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Abstract

The development of the conceptual cancer hallmarks has deeply changed our
understanding of cancer initiation, progression, and metastasis. Moreover, this
pivotal effort is a milestone that provided the scientific rationale for developing
new cancer biomarkers and anticancer drugs. In ovarian cancer (OC), the ten
cancer hallmarks described by Hanahan and Weinberg were investigated in
translational studies for prognostic and predictive biomarker discovery. In addi-
tion, several interventional clinical trials used these principles to explore the
clinical efficacy of several chemotherapeutic and targeted agents such as
antiangiogenics and PARP inhibitors. Promisingly, survival outcomes in
women with OC were improved with the arrival of novel single agents and
combinatorial approaches. In this chapter, the clinical impact of genetics,
biomarkers, and therapy in OC is reviewed based on the hallmarks of cancer.
We particularly present a special emphasis on druggable targets investigated in
phase II/III clinical trials for OC.
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3.1 Introduction

With the advent of next-generation sequencing platforms, emerging ovarian cancer
(OC) genomic data illustrated important druggable pathways that enabled the suc-
cessful development of various novel anticancer molecules such as PARP inhibitors
(PARPi) and antiangiogenics. Until this time, the dualistic origins and pathogenesis
of OC are still debated because of the changing evidence reported in the literature
every year (Klotz and Wimberger 2017; Soong et al. 2018). OC is widely regarded
as a genetic disease in which the accumulation of mutations is a key driver of its
pathogenesis. Targetable genetic alterations reported in OC (Petrillo et al. 2016)
might be classified according to the next-generation hallmarks of cancer as previ-
ously defined by Hanahan and Weinberg’s influential manuscripts (Hanahan and
Weinberg 2000, 2011; De Palma and Hanahan 2012; Hanahan and Coussens 2012;
Lambert et al. 2017). These hallmarks are defined as “acquired functional
capabilities that allow cancer cells to survive, proliferate, and disseminate; these
functions are acquired in different tumor types via distinct mechanisms and at
various times during the course of multistep tumorigenesis” (Hanahan andWeinberg
2011). In this perspective, the present chapter will be discussed according to this
promising model. Moreover, a special and central spotlight will be given to the
translation of these alterations in cancer drug discovery and biomarkers development
based on recent observational and interventional human trials.

3.2 Actionable Hallmarks of Ovarian Cancer

3.2.1 Synthetic Lethality Beyond Genomic Instability

DNA damages and subsequent alterations in cell repair mechanisms are the principal
causes that favor tumorigenesis. These are notable results of tumor mutational
instability enabling proliferative properties to cancer cells. Genomic instability is
the most studied cancer hallmark until today. Repair pathways of DNA damages are
complex and encompass several genes of the family of homologous recombination
repair (HRR), non-homologous end-joining, and single-strand annealing
(De Picciotto et al. 2016). In OC, BReast CAncer (BRCA), RAD51 recombinase
(RAD51), and partner and localizer of BRCA2 (PALB2) orchestrate HRR and are
found mutated particularly in patients with high-grade serous histology (Lord and
Ashworth 2012). Mutations in these tumor suppressor genes drive genomic instabil-
ity which is a well-known characteristic that predicts outcomes in several cancers
including OC. Remarkably, mutations in these genes—namely pathogenic action-
able BRCA1 and BRCA2 variants—render women with OC particularly sensitive to
chemotherapy (see Chaps. 4 and 7) and also PARPi (Le Page et al. 2020), a recently
emerged concept known as synthetic lethality. Of note, synthetic lethality induced
by PARPi followed by senolytic agents has proven to be synergistic preclinically and
therefore, combinatorial approaches using this approach seem to be promising
(Topatana et al. 2020). Furthermore, a durable response to immune-checkpoint
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blockade can be achieved based on genomics. OC patients with HRR deficiency
have a notable infiltration of immune infiltrates which correlate with greater
improvement in overall survival (OS) (Keenan et al. 2019; Morse et al. 2019).

