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Abstract

The treatment of ovarian cancer is rapidly changing in clinical practice following
the success of PARP inhibitors in clinical trials. Olaparib is the first PARP
inhibitor to have gained EMA and FDA approval in BRCA-mutation associated
ovarian cancer. Germline BRCA mutation status is now established as a
predictive biomarker of potential benefit from a PARP inhibitor and therefore
knowledge of the BRCA status for an individual patient with ovarian cancer is
undoubtedly essential in order to help guide treatment decisions. Up until
recently, BRCA testing was only offered to women with a family or personal
history of breast/ovarian cancer. It is now recognised that almost 20% of women
with high grade serous ovarian cancer harbour a germline BRCA mutation and
of these, over 40% may not have a significant family cancer history and
therefore would not have routinely undergone BRCA testing. A strategy to
implement BRCA testing more widely as routine care is necessary in order to
deliver personalised therapy. In this review, we summarise key clinical trials of
PARP inhibitors and discuss how to integrate these agents given the current
treatment landscape in ovarian cancer. Germline BRCA testing models and

other promising biomarkers of homologous deficiency will also be discussed.

Introduction

Epithelial ovarian cancer is now recognized as a heterogenous disease with
each histological subtype (high grade serous, low grade serous, clear cell,
endometrioid and mucinous) associated with distinct clinical behaviour
characteristics and molecular pathway aberrations. However, regardless of this
knowledge, ovarian cancer has been treated as one entity in clinical practice
outside the context of recent clinical trials [1]. This has now changed as a result
of the pivotal clinical trials of the PARP inhibitor, olaparib. In December 2014,
Olaparib gained EMA approval for the use as monotherapy for maintenance
treatment of patients with platinum-sensitive relapsed BRCA-mutated (germline
or somatic) high-grade serous ovarian cancer who respond to platinum-based
chemotherapy [2]. At the same time, the FDA approved the use of olaparib for
a different indication: the treatment of patients with recurrent germline BRCA-



mutated advanced ovarian cancer who have been treated with three or more
prior lines of chemotherapy[3]. For the first time in the management of ovarian
cancer, patients are now being selected in clinical practice for biomarker-
directed therapy- based on the presence of a BRCA mutation. In this article, we
summarise the key milestones in the development of PARP inhibitors and
discuss the delivery of BRCA testing as a companion biomarker. In addition,
challenges regarding how best to integrate PARP inhibitors in the treatment

armamentarium available in ovarian cancer are discussed.

A summary of key clinical developments of PARP inhibitors

Poly(ADP)ribose polymerase (PARP) enzymes have been implicated in a
number of cellular pathways including energy metabolism, gene transcription,
cell death and epigenetic modification[4-8]. Of 17 PARP family members,
PARP1, PARP2 and PARP3 have all been shown to have roles in DNA repair[9,
10]. A detailed discussion of the mechanism of DNA repair and PARP inhibitors
has been reviewed previously and is beyond the scope of the aims of this article
[10-12]. The mechanism of action of PARP inhibitors utilising synthetic lethality
exploits the DNA repair function of PARP. Synthetic lethality describes the
situation whereby two pathway defects acting individually have little effect, but
when combined become lethal [13]. This has the potential for a therapeutic
approach to be selectively lethal to the tumour cells, but not toxic to the normal
cells thereby creating a substantial therapeutic window. A synthetic lethal
interaction between BRCAL or BRCA2 mutations and PARP was first reported
in 2005 [14, 15]. Cell lines with a BRCA1 or BRCA2 mutation were shown to be
highly sensitive to PARP inhibitors compared to heterozygous mutant or wild-
type cells and led to the first phase | clinical trials of PARP inhibitors in germline
BRCA mutation carriers. Base excision repair inhibition is the original and most
widely described models proposed to explain the mechanism of PARP
inhibitors [10, 12, 13, 16]. In brief, DNA single strand breaks (SSBs), normally
repaired by base excision repair, persist in the presence of PARP inhibitors,
leading to the accumulation of double strand breaks (DSBs). In a normal cell,
DSBs are repaired by homologous recombination (HR). However, in an HR-
deficient cell (eg. BRCA mutated) are unrepaired and lead to cell death. It is
now well recognised that this model does not fully explain the synthetic lethal



action of PARP inhibitors [12]. Other models include PARPL1 trapping; impaired
BRCAL recruitment and activation of non-homologous endjoining (NHEJ) [16-
18]. A simplified description of the mechanisms of PARP inhibitors is shown in
Figure 1.

The clinical proof of concept was first reported in the phase | trial of the PARP
inhibitor, olaparib (AZD2281, AstraZeneca) which showed a response rate of
47% (9/19) in patients with a germline BRCA mutation [19]. Efficacy of olaparib
was seen in heavily pre-treated patients and was associated with platinum-
sensitivity: clinical benefit rate 69% in platinum-sensitive patients; 45% in
platinum-resistant; and 23% in platinum-refractory disease[20]. Table 1
summarises the results of subsequent published, key Il trials of olaparib and

other PARP inhibitors in ovarian cancer[21-26].

