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Abstract: The discovery of cancer-causing BRCA1/2 mutations and the emergence of genetic testing
have brought precision in patient selection for poly-(ADP)-ribose polymerase inhibitor (PARPI) treatment.
Interestingly, patients who are carriers of BRCAI/2 mutations have a higher risk for developing cancer,
but respond better to DNA-damaging cytotoxic therapy, such as platinum-based chemotherapy. The
distinctive biology of ovarian cancer involves high genomic instability consisting of gene amplification,
gene deletion, oncogene hypomethylation, loss of heterozygosity, and tumor suppressor gene promoter
hypermethylation in many of the DNA damage response (DDR) genes, including BRCA1/2. Several of these
genetic abnormalities can impair high fidelity DNA damage repair increasing the therapeutic audience for
PARPi%s. This is especially important given the clinical development over the last decade of this group of
agents and the dramatic increase in progression free survival among ovarian cancer patients who received
PARPI, both in treatment or maintenance setting. In this review, we summarize our current understanding
of the role of BRCA1/2 mutations in ovarian cancer and present relevant clinical trials in which BRCA1/2
was investigated as biomarker for therapy. We also outline the role of homologous recombination (HR)
deficiency as biomarker by presenting the recent clinical development and recent approvals PARPi for first-

line maintenance in ovarian cancer.
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Introduction and maintenance (3,4). Both studies suggested that the

use of bevacizumab prolongs the median progression free

Opvarian cancer is the most lethal gynecological cancer of o . . oo
gy 8 survival in patients with advanced epithelial cancer. The

women with a 5-year survival rate of only 47% (1). This is consistency in the data across these trials, along with a
prolific safety database, led to approval of bevacizumab for

first-line maintenance in Europe and US (3,4). However,

mainly due to the fact that up to 59% of ovarian cancers are
detected at advanced stages, for which survival is 29% (1).

Cytoreductive surgery in combination with platinum- and
taxane-based chemotherapy represents the gold standard
for first-line therapy in ovarian cancer, and several studies
have shown that gross residual disease correlates with
survival (2). Two randomized phase III trials have been
carried out adding bevacizumab to first-line chemotherapy
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the recurrence rate in ovarian cancer is approximately
80%, even for patients who respond to initial treatment (5).
Furthermore, it has been observed that recurring tumors
have substantial heterogeneity due to multiple spontaneous
genetic and epigenetic abnormalities. Represented clinically,
this dynamic phenotype results in most patients undergoing
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multiple rounds of different chemotherapy, some with
temporal benefit, but with nearly all patients succumbing to
the emergence of drug resistance.

Both BRCA1 and BRCA2 are proteins involved in DNA
double strand break repair by homologous recombination
(HR). Loss of the functional fidelity of these proteins can
lead to HR deficiency (HRD) and when present in the
tumor, interventions inducing DNA double strand breaks
can be differentially more lethal to the cancer cell. PARP,
or poly-(ADP)-ribose polymerase, among other cellular
processes, is instrumental in single strand DNA repair.
When PARP is pharmacologically inhibited or trapped on
DNA, single strand DNA breaks can become double strand
breaks necessitating HR for repair. As is demonstrated
below, conditions of HRD have provided clinical proof-
of-concept for PARP inhibitor (PARPI) treatment (6). The
rapidly expanding evidence-based for PARPi therapy in
patients with ovarian and breast cancer has place a premium
on identifying tumor-based HRD.

BRCA1 and BRCA2 germline and tissue
mutations

Approximately 15% of ovarian cancer patients carry
a germline mutation in BRCAI1/2 (gBRCAI1/2m) and
approximately 7% of wild-type BRCAI1/2 (wtBRCA1/2)
ovarian cancer patients have a BRCAI/2 mutation in in
their tumor (:BRCA1/2m) (7). These alterations are mostly
found in high serous ovarian cancer, but have been reported
in other histologies, including endometrioid carcinoma,
clear cell carcinoma, low-grade serous carcinoma, and
rarely carcinosarcomas (8). Since FDA approval of the first
PARPi in 2014, ovarian cancer patients are routinely tested
for gBRCA1/2m to determine their eligibility for PARP1
therapy. Nevertheless, genetic testing of the tumor has
shown that the presence of tBRCA1/2m may also predict
PARPi efficacy (9). Thus, testing of tumor biopsies for
tBRCAI1/2m has gained traction and physicians now refer
individuals to be tested for both germline and tumor-
derived mutations. Findings from recent phase III clinical
trials investigating PARPi (discussed below) in ovarian
cancer patients confirm the validity in this approach (10-12).