The development of PARPi based on this hallmark is a milestone in OC therapy.
Various PARPi were approved worldwide for treating OC as a treatment and/or
maintenance therapy based on landmark studies (Mirza et al. 2020). PARPi were
initially investigated in three randomized phase III trials (NOVA, SOLO-2, and
ARIEL-3) as maintenance treatment for patients with recurrent OC after platinum-
based chemotherapy (Mirza et al. 2018). NOVA was a double-blind phase III trial
that randomized OC patients with platinum-sensitive and recurrent disease to receive
niraparib as monotherapy or placebo in a 2:1 fashion with progression-free survival
(PFS) as a primary endpoint (Mirza et al. 2016). In this trial, 553 women were
enrolled including 203 participants with germline mutated BRCA and other
350 participants with non-mutated BRCA. Median PFS in niraparib arm was signifi-
cantly longer as compared to the placebo group ( p < 0.001) with a manageable
bone-marrow toxicity profile by dose reduction. In the germline mutated BRCA
cohort, women treated with niraparib had 21 months of PFS as compared to 5.5
months in those treated with placebo (HR: 0.27; 95% CI: 0.17–0.41). Furthermore,
patients with HRR deficiency (HRD) beyond BRCA also benefited from niraparib
treatment within an increase of median duration of PFS by 9 months (HR: 0.38; 95%
CI: 0.24–0.59) (Mirza et al. 2016). Following these promising findings for niraparib
which is the only PARPi approved as maintenance therapy regardless of BRCA
status, olaparib, another PARPi given as tablets was investigated in the SOLO-2/
ENGOT-Ov21 phase III trial (Pujade-Lauraine et al. 2017). This study was a
randomized, placebo-controlled and enrolled 295 platinum-sensitive and recurrent
OC with BRCA1 or BRCA2 mutations to receive olaparib or placebo (2:1 ratio).
Median PFS was significantly longer in the arm treated with olaparib than the
placebo arm (19.1 vs 5.5 months, HR: 0.30, CI: 0.22–0.41, p < 0.0001) (Pujade-
Lauraine et al. 2017). Long-term benefit from this oral therapy as a maintenance
therapy for relapsed OC was markedly noticed as demonstrated by the latest updated
OS data presented at ASCO20 virtual meeting (Poveda et al. 2020). Final OS in this
trial showed that maintenance olaparib provided an improved median OS of 12.9
months as compared to placebo after a median follow-up of 65 months (Poveda et al.
2020). Rucaparib was studied in the randomized and placebo-controlled ARIEL-3
phase III trial (n ¼ 564, 2:1 ratio) as a maintenance therapy for patients with
recurrent platinum-sensitive who had received two regimens of platinum-based
chemotherapy (Coleman et al. 2017a, b). Patients with mutated BRCA OC had
superior median PFS (22.9 vs 5.4 months; HR: 0.23, 95% CI: 0.16–0.34,
p < 0.0001). In addition, patients with HRD carcinoma also benefited from
recuparib (13.6 vs 5.4 months; HR: 0.32, 0.24–0.42, p < 0.0001). With a hazard
ratio of 0.36, clinically meaningful benefits of recuparib was also noticed in the
intention-to-treat population ( p < 0.0001) (Coleman et al. 2017a, b).

In the recurrent setting, ARIEL-2 was an open-label multicenter phase II trial that
investigated rucaparib in 206 women with recurrent and platinum-sensitive high-
grade serous OC (Swisher et al. 2017). The median PFS of patients in the BRCA
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mutant cohort after treatment with rucaparib was 12.8 months. In the other cohorts,
median PFS was 5.7 months and 5.2 months in patients with high and low loss of
heterozygosity, respectively (Swisher et al. 2017). QUADRA is another phase II trial
(n¼ 463) that was planned to investigate the clinical efficacy of niraparib as a single
agent in the fourth or later line of treating recurrent OC (Moore et al. 2019a).
Enrolled heavily pretreated patients were mainly resistant or refractory to
platinum-based chemotherapy (n ¼ 151 and n ¼ 161, respectively). Median
follow-up for OS exceeds 1 year with a manageable hematological toxicity profile,
as expected (Moore et al. 2019a). More recently, SOLO-3 randomized
FDA-mandated confirmatory phase III was designed to look at response rates for
PARP inhibitor olaparib versus one of the non-platinum drugs used in this setting
including pegylated liposomal doxorubicin, paclitaxel, gemcitabine, or topotecan
(Penson et al. 2020). This study randomly assigned 266 recurrent OC patients with
platinum-sensitive disease and BRCA mutant tumors to receive olaparib or single
non-platinum chemotherapy and the objective response rate (ORR) was its primary
endpoint. ORR in this population was significantly higher (72.2%) compared to
chemotherapy (51.4%). In heavily pretreated women who had received at least two
prior lines of chemotherapy, ORR was also superior in the olaparib arm (84.6% vs
61.5%). Median PFS also favored olaparib, which resulted in significantly improved
outcomes (HR: 0.62; p¼ 0.013; 13.4 vs 9.2 months) (Penson et al. 2020). However,
as mentioned above, this phase III compared a PARPi versus non-platinum drugs in
a platinum-sensitive setting without a control using platinum-based chemotherapy.
Therefore, this strategy should be reserved for OC patients who are not candidates
for platinum-based chemotherapy.