A wider utility for the synthetic lethality approach was envisaged in view of the
accumulating evidence indicating that up to 50% of high-grade serous ovarian
cancers have homologous recombination defects (including BRCA1/2 germline
and somatic mutations; BRCA1 methylation; EMSY, PTEN, ATM, ATR,
RAD51C, Fanconia Anaemia gene alterations) which may confer sensitivity to
PARP inhibition [16, 27-30]. This was explored as a maintenance strategy in a
double-blind, placebo- controlled phase Il study in which patients with platinum-
sensitive, recurrent, high-grade serous ovarian cancer (who had achieved a
response following their most recent platinum-based regimen) were
randomised to receive either olaparib (400mg bd capsules) or placebo till
progression irrespective of BRCA status (Study 19) [31]. The PFS was
significantly prolonged with olaparib compared to the placebo arm (n=265,
median 8.4 months vs. 4.8 months; HR 0.35, P<0.001). Following these striking
results, the main question was whether the impact of olaparib may differ
according to the BRCA mutation status. This information was made available
for 96% of the participants and 51% of the overall study population was classed
as having a BRCA mutation. A retrospective pre-planned analysis
demonstrated an even greater improvement in PFS in patients with a BRCA
mutation (germline and somatic) treated with olaparib compared with placebo
(11-2 vs 4-3 months; HR 0.18; p<0-0001) [2]. The magnitude of the hazard ratio



is substantially greater than what has been seen in previous trials of relapsed,
ovarian cancer. It is noteworthy that patients without a BRCA mutation also
derived a significant benefit although the magnitude was less (7.4 vs 5.5
months; HR 0.54; p= 0.0075)[2]. This suggests that a proportion of patients
without a BRCA mutation may also benefit from olaparib. Despite the
improvement in PFS from olaparib maintenance therapy, the third updated
survival analysis performed at 77% data maturity has not shown a statistically
significant overall survival (OS) benefit thus far in the BRCA-mutated patients
(median OS olaparib 34.9 months vs placebo 30.2 months; HR 0.62, p=0.02;
criterion for statistical significance in view of multiple interim analysis p<0.0095)
[32]. It is important to note that Study 19 was not designed to show a statistically
significant difference in OS. Furthermore, 23% of the patients receiving the
placebo switched to a PARP inhibitor after progression out of the context of the
trial. An exploratory post hoc analysis that excluded all patients from sites
where 1 or more placebo patients received a PARP inhibitor after progression
was performed and suggests that post progression PARP inhibitor treatment
had a confounding influence on the interim OS analysis in the BRCA-mutated
group [33]. Based on the pivotal results of this phase Il trial, the EMA approved
the use of olaparib as a maintenance therapy for patients with platinum
sensitive relapsed BRCA mutated (germ-line or somatic) high-grade serous

ovarian cancer.

Olaparib gained FDA approval as a treatment for patients with germ-line BRCA-
mutated ovarian cancer (as detected by the BRACAnalysis CDx (Myriad
Genetics test) who have received three or more lines of chemotherapy based
on the results of Study 42, a phase Il single arm trial of olaparib (400mg bd
capsules) in germline BRCA mutation carriers with advanced malignancy
including ovarian, breast, pancreatic and prostate cancer [10]. In keeping with
other studies, the response rate in the germline BRCA-mutated ovarian cancer
cohort of 137 patients was 34% with a median duration of response of 7.9

months.

In addition to olaparib, there are several other PARP inhibitors undergoing
clinical development that look very promising in ovarian cancer (Table 2).



Rucaparib, a potent oral PARP inhibitor has been granted breakthrough
therapy designation by the FDA for the treatment of women with advanced
BRCA-mutated ovarian cancer. ARIEL-2, a phase Il open label study of
rucaparib in patients with platinum-sensitive, relapsed, high-grade serous
ovarian cancer, is the first clinical trial to prospectively demonstrate that an HR
deficiency signature can identify BRCA wild-type patients with high-grade
serous ovarian cancer most likely to respond to a PARP inhibitor. Using a next-
generation sequencing-based HR deficiency (HRD) assay based on genomic
loss of heterozygosity (LOH) levels, (Foundation Medicine) and algorithm to
predict rucaparib sensitivity, three biomarker groups were defined; BRCA-
mutant(™t), BRCA wild-type (*)/LOHNgh and BRCAM /LOH '°w[34]. Using pre-
specified cut-offs of LOH (=14%), radiological response rates were 80%, 29%
and 10% in BRCA™t, BRCA"/LOHbNgh and BRCAM/LOH% and the hazard ratio
for PFS was 0.62 (95% CI 0.42, 0.90; P=0.01) in BRCAWY/LOHMg" vs
BRCA"/LOH""" groups and 0.27 (95% CI 0.16-0.44; p<0.001) in BRCAMtys
BRCA"/LOH">w groups [34] . Phase II/lll trials of PARP inhibitors that are

awaiting results are summarised in Table 3.

The clinical relevance of a BRCA mutation result

The rate of BRCA1/2 mutations has historically been believed to be
approximately 10% [35, 36]. However, the reported frequency of BRCA1 and
BRCA2 mutations in women with ovarian cancer varies greatly by study-
between 6-43% [37-41]. The highest rates have been reported in populations
selected for factors which may enrich for BRCA1/2 mutations such as a strong
family history of breast and/or ovarian cancer, Ashkenazi Jewish ancestry
younger age at diagnosis or serous histology and the lowest rates are seen in
unselected series of ovarian cancer. This variation, as well as BRCA
sequencing methods have made it difficult to establish the true frequency of
BRCA mutations amongst ovarian cancer patients. Nevertheless, over recent
years, several groups have consistently shown that the incidence in high grade
serous ovarian cancer patients is generally greater than 15% [40, 42, 43]. For

example, Alsop et al. found that the overall incidence of BRCA germline



mutations in 1001 patients with non-mucinous EOC was 14.1% and 17.1% in

the high grade serous group.

The clinical relevance of a germline BRCA1 or BRCA2 mutation result in a
woman with ovarian cancer extends beyond their increased risk of developing
a further BRCA-associated malignancy and implications for family members
who may also have inherited a mutation in the BRCA genes. Knowledge of the
BRCA mutational status provides useful information regarding prognosis, the
clinical behaviour of the disease, and influences clinical decision-making
regarding treatment options. Several studies have demonstrated improved
survival in patients with a mutation, with those carrying a BRCA2 mutation
noted to have the longest median survival, followed by the BRCA1 carriers,

then those without a mutation [44-48].