Testing for BRCA1/2 mutations (BRCAI/2m) in ovarian
cancer patients should also be accompanied by genetic
counseling. Results from a prospective epidemiological
study demonstrated that carriers of BRCAIm and BRCA2m
have a cumulative risk of 60% and 55%, respectively for
developing breast cancer and 59% and 17%, respectively,
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for developing ovarian cancer by 70 years (13). In families
with a strong history of breast and ovarian cancer,
individuals undergo genetic counseling and BRCA1/2
genotyping to identify germline mutation carriers. It is
recommended that women with the mutations be screened
regularly for early breast cancer detection and consider risk-
reducing surgery. Furthermore, risk-reducing salpingo-
oophorectomy is offered to patients between 35-40 years
of age or after giving birth (14). Investigation into delayed
oophorectomy following risk-reducing salpingectomy is
underway as a potential option in delaying the adverse
effects of premature ovarian loss in younger, at-risk women.
Since family history alone underestimates the prevalence
of BRCA1/2m among ovarian and breast cancer patients,
current guidelines recommend testing all such patients
regardless of family history (14). Therefore, risk assessment
and screening initiation is extremely important in this risk
population. Ideally, genetic counseling should occur prior
to BRCA1/2m testing in order to discuss the implications
of the positive results with the patient. However, limited
availability of genetic counselors and potential delays in
counseling services has shifted the paradigm to a “test now-
counsel later” approach in some centers. In addition, while
germline testing had preceded tumor testing or had been
performed exclusive of tumor testing, recognition of the
significant proportion of patients with BRCA1/2m present
only in the tumor, has prompted several testing services to
offer co-testing of both germline and tumor for mutations.
How this information could be integrated into the patient
management is presented in Figure 1.

HRD in ovarian cancer

DNA lesions can be caused by exogenous or endogenous
factors and can be comprised of either single-strand or
double-strand breaks (Figure 2). During the single-strand
break repair process, the base excision repair mechanism
begins with the binding of the PARP complex to the DNA
break, which further attracts DNA repair proteins like
RADS1 to the site of damage (15). The high-fidelity DNA
repair of the double-strand breaks by HR, occurs in the
G2/M phase of the cell cycle and uses an available sister
chromatid as a template. In the absence of the HR complex,
DNA repair is performed by error-prone mechanisms such
as non-homologous end joining (NHE]) and alternate end
joining (AE]J), which does not utilize a template and can lead
to mutations, deletions, amplifications and chromosomal
translocation, and eventually to cell death (16).
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Figure 1 Treatment landscape for PARPi in ovarian cancer with current FDA approvals in first-line maintenance (niraparib and olaparib),
second-line maintenance (niraparib, olaparib, rucaparib) and treatment after two or more prior lines of chemotherapy (niraparib, olaparib
and rucaparib). PARPi, poly-(ADP)-ribose polymerase inhibitor. °, VELIA (NCT02470585), presented at ESMO not FDA approved.
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Figure 2 DNA repair and HR deficiency: single strand DNA repair mechanism and double strand DNA repair mechanism showing
BRCA1/2 dominant example of other HR process regulators. HR, homologous recombination.
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Although BRCA1/2 represents the most relevant clinical
mediator of genomic instability that can be targeted
therapeutically in ovarian cancer, the high proportion
of tumors that share characteristics with BRCA1/2-
deficient cancers, which don’t have the mutation itself,
has established the new concept of BRCA1/2-like tumors.
This term refers to the inability or reduced proficiency
to perform HR due to the presence of other mutations
or mechanisms outside of mutations in BRCA1/2, such as
epigenetic hypermethylation of the BRCAI promoter or
loss-of-function mutations in other HR pathway genes (17).
Norquist e al. examined the impact of HRD on clinical
outcome by analyzing somatic and germline mutations
in 14 HR genes using DNA from blood or tumor tissues
from 1195 women. The results showed that a defective
HR pathway correlates with significantly prolonged
PES and OS compared to patients without HR pathway
mutations (18). Therefore, the positive response of patients
with BRCA1/2m to platinum therapy may also apply to
patients with HRD.

In addition to BRCA1/2, other genes involved in HR
DNA repair include Fanconi anemia genes (PALB2,
FANCA, FANCI, FANCL, FANCC), RAD genes (RADS0,
RADS1, RADS1C, RAD54L), and DNA damage response
(DDR) genes (ATM, ATR, CHEKI, CHEK?) (6). Alterations
in other genes, such as PTEN homozygous loss or
EMSY amplification, were identified as another potential
mechanism of HRD (6). Molecular analyses of ovarian
cancer performed using datasets from The Cancer Genome
Atlas (TCGA) suggest that up to half of high grade serous
ovarian cancers may have deficiencies in HR (7). Therefore,
PARPi may be an effective therapy for a larger group of
patients with HRD ovarian cancer in addition to patients
with tumors carrying BRCA1/2m (19).