Four randomized phase III clinical trials using PARPi have been conducted for
newly diagnosed OC in the first-line setting (SOLO-1, PAOLA-1, PRIMA, and
VELIA) (for review, see: Franzese et al. 2020; Mirza et al. 2020; Lee and Matulonis
2020). These trials were all in the front-line setting and had PFS as the primary
endpoint but with differences in terms of the composition of their control arms, the
timing of the use of PARP inhibition, and platinum-resistance status (Mirza et al.
2020). SOLO-1 was a double-blind phase III trial that randomly allocated patients
with newly diagnosed OC and BRCA mutant tumors to receive olaparib as a
maintenance treatment or placebo in a 2:1 fashion after clinical response platinum-
based chemotherapy (Moore et al. 2018c). After a median follow-up of 41 months of
the 391 enrolled participants, a reduction of risk of disease progression or death by
70% was noticed in the olaparib arm as compared to placebo (HR: 0.30; 95% CI:
0.23–0.41; p < 0.001) (Moore et al. 2018c). Of note, this study excluded all patients
without BRCA mutant tumors and also not permitted a prior exposure to
bevacizumab. Niraparib was studied as monotherapy for maintenance after response
to first-line chemotherapy in the randomized and placebo-controlled PRIMA phase
III trial (n¼ 733) (González-Martín et al. 2019). Half of the enrolled participants had
homologous recombination deficient tumors in which PFS was statistically and
clinically meaningful as compared to the placebo arm (21.9 vs 10.4 months; HR:
0.43; 95% CI: 0.31–0.59; p < 0.001). Moreover, PFS in the intention-to-treat
population was also improved (13.8 vs 8.2 months; HR: 0.62; 95% CI: 0.50–0.76;
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p < 0.001) (González-Martín et al. 2019). The efficacy of veliparib in the first-line
induction treatment was assessed in the VELIA study (Coleman et al. 2019). 1140
patients with previously untreated OC received carboplatin and paclitaxel in combi-
nation with veliparib followed by veliparib for maintenance or without veliparib as
maintenance in the experimental arm and the standard of care plus placebo and
placebo maintenance in the control arm (1:1:1 ratio). Median PFS in BRCA-mutated
women was significantly superior to the control group and achieved 34.7 vs
22 months (HR: 0.44; 95% CI: 0.28–0.68; p < 0.001). Notably, the population of
patients with homologous recombination deficiency also benefited from veliparib
(HR: 0.68; 95% CI: 0.56–0.83; p < 0.001). The findings of this study suggest that
first-line induction therapy using carboplatin, paclitaxel, and veliparib followed by
veliparib maintenance is superior in terms of PFS as compared to the classical
doublet protocol alone (Coleman et al. 2019). PAOLA-1 examined the clinical
benefits of adding olaparib to bevacizumab in the first-line maintenance after
response to chemotherapy plus bevacizumab in OC patients BRCA mutation status
(Ray-Coquard et al. 2019). 806 eligible patients received either olaparib or placebo
in a randomized fashion (2:1). Median PFS was increased with the use of olaparib in
combination with bevacizumab as compared to bevacizumab and placebo (HR: 0.59;
95% CI: 0.49–0.72; p < 0.001). The hazard ratio for progression or death in women
with positive tumors for homologous recombination deficiency (including BRCA)
treated with olaparib was 0.33 suggesting a substantial benefit from this combination
(Ray-Coquard et al. 2019). Currently, this doublet is considered as the standard of
care for first-line maintenance regardless of BRCA and HRR deficiency.