The highest rates of germline BRCA1 and BRCA2 mutations occur in patients
with a histological diagnosis of the high grade serous subtype (8-18%) but
mutations also occur in other subtypes including endometrioid, clear cell (5-
15%) and rarely in carcinosarcomas [40, 42, 49, 50]. Visceral metastases (liver,
lung splenic) are more common in ovarian cancer patients with a germline
BRCAL or BRCA2 mutation compared to non-BRCA patients. In a retrospective
series, 74% of patients with a BRCA mutation developed visceral metastases

compared with 16% in the control group [51].

It is now well established that germline BRCA mutation carriers are more likely
to respond to platinum-based chemotherapy given as initial treatment and
subsequent lines. In addition, these patients tend to retain platinum-sensitivity
for longer (defined as disease progression > 6months since last platinum-
containing regimen) [40, 52]. Higher response rates and survival following
certain non-platinum chemotherapy agents such as PLD, trabectedin and
cyclophosphamide have also been noted for germline BRCA carriers compared
to non-carriers in recurrent disease [53, 54]. Clinicians are more likely to
consider repeated rechallenges with platinum-containing therapy in patients

with BRCA mutation-associated ovarian cancer. Moreover, given the promising



activity seen in early studies, these patients are directed into clinical trials of
PARP inhibitors.

Somatic BRCA mutations have been identified in tumour samples of patients
with ovarian cancer and although the reported rates vary, they are likely to be
presentin approximately 4-7% of cases [27, 75]. The full significance of somatic
BRCA mutations is unfolding. It is not entirely clear whether the clinical
implications, including the magnitude of benefit from PARP inhibitors for a
patient with ovarian cancer harbouring either somatic BRCA1 or BRCA2
mutations are the same as if it were a mutation of germline origin. This is
discussed further in the Challenges section. Nevertheless, as described
earlier, the license for olaparib as maintenance therapy includes patients with
a somatic BRCA mutation. Therefore in addition to germline BRCA testing, the
optimisation of delivery of somatic BRCA testing in clinical practice is

necessary.

There is a pressing need to be armed with the BRCA mutational status as
patients now have the opportunity to receive a licensed PARP inhibitor as
routine care. In view of this, BRCA1/2 testing should be incorporated into the
routine investigations of patients with advanced EOC, as this will provide
clinicians and patients with information that could impact on their clinical

management.

Germline BRCA mutation Testing

BRCA1 and BRCA2 testing has traditionally been restricted to individuals
meeting a prescribed threshold or set criteria which stipulate multiple familial
cancers to be present to meet the requirements[55]. These limits, which vary
across and within countries, were initially set due to the high cost and time taken
to test for mutations. Multiple programmes and models have been developed
to estimate the risk of an individual harbouring a germline BRCA mutation, all
of which require family history details. Risk assessments such as the
BOADICEA and BRCAPro computer programmes can be relatively
cumbersome to use in every day practice[56-58]. Validated scoring systems
such as the Manchester score are also popular because they can be utilised



during clinic consultations to determine if an individual meets BRCA testing
thresholds[59].

Several studies have now demonstrated that selective testing based on family
history misses a significant proportion of ovarian cancer patients with
mutations. Moller et al [32] reported that 23% of patients presenting with ovarian
cancer to the department were found to have a pathogenic BRCAL1 or BRCA2
mutation. Of these, only one third qualified for testing based on family history.
In an Australian series where 14% of the women with non-mucinous ovarian
cancer were BRCA carriers, 44% reported no family history of breast or ovarian
cancer [40]. Similar rates of mutations have been reported in women without a
family history in other studies from Europe, Canada and USA [41, 60]. These
findings led to several centres in Canada and the UK pioneering more
widespread BRCA testing in ovarian cancer based on the histological subtype
without the family/personal cancer history risk-based thresholds[60-62]. The
NCCN has also produced guidelines recommending genetic risk evaluation for
any woman diagnosed with ovarian, fallopian tube or primary peritoneal
cancer[63]. This approach will detect many more women with mutations who
would not have been tested using a selective approach. These women can
then have the opportunity to benefit from tailored treatment choices and the

potential of risk-reducing cancer strategies for themselves and family members.

The low rates of referral of ovarian cancer patients who are eligible for BRCA
testing to Genetics departments has been an issue. This phenomenon includes
specialist cancer centres [64, 65]. Overall, evidence suggests that only 20% of
eligible women are referred for testing [64]. However, patients who are referred
actually have a high uptake of consent, for BRCA testing suggesting that patient
acceptance to be tested for the presence of a BRCA mutation is not the limiting
factor [60]. Therefore, in addition to the eligibility criteria for BRCA testing, it
appears that the general attitude in the medical field towards the testing for
germline mutations needs to be addressed. For many years, the primary
advantage for ovarian cancer patients to undergo genetic testing was the
identification of at-risk family members who could choose risk-reducing

interventions to modify their future risk of cancer. In order to move forward to



more patient-centred, personalised cancer treatment, BRCA testing must be
considered an important part of the diagnostic process. Although slow to take
off initially, there has been increasing international acceptance for the need of
widespread BRCA testing for ovarian cancer patients and the delivery of this

has gained significant momentum[63, 66-70].

The following example illustrates some of the practical issues in achieving this.
In England, there is still variable access to testing for mutations in BRCAL or
BRCAZ2 in ovarian cancer patients. The Familial Breast Cancer Guidelines,
revised by the National Institute for Clinical Excellence (NICE) in June 2013,
recommends that all women with ovarian or breast cancer at a 10% risk of
harbouring a mutation should be referred for BRCA testing [71]. However, it
does not clarify which patients within these cancer types will meet the 10%
threshold. As discussed earlier, multiple studies have reported BRCA mutation
rates of 10% and greater for serous and endometroid ovarian cancer patients
and therefore in theory, all women with these histological subtypes should meet
NICE criteria for testing. However, it remains the domain of individual NHS
Trusts to decide whether to and how to implement these guidelines as well as
how to fund the inevitable increase in BRCA testing. The current criteria for
ovarian cancer genetic testing still varies by region within England, despite
recommendations in March 2015 from the UK Genetic Testing Network
recommending that all women with ovarian cancer be offered testing [72]. As
the cost of testing falls with the utilisation of Next Generation Sequencing, it is
anticipated that BRCA testing will be more accessible to patients.