HRD testing is performed by DNA sequencing of tumor
tissue, which can identify all types of mutations in key
HR genes. The BROCA approach, a validated massively
parallel sequencing assay, can be used to analyze a panel of
21 tumor suppressor genes, including BRCAI, BRCA2, and
other genes known to be associated with HRD (20). This
assay involves sequencing all exons, non-repeating introns,
and select promoter regions of these genes in order to
detect single-base substitutions, insertions, large deletions,
duplications, and mosaicism. Another type of testing, the
loss-of-heterozygosity (LOH) score was introduced as a
quantitative marker of HRD in a phase 2 clinical trial, in
which the primary endpoint was progression free survival
after treatment with rucaparib in patients with wtBRCA1/2
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with high or low LOH (21). PFS was significantly longer in
the LOH high subgroup [HR of 0.62 (0.41-0.90), P=0.011]
compared with the LOH low subgroup. The genomic
LOH with a cutoff of 14% was assessed in archival and
pretreatment biopsies using the Foundation Medicine T'5
next-generation sequencing assay (Foundation Medicine,
Cambridge, MA, USA) (21). The benefit in patients with a
high genomic LOH and wtBRCA1/2 demonstrates the use
of HRD as a predictive biomarker for sensitivity to PARPi.
Another study proposed the tumor analysis of RADS51 foci
as a functional biomarker of HR, which was able to show
that increased RADS1 foci correlates with clinical response
to PARPi (22,23). Recently, myChoice CDx (Myriad
Genetics, Salt Lake City, UT, USA) became the first and
only FDA approved tumor test that determines HRD status
by detecting BRCAI and BRCA2 (sequencing and large
rearrangement) variants and assess genomic instability using
three critical biomarkers: loss of heterozygosity, telomeric
allelic imbalance and large-scale state transitions.

History of PARPI in clinical practice

Cloning of the BRCAI and BRCA2 was achieved in 1994
and 1995, respectively (24,25). Furthermore, it was shown
for the first time that the presence of BRCA1/2m influences
patient susceptibility to breast and ovarian cancer (24,25).
Nearly ten years later, two important preclinical studies
established the potential importance of PARPi treatment
for patients with BRCA1/2m (Figure 3).

However, knowledge of the BRCA1/2 did not affect
cancer treatment until 2009 when the first clinical studies
reported improved clinical outcome in gBRCAI1/2m
carriers that received PARPi treatment (26,27). One of
these trials by Fong and colleagues comprised of a phase I
clinical trial NCT00516373) to test the pharmacokinetic
and pharmacodynamic characteristics of the first clinical-
grade PARPI, olaparib. The study enrolled 60 patients with
different solid tumors such as ovarian, breast, colorectal,
melanoma, sarcoma, prostate, with a focus on gBRCA1/2m
carriers. Overall, 19 patients, gBRCA1/2m carriers, were
evaluated and 64% clinically benefited from treatment,
which was assessed by imaging, tumor marker evaluation,
or meaningful disease stabilization for a period of 4 months
or more. Furthermore, the side effect profile was minimal,
including grade 1-2 adverse events such as nausea (28%),
vomiting (18%), anorexia (12%), dysgeusia (13%), or
fatigue (28%). To extend upon this finding, the authors
evaluated the effect of olaparib in 50 patients carrying a
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Figure 3 Timeline of the FDA PARPi approvals and companion diagnostic tests for BRCA1/2m, LOH and HRD. PARPi, poly-(ADP)-
ribose polymerase inhibitor; LOH, loss-of-heterozygosity; HRD, homologous recombination deficiency.

gBRCAI1/2m with ovarian, primary peritoneal, or fallopian
tube cancer, in correlation with platinum chemotherapy
response (28). In this study, platinum sensitivity was
evaluated among patients with clinical response to olaparib,
which revealed 13 patients with platinum-sensitive disease,
24 with platinum-resistant disease and 13 with platinum-
refractory disease (according to platinum-free interval).
These findings suggest that platinum sensitivity in patients
with gBRCA1/2m ovarian cancer may be associated with
response to olaparib, with the greatest response in platinum
sensitive patients, although substantial antitumor activity
was still present in patients with platinum-resistant disease.
In light of the above-mentioned phase 1 and phase 2
monotherapy treatment studies, several phase 2 clinical
trials investigating olaparib in previously treated patients
either in combination with chemotherapy or as switch
maintenance, defined by giving a new type of treatment
after chemotherapy. Study 19 (NCT00753545) was among
the first clinical trials evaluating the efficacy of olaparib
monotherapy as switch maintenance treatment in patients
with platinum-sensitive, relapsed high serous ovarian
cancer who had partial or complete remission after their
most recent dose of platinum-based chemotherapy (29).
Platinum-sensitive patients were included due to clinical
and in vitro data showing that cancer cells with defective
HR are sensitized to PARPI after exposure to DNA damage
inducing chemotherapy such as alkylating agents (30).
Results of Study 19, a randomized, double-blind, placebo

© Chinese Clinical Oncology. All rights reserved.

