Abida W, Patnaik A, Campbell D, et al. Rucaparib in Men With
Metastatic Castration-Resistant Prostate Cancer Harboring a BRCA1

or BRCA2 Gene Alteration. J Clinical Oncology : official journal of

the American Society of Clinical Oncology. 2020: JCO2001035.
Smith MR, Sandhu SK, Kelly WK, et al. LBA50 - Pre-specified
interim analysis of GALAHAD: a phase II study of niraparib in
patients (pts) with metastatic castration-resistant prostate cancer
(mCRPC) and biallelic DNA-repair gene defects (DRD). Ann
Oncol. 2019;30:v884—v885. doi:10.1093/annonc/mdz394.043
Johann S, De Bono NM, Celestia S, et al. TALAPRO-1: a phase II
study of talazoparib (TALA) in men with DNA damage repair muta-
tions (DDRmut) and metastatic castration-resistant prostate cancer
(mCRPC)—First interim analysis (IA). J Clin Oncol. 2020;38:119.
doi:10.1200/JC0O.2020.38.6_suppl.119

. Johann S, De Bono NM, Celestia S, 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). American Society
of Clinical Oncology Vol 38. Virtual Scientific Program: Journal
Clinical Oncology; 2020.

Asim M, Tarish F, Zecchini HI, et al. Synthetic lethality between
androgen receptor signalling and the PARP pathway in prostate
cancer. Nat Commun. 2017;8:374. doi:10.1038/s41467-017-00393-y
Li L, Karanika S, Yang G, et al. Androgen receptor inhibitor-induced
“BRCAness” and PARP inhibition are synthetically lethal for castra-
tion-resistant prostate cancer. Sci Signal. 2017;10.

Polkinghorn WR, Parker JS, Lee MX, et al. Androgen receptor
signaling regulates DNA repair in prostate cancers. Cancer Discov.
2013;3:1245-1253. doi:10.1158/2159-8290.CD-13-0172

Tarish FL, Schultz N, Tanoglidi A, et al. Castration radiosensitizes
prostate cancer tissue by impairing DNA double-strand break repair.
Sci Transl Med. 2015;7:312re311. doi:10.1126/scitranslmed.aac5671

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Clarke N, Wiechno P, Alekseev B, 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. doi:10.1016/S1470-2045(18)
30365-6

Hussain M, Daignault-Newton S, Twardowski PW, 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. doi:10.1200/JC0O.2017.75.7310

Chen Q, Sun L, Chen ZJ. Regulation and function of the
cGAS-STING pathway of cytosolic DNA sensing. Nat Immunol.
2016;17:1142-1149. doi:10.1038/ni.3558

Green AR, Aleskandarany MA, Ali R, et al. Clinical impact of tumor
DNA repair expression and T-cell infiltration in breast cancers.
Cancer Immunol Res. 2017;5:292-299. do0i:10.1158/2326-6066.CIR-
16-0195

Shen J, Zhao W, Ju Z, et al. PARPi triggers the STING-dependent
immune response and enhances the therapeutic efficacy of immune
checkpoint blockade independent of BRCAness. Cancer Res.
2019;79:311-319. doi:10.1158/0008-5472.CAN-18-1003

Karzai F, VanderWeele D, Madan RA, 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. doi:10.1186/s40425-018-0463-2

Yu EY, Piulats JM, Gravis G, et al. KEYNOTE-365 cohort A updated
results: pembrolizumab (pembro) plus olaparib in docetaxel-pretreated
patients (pts) with metastatic castration-resistant prostate cancer
(mCRPC). J  Clin Oncol. 2020;38:100. doi:10.1200/
JCO.2020.38.6_suppl.100

Matulonis UA, Monk BJ. PARP inhibitor and chemotherapy combi-
nation trials for the treatment of advanced malignancies: does
a  development pathway forward  exist? Oncol.
2017;28:443-447. doi:10.1093/annonc/mdw697

Hussain M, Carducci MA, Slovin S, et al. Targeting DNA repair with
combination veliparib (ABT-888) and temozolomide in patients with
metastatic castration-resistant prostate cancer. Invest New Drugs.
2014;32:904-912. doi:10.1007/s10637-014-0099-0

Lloyd RL, Wijnhoven PWG, Ramos-Montoya A, et al. Combined
PARP and ATR inhibition potentiates genome instability and cell
death in ATM-deficient cancer cells.
2020;39:4869-4883. doi:10.1038/s41388-020-1328-y
Chatterjee P, Schweizer MT, Lucas JM, et al. Supraphysiological
androgens suppress prostate cancer growth through androgen
receptor-mediated DNA damage. J Clin Invest.
2019;129:4245-4260. doi:10.1172/JC1127613