As new therapeutic targets are identified in a wide range of malignant and non-
malignant conditions, demand for germline genetic testing is rapidly increasing.
This will place increasing pressure on Genetics services worldwide, many of
which are already facing difficulties to cope with the rise in referrals- waiting

times can be up to ten months [72].

Germline BRCA mutation testing models
To address the increasing demand and provide rapid, expanded access to
testing, several new models of genetic testing have been developed. The
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following section describes the models currently in use in the UK, and are
representative of approaches employed in other countries. These models all
involve integration of oncology and genetics to different extents, with the aim of
providing a streamlined approach for ovarian cancer patients to undergo
germline BRCA testing.

The first model presented, developed within the Mainstream Cancer Genetics
Programme and pioneered at the Royal Marsden Hospital, is now standard
care for ovarian cancer patients treated at this institution[42, 61]. In brief, the
oncogenetic pathway enables healthcare professionals working within the
Gynaecology-unit (including nurses), who have successfully completed the
mandatory online training, to initiate, counsel and consent patients for BRCA
testing[73]. Women of any age with nhon-mucinous ovarian cancer, and those
with ovarian cancer of any sub-type who also have a history of another cancer,
are offered testing in their routine oncology clinic appointment by a member of
the oncology team. Patients are offered BRCA testing at diagnosis or any time
during their oncological journey. They are given an information sheet regarding
the process and implications of BRCA testing. Results are returned directly to
the patient in writing along with relevant information regarding the significance
of the findings by the Genetics department. Patients found to carry a BRCA
mutation also receive an appointment with a member of the Genetics team to
discuss family risk of developing cancer, personal risk of developing a further
malignancy, screening and prevention measures. Meanwhile, the oncology
team discusses with the patient how the result may influence the management
of the disease. This pathway means that geneticists have consultations with
patients that are found to actually have a germline BRCA mutation and do not
routinely see ovarian cancer patients who are BRCA negative (>80% of those
tested), unless a patient or their oncologist request for this.

During the first 16 months of the model (July 2013-Nov 2014), 207 women with
non-mucinous histology were tested and 16% were found to have a BRCA1 or
BRCA2 mutation. More than 50% of patients with a BRCA mutation had no
family history of breast/ovarian cancer or personal history of breast cancer that
would meet the previous eligibility criteria for BRCA testing and therefore would
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not have been offered the test. This model has proved acceptable to patients,
geneticists and oncology clinicians and nurses. Furthermore, patients are
receiving results within 3-4 weeks - a timeframe that allows for the result to

influence the patient’s treatment options [61]

In Scotland, all women with non-mucinous ovarian cancer are offered BRCA
testing through oncology clinics. This was first established in Scotland in
November 2012, when testing was initially offered to all women with high-grade
serous ovarian cancer, regardless of family history. The consenting of patients
is performed either by oncology clinicians or the Genetics team, depending on
the region in Scotland. Of note, more complex cases are initially referred
directly to the genetics team and all patients with a BRCA mutation are also
referred. The Scottish Intercollegiate Guidelines Network (SIGN) were
subsequently updated in 2013, recommending that all women with non-

mucinous EOC are offered BRCA testing.

The Genetic Testing in Epithelial Ovarian Cancer (GTEOC) study assessed the
feasibility and patient acceptabilty of BRCA testing. Over a two-year recruitment
period (completed June 2015), women diagnosed with EOC within the prior 12
months, irrespective or age and family history were recruited though the
existing genetics network in the East Anglia region. Patients were initially
identified by the clinical team but, in contrast to the Royal Marsden oncogenetic
pathway, counselling and consent were genetics-led. Patients returned
guestionnaires and consent forms by post. Results from the 232 women
enrolled demonstrated a BRCA1/2 mutation yield of 12% in women <70
(17/146) and 1% in women over 70 (1/86) giving an overall rate of 8%. This
figure is lower than other reported series and may reflect the patient population
tested. The researchers conclude that population-based genetic testing is
acceptable and less resource-intensive than the current standard practice in
their region where all patients have a full assessment by the genetics team prior
to testing [74-76].

Despite the fact that internationally, some centres have been offering patients
BRCA testing based on a diagnosis of ovarian cancer for over 3 years,
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widespread germline BRCA testing is still not accessible to a significant
proportion of patients. However, an increasing number of centres are now
implementing germline BRCA testing for women with ovarian cancer. The
oncogenetic mainstreaming model (Royal Marsden/Institute of Cancer
Research) is being taken up in cancer centres worldwide and is undergoing
further evaluation in an international study (ENGAGE, NCT02406235).

Germline mutations beyond BRCA1 and BRCA2

The role of germline genetic mutations in ovarian cancer susceptibility genes
other than BRCA1 and BRCA2, such as BRIP1, RAD51C and RAD51D are
becoming increasingly clinically relevant, in particular to identify patients with
HRD who may benefit from PARP inhibitor strategies[43, 50, 77-81]. NGS
technology enables the possibility of panel testing to be delivered in clinical
practice. Panel testing means that rarer genes such as BRIP1, RAD51C and
RAD51D can also be able to be tested in addition to BRCA1 and BRCAZ2, giving
more comprehensive genetic information which may guide patient care. For
example, patients with a germline RAD51C mutation were shown to respond to
rucaparib in the ARIEL-2 trial, while preclinical data have demonstrated
sensitivity to PARP inhibitors in cell lines with RAD51D mutations [79, 82]
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Challenges for PARP inhibitors in clinical practice
Several important issues remain to be addressed if ovarian cancer patients

are to benefit from the full potential of PARP inhibitors.