controlled, phase 2 trial, revealed an improvement in PFS
from 4.8 to 8.6 months in patients treated with olaparib
[HR of 0.35 (0.25-0.49) P<0.0001] and were presented
in June 2014 for accelerated FDA approval. The study
concluded that olaparib did not meet the favorable risk-
benefit ratio criteria and therefore the accelerated approval
request was rejected (31). Nevertheless, olaparib gained
FDA approval together with the BRCAnalysis CDx test
companion test (Myriad Genetics, Salt Lake City, UT,
USA) for genomic BRCAI1/2m in December 2014 based
on efficacy data from Study 42 (NCT 01078662), a
single-arm phase 2 study including 193 treated patients
with platinum-resistant ovarian cancer who had a tumor
response rate of 31% (95% CI, 24.6% to 38.1%) and
stable disease (at >8 weeks) in 40% of patients (95% CI,
33.4% to 47.7%), confirming significant activity (32).
SOLO2 (NCT01874353), a randomized, double-blind,
placebo-controlled phase 3 trial that followed Study 19,
enrolled only gBRCA1/2m platinum-sensitive patients
and evaluated olaparib in switch maintenance for relapsed
ovarian cancer patients who have received at least two
lines of previous chemotherapy (27). These results showed
that olaparib improved median progression free survival
19 vs. 5.5 months [HR of 0.3 (0.22-0.41) P<0001]. Based
on the SOLO?2 trial and the results from Study 19, the
FDA extended the approval for olaparib in August 2017
for switch maintenance in platinum sensitive patients
without consideration of BRCA1/2 mutation status. More
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recently survival analysis from SOLO2, demonstrated that
maintenance with olaparib provided a clinically significant
improvement of 12.9 months in median overall survival (33).
The combination of olaparib with platinum/paclitaxel-
based chemotherapy, studied by Oza and colleagues
(NCT01081951), showed an improved PFS when compared
to chemotherapy alone, with the greatest clinical benefit in
BRCAI1/2m patients [HR 0.21 (0.08-0.55)]. However, adverse
events were reported at least 10% more frequently with
olaparib plus chemotherapy than with chemotherapy alone,
despite reduced chemotherapy and olaparib doses (34).

Although the above mentioned studies concluded with
FDA approval of olaparib for patients with platinum-
sensitive ovarian cancer regardless of BRCA1/2 mutation
status, the reported efficacy of olaparib in patients with
wtBRCA1/2 was still modest with a PFS of 7.4 vs. 5.5 months,
showing PARPi over placebo effect [HR 0.54 (0.34-0.85)
P=0.0075] (35). Therefore, the identification of a predictive
biomarker for better selection of responders to PARPi
therapy would be great benefit for this group of patients.
This was the aim of ARIEL-2 (NCT01891344), a phase 2,
open-label trial which showed that PFS was significantly
increased in the BRCA1/2m [HR 0.27 (0.16-0.44) P<0.0001]
and wtBRCA1/2 LOH high [HR 0.62 (0.42-0.90) P=0.011]
compared to the wtBRCA1/2 LOH low patient group.
Data from this study led to accelerated FDA approval
for rucaparib and the companion LOH test, Foundation
Medicine’s TS5 NGS assay (Cambridge, MA, USA) in
December 2016. To validate the findings from ARIEL-2,
a second randomized, double-blind, placebo-controlled,
phase 3 trial which enrolled 564 patients was initiated
and observed a similar benefit in PFS, showing 10.8 vs.
5.4 months [HR 0.36 (0.30-0.45) P<0.0001] for patients
with BRCA1/2m and wtBRCA1/2 with LOH high who
received rucaparib. As a result, the FDA approved rucaparib
in April 2018 for switch maintenance for recurrent
platinum-sensitive ovarian cancer, regardless of molecular
testing results.

Niraparib, was studied in a randomized, double/
blind, phase 3 trial and showed anti-cancer activity in all
patients with ovarian cancer. Furthermore, the enrolled
patients were categorized according to the presence of
a gBRCA1/2m, more exactly a gBRCAI1/2m cohort and
a non-gBRCA1/2m cohort including tBRCA1/2m, HRD
and wtBRCA1/2 (12). The greatest median duration of
progression-free survival was 21 vs. 5.5 months [HR 0.27
(0.17-0.41)] in the gBRCA1/2m cohort. Interestingly,
niraparib treatment resulted in a longer PFS in both
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wtBRCA1/2 and HRD tumors, 12.9 vs. 3.8 months [HR
0.38 (0.24-0.59)]. In wtBRCA1/2 and HRP subgroups
PFS was still increased with niraparib treatment, 9.3 vs.
3.9 months [HR 0.45 (0.34-0.61)]. Niraparib was approved
by the FDA in March 2017 without any biomarker testing,
setting precedent for the other two mentioned phase III
switch maintenance trials. More recently in October 2019,
FDA approved niraparib for the treatment of patients with
advanced ovarian, fallopian tube, or primary peritoneal
cancer who have been treated with >3 prior chemotherapy
regimens, and whose cancer is associated with HRD status.
This approval is based on results from QUADRA, the
single-arm, phase 2 study, which showed that niraparib
elicited an overall response rate (ORR) of 24% which was
comprised of all partial responses, in the primary efficacy
population (36). The FDA also approved in this setting the
above mentioned HRD testing, myChoice CDx (Myriad
Genetics, Salt Lake City, UT, USA) as a companion
diagnostic to select patients for niraparib.