Muvarak NE, Chowdhury K, Xia L, et al. Enhancing the cytotoxic
effects of parp inhibitors with DNA demethylating agents -
a potential therapy for cancer. Cancer Cell. 2016;30:637-650.
doi:10.1016/j.ccell.2016.09.002

Gani C, Coackley C, Kumareswaran R, et al. In vivo studies of the
PARP inhibitor, AZD-2281, in combination with fractionated radio-
therapy: an exploration of the therapeutic ratio. Radiother Oncol.
2015;116:486-494. doi:10.1016/j.radonc.2015.08.003

Sartor O, Coleman R, Nilsson S, et al. Effect of radium-223 dichlor-
ide on symptomatic skeletal events in patients with
castration-resistant prostate cancer and bone metastases: results
from a Phase 3, double-blind, randomised trial. Lancet Oncol.
2014;15:738-746. doi:10.1016/S1470-2045(14)70183-4

Morris MJ, Corey E, Guise TA, et al. Radium-223 mechanism of
action: implications for use in treatment combinations. Nat Rev Urol.
2019;16:745-756. doi:10.1038/s41585-019-0251-x

Kelly WK, Leiby B, Einstein DJ, et al. Radium-223 (Rad) and
niraparib (Nira) treatment (tx) in castrate-resistant prostate cancer
(CRPC) patients (pts) with and without prior chemotherapy
(chemo). ASCO. Virt Sci Prog J Clin Oncol. 2020;38.

Ann

Oncogene.

Cancer Management and Research 2020:12

submit your manuscript

8113

Dove


https://doi.org/10.1056/NEJMoa0900212
https://doi.org/10.1056/NEJMoa1105535
https://doi.org/10.1038/nature11125
https://doi.org/10.1056/NEJMoa1603144
https://doi.org/10.1016/j.cell.2015.06.053
https://doi.org/10.1056/NEJMoa1506859
https://doi.org/10.1016/S1470-2045(19)30684-9
https://doi.org/10.1056/NEJMoa1911440
https://doi.org/10.1158/1078-0432.CCR-20-0394
https://doi.org/10.1093/annonc/mdz394.043
https://doi.org/10.1200/JCO.2020.38.6_suppl.119
https://doi.org/10.1038/s41467-017-00393-y
https://doi.org/10.1158/2159-8290.CD-13-0172
https://doi.org/10.1126/scitranslmed.aac5671
https://doi.org/10.1016/S1470-2045(18)30365-6
https://doi.org/10.1016/S1470-2045(18)30365-6
https://doi.org/10.1200/JCO.2017.75.7310
https://doi.org/10.1038/ni.3558
https://doi.org/10.1158/2326-6066.CIR-16-0195
https://doi.org/10.1158/2326-6066.CIR-16-0195
https://doi.org/10.1158/0008-5472.CAN-18-1003
https://doi.org/10.1186/s40425-018-0463-2
https://doi.org/10.1200/JCO.2020.38.6_suppl.100
https://doi.org/10.1200/JCO.2020.38.6_suppl.100
https://doi.org/10.1093/annonc/mdw697
https://doi.org/10.1007/s10637-014-0099-0
https://doi.org/10.1038/s41388-020-1328-y
https://doi.org/10.1172/JCI127613
https://doi.org/10.1016/j.ccell.2016.09.002
https://doi.org/10.1016/j.radonc.2015.08.003
https://doi.org/10.1016/S1470-2045(14)70183-4
https://doi.org/10.1038/s41585-019-0251-x
http://www.dovepress.com
http://www.dovepress.com

Nizialek and Antonarakis Dove

Cancer Management and Research Dove

Publish your work in this journal

Cancer Management and Research is an international, peer-reviewed  The manuscript management system is completely online and includes
open access journal focusing on cancer research and the optimal use of  a very quick and fair peer-review system, which is all easy to use.
preventative and integrated treatment interventions to achieve improved  Visit http://www.dovepress.com/testimonials.php to read real quotes
outcomes, enhanced survival and quality of life for the cancer patient. ~ from published authors.

Submit your manuscript here: https://www.dovepress.com/cancer-management-and-research-journal

8114 submit your manuscript Cancer Management and Research 2020:12
Dove


http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