1.What are the challenges for the implementation of widespread BRCA
testing and germline mutation testing beyond BRCA?

There are a number of issues to address if the implementation of widespread
BRCA testing using an oncogenetic pathway is to be successful. Firstly,
collaboration with a genetics laboratory to provide testing in an appropriate
timeframe to influence clinical practice and. robust processes for reporting and
returning results to patients and clinicians are required. It is important that if
oncologists are involved in returning and discussing results, any genetic
variants must be clearly identifiable as either clinically actionable (pathogenic
variants) or not (non-pathogenic variants). There must also be an option for
patients who would benefit from further discussion with a geneticist before
testing to be able to be referred promptly. In addition, support from the genetics
team for the education of oncology team members is essential.

The eligibility criteria for germline BRCA testing of ovarian cancer patients
varies between different countries and even within regions. Despite this, the
recognition that women with high grade serous ovarian cancer regardless of
family history warrant BRCA testing is now almost universal. Differences in
criteria are mainly in relation to the inclusion of additional histological subtypes

(eg. mucinous) and limiting the age at diagnosis.

A major hurdle to the success of any programme aimed at expanding access
to genetic testing is appropriate funding. For example, in England, although
there are national guidelines suggesting which patients should be offered
testing, there is a lack of specific national funding for testing. This has also led
to resistance for integrated programmes and disagreements over who should
fund the testing — Genetics or Oncology departments.
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To date, the economic modelling has demonstrated that offering genetic testing
to all women with non-mucinous ovarian cancer is cost-effective [83]. In
addition to the potential clinical management implications for an individual
patient, the identification of individuals with BRCA mutations also allows
cascade testing of at-risk family members, unaffected by cancer, to ascertain
their own risk. In doing so, it offers a rare opportunity to prevent others from
developing cancer themselves, by choosing risk-reducing strategies such as

prophylactic surgery, appropriate screening or chemoprevention.

There is no consensus on regarding whether to check for germline and somatic
BRCA mutations or in which order they should be performed. For many
countries, germline testing is established in clinical practice. Some patients
without a germline BRCA mutation may still benefit from somatic BRCA testing
ie. to access a PARP inhibitor. Several centres are performing somatic testing
first. Patients found to have a mutation in the tumour can then undergo
germline testing, to establish the nature of the mutation. This approach limits
the need for patients to undergo genetic counseling first and arguably, patients
who do not have a BRCA mutation detected in the tumour will not require further
germline BRCA testing. However, prior to taking up somatic testing as a
screening tool to limit the number of patients requiring germline testing, several
factors that are relevant for the implementation of widespread somatic BRCA
mutation testing need to be considered: the quality of the extracted DNA for
analysis; the interpretation of the sequencing data; the significance of tumour
heterogeneity between and within biopsies of metastatic lesions; and the
stability of a somatic BRCA mutation over time ie. Is the somatic BRCA
mutation status of a sample taken at diagnosis relevant following progression
after several lines of therapy? Preliminary results from the ARIEL-2 trial have
shown that two patients were found to have a somatic BRCA mutation detected
in the pretreatment biopsy but not in the archival (diagnosis) specimen and they
derived durable responses to rucaparib[84]. This provides support for the
consideration of pre-treatment biopsies before excluding PARP inhibitors for

individual patients.
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A practical issue for the delivery of germline panel testing of whole exome
sequencing is that rare mutations, including protein-truncating mutations in
many genes that have not been proven to have an association with ovarian
cancer are likely to be found in patients. The difficulty lies in the interpretation
of such results. Projects such as the 1000 Genome programme have shown
that humans have more than 100 de-novo protein-truncating mutations, and
that most of these mutations will not be disease-causing [74]. There is a
concern that any protein-truncating mutation identified in a patient with cancer
will be assigned as causative, unless clear guidelines for reporting are put in
place. In addition, the analysis of the wealth of data generated by NGS also
requires substantial bioinformatics support that can be beyond that available in
most diagnostic laboratories currently.

2. When should ovarian cancer patients be offered a PARP inhibitor? The
licensed indication for olaparib differs in Europe and the US. It is not known
whether the optimal time to receive a PARP inhibitor for disease relapse is as
a treatment or a maintenance strategy following response to platinum. Some of
the following practical clinical scenarios are under investigation in clinical trials
(table 2). In the relapsed treatment setting, after which line should patients
receive a PARP inhibitor and should this be dependent on platinum-sensitivity?
Durable responses to olaparib have been observed in germline BRCA mutated
ovarian cancer patients who have received =3 lines of prior chemotherapy
including patients with platinum-resistant disease [85, 86]. In the maintenance
setting, should patients be receiving PARP inhibitor for first platinum-sensitive
relapse or later? Should BRCA mutation carriers be treated with a maintenance
PARP inhibitor in preference to bevacizumab for first platinum-sensitive relapse
or vice versa? Alternatively, should patients be receiving maintenance PARP
inhibitor therapy as first line therapy? The SOLO-1 trial (NCT01844986) which
has completed patient recruitment will be the first trial to help address the role

of first line maintenance in patients with a BRCA mutation.

Factors to consider are the potential long term toxicities of PARP inhibitors in a
population with a good prognosis who may have been cured without PARP
inhibitor therapy. Olaparib is generally well-tolerated with common toxicities
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including gastro-intestinal toxicity (nausea and vomiting), fatigue and anaemia.
These toxicities are generally low-grade, and usually improve over time.
However, there is a risk, albeit low, (1-2%) of acute myeloid leukemia (AML)
and myelodysplasia (MDS). This may not be different from the inherent risk of
second malignancy in patients with BRCA mutations, but further careful long-
term follow-up is necessary. Another factor to consider in the maintenance
setting is the convenience of therapy for patients. In contrast to bevacizumab
which is an intravenous maintenance therapy licensed in ovarian cancer, PARP
inhibitors are oral. The current licensed formulation of olaparib is capsules and
requires patients to take eight capsules twice daily. To improve compliance, a
tablet formulation has been introduced and further randomised trials to confirm

its efficacy are currently in progress [30].