PARPI in first-line setting

After the emergence of the encouraging data using PARPi
in recurrent tumors, several investigators evaluated the same
therapy in patients with newly diagnosed advanced ovarian
cancer, who are the only patients in whom treatment
has curative potential. Initially, patients with newly
diagnosed, advanced, platinum sensitive ovarian cancer
with BRCA1/2m were enrolled in a randomized, double-
blind, phase 3 trial which evaluated the efficacy of olaparib
in switch maintenance (10). A total of 391 patients were
randomized in this trial. Among these, 70% of the patients
in the olaparib group had a lower risk of disease progression
or death [HR 0.3 (0.23-0.41) P<0.001]. Furthermore, the
estimated difference in median PFS between the olaparib
group and the placebo group was approximately 3 years, a
substantial benefit when compared to the 14-month PFS
difference at the median in olaparib vs. placebo in recurrent
tumors (37). Olaparib was approved by the FDA for the
maintenance of ovarian cancer in BRCAI1/2m carriers in
December 2018.

Recently, a second PARPi given to platinum-sensitive
patients in the switch maintenance after first-line therapy
showed efficacy in HRD tumors and in the overall
population. The PRIMA trial, a randomized, double-blind,
phase 3 trial, enrolled 733 patients to receive niraparib or
placebo. Patients with HRD tumors who received niraparib
showed a significant longer median PFS of 21.9 vs.
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10.4 months observed in patients receiving placebo [HR
0.43 (0.31-0.59) P<0.001]. The overall population treated
with niraparib showed a similarly increased median PFS of
13.8 vs. 8.2 months [HR 0.70 (0.44-1.11)]. Interestingly,
patients with HRP tumors benefited slightly from niraparib
treatment, showing a median PFS of 8.1 vs. the 5.4 months
observed in the placebo group (HR 0.68) (38).

While SOLOL1 enrolled only patients with BRCA1/2m,
which was the patient population that exhibited the greatest
benefit from PARPi therapy, the PRIMA trial investigated
the effect of niraparib in the overall population and in
patients with HRD and wtBRCA1/2. Results from the
PRIMA trial aligned with the data from the NOVA trial,
specifically the greatest increase in PFS in HRD patients.

Bevacizumab is an important drug used for maintenance
therapy in primary tumors for patients with advanced
disease. Bevacizumab is an anti-angiogenic monoclonal
antibody, neutralizing the VEGF ligand, which gained
approval in Europe in June 2014 and June 2018 in the
United States based on GOG-218 and ICON?7 findings
(3,4). GOG-218 was a randomized, double-blind, placebo-
controlled phase 3 trial in which 1,873 patients with stage
IIT or IV ovarian cancer who underwent debulking surgery
were assigned to one of the three arms of the study, each of
which included a carboplatin-paclitaxel based chemotherapy:
placebo given in cycles 2 through 22, bevacizumab-
initiation treatment given in cycles 2 through 6 then
placebo in cycles 7 through 22, and bevacizumab given in
cycles 2 through 22. The median PFS was 10.3 months
in the placebo group, 11.2 in the bevacizumab-initiation
group [HR 0.91 (0.8-1.04)], and 14.1 months in the
bevacizumab-throughout group [HR 0.72 (0.63-0.82)] (3).
ICON 7 was a phase 3 clinical trial in which 1,528 patients
with similar disease characteristics as those in GOG-
218 were enrolled and randomly assigned to one of two
treatment regimens: carboplatin-paclitaxel standard of care
alone or in combination with bevacizumab given in cycles
2 through 22. After 36 months, PFS was 20.3 months
with standard therapy vs. 21.8 months with addition of
bevacizumab [HR 0.81 (0.70-0.94) P<0.0004] (4).

FDA approvals for first-line maintenance monotherapy
started with bevacizumab approval in patients with
newly diagnosed advanced ovarian cancer, regardless of
their BRCA1/2 mutation status (3,4). Similarly, olaparib
showed substantial PFS benefit as first-line maintenance
monotherapy for patients with BRCA1/2m and was approved
by the FDA in December 2018 (10). Therefore, assessment
of PES after combining the two agents for the treatment of
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primary tumors was the aim of PAOLA-1, a phase 3 trial
which analyzed PARPi for maintenance therapy in patients
with advanced ovarian cancer regardless of BRCA1/2
mutation status receiving first-line standard of care
treatment (39). Median PFS increased in patients receiving
olaparib plus bevacizumab compared to placebo plus
bevacizumab, which was 22.1 vs. 16.6 months, respectively
[HR 0.59 (0.49-0.72) P<0.0001]. As expected, the longest
PFS was observed in patients with BRCAI1/2m treated
with olaparib plus bevacizumab, whose median PFS was
37.2 months [HR 0.31 (0.20-0.47)] compared to 21.7 months
of wtBRCA1/2 patients [HR 0.71 (0.58-0.88)]. Furthermore,
analysis of patients in the olaparib plus bevacizumab study
arm with HRD revealed a longer PFS in patients with
HRD tumors, especially HRD with BRCA1/2m, which was
37.2 vs. 17.7 months [HR 0.33 (0.25-0.45)], and the PFS
of HRD excluding BRCA1/2m was 28.1 vs. 16.6 months
[HR 0.43 (0.28-0.66)]. There was no improvement of PFS
in HRP patients. Based on these findings, FDA approved
olaparib plus bevacizumab as maintenance for ovarian
cancer patients in May 2020.

PAOLA-1 was the first study to combine two targeted
therapies in primary tumor maintenance and to use an
active control arm. The combination of PARPi with full-
dose chemotherapy has been a challenge due to the toxicity
of the combination (34). Nevertheless, the induction
DNA damage by chemotherapy may enhance the efficacy
of PARPi due to the increased requirement of the cell
for DNA repair. Based on this rationale, Coleman and
colleagues reported the results of a randomized phase 3,
placebo-controlled trial which assessed the efficacy of a new
PARPiI, veliparib, added to first-line full-dose chemotherapy
including carboplatin and paclitaxel and continued as
maintenance monotherapy (40). A total of 1,140 patients
with previously untreated stage III or IV high-grade serous
ovarian cancer who underwent cytoreductive surgery before
initiation or after 3 cycles were randomized to one of the
three study arms: chemotherapy plus placebo followed
by placebo maintenance, chemotherapy with veliparib
followed by placebo maintenance, or chemotherapy plus
veliparib followed by veliparib maintenance. Interestingly,
because the main objective of this study was to test whether
concurrent therapy with veliparib, with or without veliparib
maintenance therapy, could improve progression-free
survival, this study did not include a veliparib maintenance-
only group in contrast to other studies. The enrolled
patients were divided into different cohorts depending on
their BRCA1/2 mutation status. Patients were randomized
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at diagnosis and thus were analyzed for PFS (primary
endpoint) from that point and included all patients
regardless of response to induction therapy. The trial also
allowed for neoadjuvant chemotherapy and dose-dense
paclitaxel, representing commonly used approaches in
primary ovarian cancer management. This study concluded
that patients treated with veliparib throughout exhibited
significantly increased PFS compared to patients receiving
chemotherapy alone. The greatest PFS benefit for the
veliparib throughout arm was observed in the patients with
ovarian BRCA1/2m, 34.7 vs. 22 months [HR 0.44 (0.28-
0.68) P<0.001]. Further, in tumors with HRD (including
those with BRCA1/2m) the median PFS was 31.9 months
compared to 20.5 months [HR 0.57 (0.43-0.76) P<0.001].
The median PFS in the intention-to-treat population was
23.5 vs. 17.3 months [HR 0.68 (0.56-0.83) P<0.001].

The results of the recently published studies with proven
efficacy of PARPi have provided several treatment options
for PARPi monotherapies or in combination with other
classes of agents for ovarian cancer patients after primary
diagnosis. While the SOLOL1 trial was limited to olaparib
monotherapy in switch maintenance, the PAOLA-1 trial
investigated the combination of olaparib and bevacizumab
because most patients with advanced disease have already
received bevacizumab during induction therapy. The
addition of olaparib to bevacizumab maintenance resulted
in a significant increase in PFS of patients with ovarian
cancer BRCA1/2m and HRD. Nevertheless, considering
the increase in PFS of patients treated with PARPi during
induction chemotherapy and maintenance in the VELIA
trial, integrating BRCA1/2m, and possibly HRD testing, into
therapy management as early as possible after first diagnosis.
We present these findings and rationale for first-line therapy
management of patients with advanced ovarian cancer
by comparing algorithms based on FDA approvals 2019
and the more recently FDA approvals 2020 (Figure 44,B).
Our models emphasize the paradigm shift for first-line
therapy with PARPi and predict how these findings will

reshape the treatment landscape of advanced ovarian cancer.

Clinical challenges of including PARPi in all
settings

Fortunately, due to recent advances with PARPi in first-
line setting, an increasing number of patients will likely
receive this therapy earlier in their standard treatment
course. Therefore, concerns about need to identify
functional biomarkers to better predict PARPi sensitivity,
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emerging of tumor resistance, prior exposure to PARPi,
and how these affect the outcome of subsequent therapeutic
regimens represent new challenges. Thus, enabling more
personalized care through the development of tools to help
oncologists identify tumors that harbor HR suppression and
hypersensitivity to specific classes of chemotherapeutic agents
will inform therapy selection in individual patients (41).