Another important issue is whether following disease progression on a PARP
inhibitor, the efficacy of other anti-cancer therapies is diminished. This
information could influence decision-making regarding the point in a patient’s
disease course that they are used. Evidence so far, suggests that patients who
receive olaparib as a treatment for disease progression and then develop
olaparib resistance, retain the potential to respond to subsequent
chemotherapy, including platinum but further data on larger numbers of PARP
inhibitor treated patients are needed [87]. In the pivotal maintenance study,
exploratory analyses of the BRCA mutation group showed that the time to
second subsequent therapy or death (TSST) which is an approximation to the
PFS2 (time to progression after subsequent treatment), was significantly longer
in the olaparib arm compared to placebo (23.8 months vs 15.2 months; HR
0.44;p=0.00013) [2]. This suggests that olaparib may not be significantly
detrimental to the effects of subsequent therapy. Ongoing phase llI trials of
olaparib (SOLO1 and SOLO2) and other PARP inhibitors (ARIEL-3, NOVA) will

help address this important question.

2. Which patients should be treated with a PARP inhibitor?
The presence of a pathogenic BRCAL1 or BRCA2 mutation is currently the best
predictive biomarker of PARP inhibitor activity. Patients with a germline BRCA1

or BRCA2 mutation should be considered for a PARP inhibitor at some point in
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their disease course. A major challenge is the identification of additional
patients that are likely to also benefit from PARP inhibitors. Patients with a
somatic BRCA mutation have also been shown to derive benefit and olaparib
maintenance therapy is licensed for this group of patients [2, 82]. In study 19,
fewer patients with somatic BRCA mutations were reported to have progression
events in the olaparib arm (3/8, 38%) than the placebo group (6/10, 60%). The
low number of patients with a somatic BRCA mutation in this study (n=18)
means that it is not possible to undertake formal analyses in order to make
definitive conclusions regarding the relative efficacy of olaparib in patients with
a germline BRCA mutation compared to a somatic BRCA mutation. Of note,
thus far, the response rates (combined RECIST and CA125) to rucaparib are
similar for germline (n=20, 85%) and somatic (n=19, 84%) BRCA mutation
groups [34]. Results from phase Il studies (ARIEL-3 NCT01968213, NOVA
NCT01847274) in which a larger number of patients with a somatic BRCA
mutation are treated with a PARP inhibitor, will address this important point.

There is now clear evidence that another subgroup of patients those with HR-
deficient cancers also derive benefit from PARP inhibitors. The question is how
can these patients be identified? There are several HRD assays under
development. The HRD signature developed within the ARIEL-2 described
earlier (Foundation Medicine), appears promising. Using this signature, it was
possible to identify a group of patients in which the response to rucaparib was
higher compared to the biomarker-negative group although lower than the
BRCA mutation group. There are also positive preclinical data on ovarian
cancer models linking niraparib efficacy to the Myriad Genetics HRD assay,
which is also based on genomic LOH. However, some have argued that
targeted sequencing looking for defects in a range of DNA damage-repair
genes would be a more accurate tool [88, 89]. Recently, a press release of the
phase Il NOVA trial results reported a significant improvement in PFS in HRD-
positive (defined by myChoiceHRD® Myriad Genetics, Inc.) patients as well as
the germline BRCA mutated group treated with maintenance niraparib
compared to the placebo group

(http://ir.tesarobio.com/releasedetail.cfm?ReleaselD=977524). The benefit of
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PARP inhibitors is clearly expanding beyond germline BRCA-mutated ovarian

cancer.

As well as defining which patient groups achieve a response or survival
advantage, it is essential to work out which patients go on to derive durable,
long-term benefits from PARP inhibitors. In Study 19, 13.2% of patients
(18/136) received olaparib for more than 5 years [32].

3. How to overcome PARP inhibitor resistance and enhance the activity
of PARP inhibitors?

Potential mechanisms of resistance to PARP inhibitors have been proposed
and are reviewed in [10, 12]. These include enhanced PARP inhibitor cellular
efflux, secondary BRCA reversion mutations, ‘hypomorphic ‘BRCA1 alleles,
and reduced levels of 53BP1 [90-95]. The extent to which particular
mechanisms play a role in an individual ovarian cancer patient developing
resistance to a PARP inhibitor, remains to be established. It will be essential to
understand better the mechanisms of resistance to PARP inhibitors so that the
optimum strategy of PARP inhibitor use can be defined. This may best be
addressed by careful analysis of tumour samples from patients whose disease
has progressed on PARP inhibitor therapy. Although PARP inhibitors and
platinum may share common mechanisms of resistance, some patients who
have responded to olaparib and then subsequently develop resistance have
been reported to retain sensitivity to further platinum-based treatment [87]. It is
not known whether rechallenge with the same or different PARP inhibitor,
potentially in combination with other agents, could benefit patients whose
disease has progressed on a PARP inhibitor. If so, similar to the platinum-free
interval, the PARP inhibitor free interval may be relevant. In addition to PARP
inhibitor combination with chemotherapy, other combination strategies that
have entered clinical trials are PARP inhibitors with PISK/AKT inhibitors or
antiangiogenic agents. A phase Il trial of the VEGFR inhibitor cediranib with
olaparib in platinum-sensitive ovarian cancer demonstrated that combination
led to a significant improvement in PFS, compared with those treated with
olaparib alone (17.7 vs 9 months, HR 0.42, p=0.005) [96]. However, the
toxicities of the combination at the doses used were concerning with 77% of
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patients requiring a dose reduction. Further studies of this combination are
underway including a randomized study in relapsed disease (NCT02446600)
where for the first time, an olaparib combination will be directly compared to
platinum-based chemotherapy. Preclinical studies have provided rationales for
pther potential clinical strategies which include the combination of PARP
inhibitors with other targeted agents, such as ATR, c-Met [97]., Hsp90, CDK1
and HDAC inhibitors and immunotherapy[93, 98, 99]. Table 3 summarises
PARP inhibitor and novel agent combination clinical trials.

Conclusions

A decade after the first preclinical studies demonstrated the synthetic lethal
relationship between BRCA deficient cells and PARP inhibition, the first PARP
inhibitor has been licensed (olaparib) for ovarian cancer patients with a BRCA
mutation. Several other potent PARP inhibitors are also in late phase clinical
development. An important challenge will be how to make the most out of the
different PARP inhibitors and incorporate results from phase Il trials due to
report shortly for ovarian cancer patients. Widespread BRCA testing is
essential for the maximum number of ovarian cancer patients to benefit from
PARP inhibitors. The key areas of research relate to patient selection,
overcoming resistance and how best to integrate PARP inhibitors into the
ovarian cancer treatment landscape. In an era where antiangiogenic agents are
in common use and immunotherapy approaches hold promise, this last point

will become increasingly complex.
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Figure 1. Putative anticancer mechanisms of action of PARP inhibitors

a | The classic model: impaired base-excision repair. DNA damage can cause single-strand breaks (SSBs) that are normally efficiently
repaired by BER processes. PARP1 is a key component of the BER machinery and PARP inhibition results in persistent SSBs. A
replication fork might encounter a persistent SSB during DNA replication, which either causes the replication fork to collapse or results
in a DNA double- strand break (DSB). These breaks are normally repaired by the homologous recombination DSB-repair pathway,
which requires BRCA1 and BRCAZ2 function. However, in the absence of functional BRCA1 or BRCAZ2, for example, owing to loss-of-
function mutation, the DNA cannot be repaired, or is repaired through alternative pathways that are highly error prone, resulting in
gross genomic instability and cell death. b | PARP trapping. PARP inhibition leads to inactivation of PARP1 and inhibition of
subsequent poly [ADP-ribose] (pADPr) synthesis. PARP1 remains bound to damaged DNA, thus inhibiting DNA repair. c |
Suppression of nonhomologous end-joining (NHEJ). Active PARP1 suppresses the error-prone DNA-repair pathway. In the presence
of PARP inhibitors, NHEJ is no longer suppressed and is active in HR-deficient cells, leading to chromosomal rearrangements,
genomic instability and cell death. d | Impaired BRCA1 recruitment. PARP inhibition reduces recruitment of the BRCA1-associated
RING domain protein 1 (BARD1)-BRCA1 complex to damaged DNA, which impairs DSB repair. This process is potentially important
in the presence of a BRCA1 mutation, whereby the BRCA1-histone 2A, family member X, phosphorylated at serine 139 (yH2Ax)
interaction is diminished. DNA-PKCs, DNA-dependent protein kinase, catalytic subunit; HR, homologous recombination; Ku70, X-ray

repair cross—complementing protein 6; Ku80, X-ray repair cross-complementing protein 5.
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Table 1: Published results of key phase II/lll studies of PARP inhibitors in patients

with ovarian cancer

AUC, area under the curve; BD, twice daily; combo, combination; cyclo, cyclophosphamide; d, day; HR, hazard ratio; HRD,
homologous recombination deficiency; n, number of patients; NR, not reported; OD, once daily; OR, odds ratio; ORR, objective
response rate; OS, overall survival; PFS, progression-free survival; PLD, pegylated liposomal doxorubicin.

Study Study population Treatment ORR Mean PF5 duration (months) 05 (months)
Audeh et al. Recurrent, germ line Olaparib 400 mg BD (n=
(201024 BRCA-mutated (n = 33)vs olaparib 100 mgBD | 33%vs 13% 58wvs19 MR
(ICEBERG 2y 57} (n=24)
-BRCA-
Gelmon et al mutant 41%
— Recurrent (n = 64) Olaparib 400 mg BD X T3vs B3 MR
(201125 + BRCA wild
type: 24%

Recurrent, germ line

BRCA-mutated;
Kaufman et ]

platinum-resistant, or

al. (2015)28 ) Olaparib 400 mg BD 31% 7 16.6
unsuitable for further

(Study 42)
platinum therapy (n =
193)

Kaye etal Recurrent germline  Olaparin 200 mg BOvs 25% vs 31%

(201222 BRCA-mutated (n= olaparib 400 rTg BDws vs 18%, P= |65vs88vs7.1, P=066 NR
a7 PLD 50 mg/m? 0.31