A key mechanism of resistance for BRCA1/2-mutated
cancers to PARPi is the acquisition of BRCA1/2 reversion
mutations that restore the wild-type sequence, leading to
the expression of functional protein (42). A recent study
investigated the presence of BRCA1/2 reversion mutations
in clinical samples which were collected from BRCAI1/2m
carriers before treatment with rucaparib and tumors post-
progression (43). A total of 78 samples were analyzed using
next-generation sequencing of circulating cell-free DNA
extracted from plasma, which revealed that rucaparib and
platinum resistance correlates with BRCA1/2 reversion. The
PES of BRCAI1/2m carriers without reversion mutations
was significantly longer than that of BRCAI/2m carriers
with reversion mutations [HR 0.12 (0.05-0.26) P<0.0001].
Presence of the reversion mutation may predict response to
therapy, though there is no established clinical routine, and
there are notable examples where PARPi resistance does
not implicate platinum-resistance. Therefore, emergence
of PARPI resistance through hyperactivation of NHE]
function represents a concept that does not apply in the case
of platinum agents which is NHE] independent (44). Some
have reported reversion mutations in several homologous
repair pathway genes other than BRCA1/2, such as RADSIC
and RADS1D (45). Other potential mechanisms of acquired
resistance to PARPI reported by preclinical studies on
BRCA1m carcinomas include modulation of TP53 binding
protein 1 (53BP1), which maintains the balance between
HR and NHE]. More precisely the 53BP1 knock-out
efficiently rescued HR and induced PARPI resistance (46).
However, the only clinically validated mechanism is the
acquisition of BRCA1/2 reversion mutations (47).

Future directions in the PARPi field will be to increase
PARP inhibition efficiency though combination therapies
with different classes of agents such as immune checkpoint
inhibitors, anti-angiogenic agents, or other targeted
agents, such as those involved with HR or DNA division
checkpoints. Treatment with olaparib in BRCAI-deficient
mice showed an increase in CD4+ and CD8+ cells and a
significant increase in their production of IFN-gamma
and TNF-alpha (48). Interestingly, the increase in CD4+
and CD8+ led to the recruitment of dendritic cells, which
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Figure 4 Schematic representation of paradigm shift in first-line maintenance ovarian cancer. (A) Algorithm for PARP] selection for first-line
therapy including BRCA1/2m and FDA approvals 2019. The decision to initiate chemotherapy: (I) if BRCA1/2m positive then decide between
bevacizumab or holding bevacizumab and consider olaparib in maintenance (10); (I) if BRCA1/2 negative then decide between bevacizumab or
no bevacizumab (3,4). The decision to initiate maintenance: (I) if bevacizumab concomitant with chemotherapy, then continue bevacizumab in
maintenance (3,4); (II) if no bevacizumab concomitant with chemotherapy and BRCA1/2m positive, then consider olaparib (10). (B) Proposed
algorithm for PARPI selection for first-line therapy including BRCA1/2m and FDA approvals as Mai 2020. The decision to initiate chemotherapy:
(D) if BRCA1/2m positive then decide between bevacizumab and consider olaparib in maintenance (39) or hold bevacizumab and consider niraparib
in maintenance (38); (I) if BRCA1/2m negative then decide between bevacizumab or no bevacizumab (3,4). The decision to initiate maintenance:
(D) if bevacizumab concomitant with chemotherapy and BRCA1/2m positive or HRD positive, then consider olaparib in maintenance (39); (II) if
bevacizumab concomitant with chemotherapy and HRD negative, then continue bevacizumab (3,4); (II) if no bevacizumab concomitant with
chemotherapy and BRCA1/2m or HRD positive, then consider olaparib (10) or niraparib (38). PARPi, poly-(ADP)-ribose polymerase inhibitor;
HRD, homologous recombination deficiency. *, VELIA (NCT02470585), presented at ESMO not FDA approved.
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are potent antigen presenting cells. In the same study,
expression of PD-L1 was increased, which led to the
hypothesis that the addition of PD-1 immune checkpoint
blockade would prolong PARP inhibition by overcoming
the increased expression of PD-L1 on tumor cells. There
are several clinical trials which evaluate the combination
between PARPi and immune checkpoint inhibitors for first-
line therapy. The ATHENA trial INCT 03522246), a phase
3, randomized, multinational 4-arm study evaluating the
response of patients to rucaparib and nivolumab (anti-PD-1)
as maintenance treatment following first-line treatment.
The FIRST trial NCT 03602859), a phase 3 randomized
trial is a European 2-arm study which compares the
combination of platinum and a PD-L1 inhibitor followed
by niraparib and PD-L1 inhibitor maintenance vs. standard
of care platinum-based treatment in patients with stage III
or IV ovarian cancer. The DUO-O trial NCT 03737643)
is another phase 3, randomized, multi-centric trial which
evaluates durvalumab in combination with standard of
care platinum-based chemotherapy and bevacizumab
followed by maintenance with both durvalumab and
bevacizumab or durvalumab, bevacizumab and olaparib
in patients with newly diagnosed ovarian cancer. A fourth
clinical trial is ENGOT-0ov43 (NCT 03740165) which
studies chemotherapy with pembrolizumab followed by
maintenance with olaparib. Most of the above-mentioned
trials are estimated to be completed between 2023 and
2025.

Another preclinical study investigating the combination
of PARPi with cediranib, an antiangiogenic agent, revealed
promising drug to drug interactions. The proposed
mechanism of action of cediranib is the induction
of hypoxia by activating PP2A and suppressing gene
expression through the E2F4/p130 complex, triggering
the upregulation of HR repair. This leads to increased
tumor sensitivity to PARPi (49). Several phase 3 clinical
trials are ongoing to evaluate the combination of olaparib
and cediranib, regardless of patient BRCA1/2 mutation
status, such as ICON9 (NCT03278717), NRG-GY004
(NCT02446600), and NRGGY005 (NCT02502266) which
will be completed in 2023-2024.

Due to the data from preclinical studies supporting the
existing hypothesis that targeting other cancer promoting
pathway components such as WEE1, MEK/MAPK, and
PI3K will enhance the efficacy of PARP;, there is increasing
interest in the combination of PARPi with other targeted
agents. WEE] inhibition induces replication-dependent
DNA damage due to aberrant DNA replication through
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CDK2, a cyclin-dependent kinase which plays a critical
role in the activation of the G2/M (50). Interestingly,
another study revealed an increase in the RAS/mitogen
activated MAPK pathway in PARP resistant cells, which was
reversed by MEK or ERK inhibitors (51). Nevertheless,
the synergy between PI3K and PARP inhibitors is driven
by the antimetabolic activity of PI3K inhibitors, which
lowers available nucleotides required for DNA synthesis
and S-phase progression (52). Several clinical trials using
different drug combinations to overcome PARPi resistance
are under way. EFFORT (NCT03579316) is a randomized,
phase 2 trial with two arms, olaparib monotherapy and
olaparib combined with a WEEI inhibitor, in patients who
have progressed on PARPi therapy. The primary endpoint
of this study is to evaluate objective response or partial
response, while the secondary endpoint is to evaluate the
extent of disease control. This trial began enrolling patients
in December 2018 and has an estimated completion date
of October 2020. A second trial, SOLAR (NCT03162627),
for patients who have developed PARP resistance, is a
randomized phase I and II trial combining olaparib with the
MEK/MAPK and ERK inhibitor selumetinib. This study
began in August 2017 and has an estimated completion
date of August 2026. Furthermore, a phase Ib trial, which
is expected to have results in 2022, investigated the optimal
dose and side effects of niraparib and the PI3K inhibitor
copanilisib in patients with relapsed endometrial, ovarian,
primary peritoneal, or fallopian tube cancer. BRCA1/2
mutation status is not a criterion for patient enrollment in
any of the above-mentioned trials.

Conclusions and future directions

Along with the development of PARPi in relapsed
and primary tumors, BRCA1/2m were established as a
biomarker, initially used for patient selection to PARPi
therapy. Due to the data from the ARIEL-3, PRIMA,
NOVA, VELIA, and PAOLA-1 trials among others
revealing a clinical benefit from patient stratification based
on biomarkers such as HRD and genomic LOH, the
recommendation for PARPi therapy has extended from
BRCA1/2m carriers to a greater population of ovarian
cancer patients. While BRCA1/2m influence patient
prognosis and patients with these mutations have improved
response to platinum therapy and PARPi, the BRCAI1/2m
biomarker is no longer used alone for selection of patients
for PARPi therapy. Therefore, BRCA1/2m and possibly
HRD testing should be performed as early as possible
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in the course of treatment. Similarly, the PAOLA-1 trial
revealed that patients with BRCA1/2m or HRD benefit
from a combination of olaparib and bevacizumab as first-
line therapy. This is especially important considering that
most of the patients with advanced disease will have already
been treated with bevacizumab, which offers them the
opportunity to add olaparib to the preexisting maintenance
regimen. Nevertheless, the PRIMA trial also showed that
patients with HRD benefit from the single agent niraparib,
which is in agreement with the other trials and emphasizes
the importance of BRCA1/2m and HRD testing in deciding
best options for first-line therapy management (Figure 4A4,B).

Current data with PARPi provides a framework for
future studies to further evaluate DNA damage repair as
a potential cancer vulnerability and to improve PARPi in
cancer treatment. The greatest challenge of this treatment
option is identification of patients who are ideal candidates
for single agent vs. combination, in the light of prior
exposure or resistance to therapy.
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