Overall: 29.8 vs 27.8, HR

Ledermann st Platinum-sensitive, Overall: 84vs 4.8 HR 0.35, F 0.858, F=044;
J (201272 recurrent, high-grade, | Olaparib (maintenance 12% vs 4%, | <0.001; BRCA-mutated group: BRCA-mutated group:
al. =
201612 serous disease therapy) 400 mg BD vs OR 336, F= 11.2vs 4.3 HRO0.18 P=0.0001, 349vs319 HRO073F
EStud )19) unselected for BRCA | placebo 012 BRCA-wild-type group: 7.4vs 5.5, =0.19; BRCA-wild-type
v status (n = 265) HR 0.54, P=0.0075 group: 24.5vs 26.2 HR
0.99, P=0.96
Carboplatin AUC4 d1,
paclitaxel 175 mg/m? d1,
) and olaparib 200 mg BD
Platinum-sensitive, 338vs 376 HR117, P
Oza etal. d1—10 every 21 d, then 12.2vs 96, HR 051, P=0.0012;
— recurrent, high-grade, X =0.44; BRCA-mutated
(2015 . olaparib 400 mg BD 64% vs 58% | BRCA-mutated group, HR 0.21, P
serous disease (n= X group, not reached vs
(Study 41) maintenance vs =0.0015
162) ) 39.2, HR 1.28, P=0.69
carboplatin AUCE d1 and
paclitaxel 175 mgim?2 every
21d
Platinum-sensitive,
. 17.7vs 9.0, HR 0.42; P =0.005;
recurrent, high-grade, X 79.6% vs
Olaparib 200 mg BD and BRCA-mutated group: 19.4vs
Liu et al. serous/ endometrioid o 47.8%, OR
10 i cediranib 30 mg OD vs 16.5 (HR 0.55;, P=0.16); BRCA- NR
(2014) disease; unselected R 424 F= .
olaparib 400 mg BD wild-type group: 16.5vs 5.7 (HR
for BRCA status (n= 0.002
0.32, F=0.008)
90)
Overall: 26%;
X platinum-
Germ line i
sensitive
Coleman et BRCA-mutant, o
— . Veliparib 400 mg BD 35%; Overall: 8.2 MR
al (20157 recurrent disease (11 =
platinum-
50) .
resistant:
20%
Recurrent Cyclo alone
Kummar etal. BRCA-mutated, or Veliparib 60 mg OD + cyclo | 7/36 (19.4%);
- ) Cyclo alone 2.3, combo 2.1 MR
(2015)28 high-grade, serous 50 mg 0D vs cyclo alone combo 4/34
disease (n=75) (11.8%)
Germ line BRCA-mutated 21.0 vs
5.5 HR 0.27, P=0.001;
Platinum-sensitive, non-germ-line BRCA-mutated 9.3
o e high-grade serous or | Niraparib (maintenance vs 3.9 HR 0.45 P=0.001;
Mirza et al.
(2015)40 known germ line therapy) 300mg OD vs A non-germ-line BRCA-mutated, MR
BRCA mutation (n= placebo HRD-positive 1289vs 3.8 HR
B53) 0.38, P=0.001; non-germ-line
BRCA-negative, 6.9vs 3.8 HR
0.58, P=0.02

29



30



Table 2: Phase Ill trials of PARP inhibitors in patients with ovarian cancer* with

results pending

Data were accessed on the 18th of July 2016. HRD, homologous recombination deficiency. *Including patients with fallopian tube

and/or primary peritoneal carcinomas. $Closed to recruitment, awaiting results. §Closed to recruitment, awaiting results (press release

available indicating statistically significant improvement with olaparib)

Trial identifier

MCT01844986
(SOLO-1)5%

NCT01874353
(SOLO-2)578

NCT01968213
(ARIEL3)%8%

NCT02477644
(PAOLA-1)114

NCT02282020
(50LO-3)1%
NCT02502266
(cocos)!e

NCT02446500 (Ref.
17)

NCT02655016
(PRIMA)1E

NCT02470585 (Ref.
119)

PARP inhibitor and context

Olaparib maintenance

Olaparib maintenance

Rucaparib maintenance

Olaparib maintenance (with bevacizumab)

Olaparib versus physician's choice of
single-agent chemotherapy

Cediranib and olaparib or standard
chemotherapy

Claparib or cediranib and olaparib
compared with standard platinum-based
chemotherapy

Miraparib maintenance

Veliparib maintenance

Patient population
BRCA-mutated following first-line platinum-based chemotherapy
Platinum sensitive, BRCA-mutated disease following a complete or partial

response to platinum-based chemotherapy

Following platinum-based chemotherapy in patients with platinum-sensitive,
high-grade serous or endometricid disease

Following first-line platinum-based chemotherapy with bevacizumab
maintenance in patients with high-grade serous or endoemetrioid disease
and germ line BRCA mutations

Patients with platinum-sensitive, high-grade serous or endometrioid disease
and germ line BRCA mutations

Patients with platinum-resistant or refractory, high-grade serous or

endometrioid, or known germ line BRCA mutations

Patients with platinum-sensitive, high-grade serous or endometrioid
disease, or those with known germ line BRCA mutations

Patients with HRD-positive, advanced-stage ovarian cancer following
response to first-line platinum-based chemotherapy

With carboplatin and paclitaxel and as continuation maintenance therapy in
patients with newly diagnosed stage Ill or IV high-grade serous disease
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Table 3: Ongoing clinical trials of PARP inhibitors combined with novel agents

Data were accessed on the 18th of July 2016. ATR, ataxia telangiectasia and Rad3-related protein; CTLA-4, cytotoxic T-lymphocyte-
associated protein 4; PD-1, programmed cell-death protein 1; PD-L1, programmed cell-death 1 ligand 1.

Trial identifier Phase  PARPinhibitor  Combination novel agent(s)

NCT02723864 (Ref. 120) | Veliparib VX-970 (ATR inhibitor) + cisplatin

NCTO1623349 (Ref. 121) | Dlaparib BKM1:20 or BYL7 19 (PI3K inhibitor)

NCT02338622 (Ref. 122) | Dlaparib AZDS5363 (AKT inhibitor)

NCT02734004 (MEDIOLA)'22 | Olaparib Durvalumab (anti-PD-L1 antibody)

NCTO2681237 (Ref. 124) I Dlaparib Cediranib (VEGFR inhibitor)

NCT02576444 (OLAPCO)125 I Olaparib AZDS5363 or AZD1775 (WEE1 inhibitor) or AZD2014 (mTORC1/2 inhibitor)
NCT02208375 (Ref. 126) | Olaparib AZDZ2014 (MTORC12 inhibitor) or AZDS363 (WEET inhibitor)
MNCT02484404 (Ref. 127) 1l Olaparib Durvalumab (anti-PD-L1 antibody) and cediranib
MCTO2657888 (Keynote-162)128 il Niraparib Pembrolizumab (anti-PD-1 antibody)

NCT02354131 (AVANOWA)122 1l Miraparib Bevacizumab (anti-VEGF antibody)

MCT02571725 (Ref. 130) 1l Olaparib Tremelimumab (anti-CTLA-4 antibody)

MCT01434316 (Ref. 131) | Veliparib Dinaciclib (CDK inhibitor)
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