Building on this, these landmark studies were successful in providing evidence
supporting the use of PARPi in various OC treatment settings. This is further
supported by recent multiple meta-analyses of randomized and controlled trials
discussed in this section (Tomao et al. 2019; Ruscito et al. 2020; Lin et al. 2021;
Hao et al. 2021). Future head-to-head comparisons of PARPi and combinatorial
approaches with other anticancer drugs including antiangiogenics and immune-
checkpoint blockers will be promising to improve OC care (Veneris et al. 2020)
and are a research priority. Moreover, synthetic lethality appears to play a principal
role in selecting patients to benefit from the development of PARPi. Knowledge on
HRR including BRCA mutations seems to be important in conferring sensitivity to
these agents. The accuracy of currently available genetic testing procedures needs to
be improved in the future. More details on this hallmark can be found in the other
chapters of this book.

3.2.2 Tumor Promoting Inflammation

It is well established that inflammation substantially contributes to the supply of
protumoral state as well as in the progression of malignancies (Diakos et al. 2014;
Taniguchi and Karin 2018). During cancer progression and metastasis, a large
number of tumor cells undergo necrotic cell death which drives the recruitment of
immune inflammatory cells that can actively promote cancer invasiveness by acting
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on angiogenesis and cell proliferation mechanisms (Hanahan and Weinberg 2011).
In the ovaries, several events that majorly delay inflammation such as parity (Fortner
et al. 2018), oral contraceptives use (Collaborative Group on Epidemiological
Studies of Ovarian Cancer 2008; Cibula et al. 2011; Havrilesky et al. 2013), and
non-steroidal anti-inflammatory drugs are associated with a reduced risk of OC
(Trabert et al. 2018) and improved outcomes in OC patients (Verdoodt et al.
2018). On the other hand, events causing inflammation such as endometriosis have
been suggested to increase OC risk (Pearce et al. 2012; Wendel et al. 2018). The link
between cancer and inflammation has been investigated in both epidemiological and
experimental studies and it was subsequently confirmed through anti-inflammatory
therapies that were relatively effective in chemopreventive approaches as suggested
by numerous recent meta-analyses (Qiao et al. 2018; Zhang et al. 2016a; Wang et al.
2015; Huang et al. 2014a). Inflammation can damage DNA by releasing reactive
oxygen species (ROS) which may cause considerable structural and functional
changes such as somatic mutations during the multistep carcinogenesis (Kawanishi
et al. 2017). Oxidative stress has been linked to cancer initiation and progression by
inducing genome instability through DNA damage or by its mutagenic effects
(Aguilera and García-Muse 2013). High concentrations of ROS at the site of damage
cause DNA DSBs, mutations in tumor suppressor genes and proto-oncogenes which
promote carcinogenesis (Kruk and Aboul-Enein 2017; Kawanishi et al. 2017).
Interestingly, various molecular changes associated with repeated hemorrhage-
associated oxidative stress during carcinogenesis of high-grade serous OC may
explain some pieces of the puzzle (Kobayashi et al. 2017). Retrograde menstruations
were proposed as a possible driver of high-grade serous OC by accumulation of
genetic alterations in some key genes such as CCNE1 (Kroeger and Drapkin 2016),
EZH2 (Li and Zhang 2013), ALDH1A1 (Chui et al. 2014), and PAX2 (Song et al.
2013) that have key roles in tissue differentiation and carcinogenesis (reviewed by
Kobayashi et al. 2017). In addition, fimbrial cells of the fallopian tube may also be a
target of ROS (Kobayashi et al. 2017) and are currently considered as a possible
origin of high-grade serous OC (Karnezis et al. 2017). Mature ovarian follicles and
their fluids (a rich source of ROS) during ovulation were also recently emerged as
another probable inflammatory factor that may affect ovarian malignant transforma-
tion by causing DNA double-strand breaks and upregulation of inflammatory
pathways (Bahar-Shany et al. 2014; Huang et al. 2015). Moreover, cyclooxygenase
2 (COX-2) was found to be highly expressed in OC and correlated with tumor grade
(Zhang et al. 2019a). Moreover, COX-2 seems to enhance the capability of cancer
cells for proliferation and invasiveness and also confers cisplatin-resistance (Zhang
et al. 2019a; Deng et al. 2020). In animal studies, COX-2 inhibition by celecoxib was
found to reduce the invasion and growth of OC cells (Li et al. 2012; Wang et al.
2018). This concept was introduced into interventional clinical trials for OC with
two published randomized phase II studies using the COX-2 inhibitor celecoxib in
combination with carboplatin. Heavily pretreated OC patients were enrolled in a
single-arm phase II study to evaluate the clinical activity of oral celecoxib combined
with carboplatin (NCT01124435) (Legge et al. 2011). ORR was 28.9% including
three complete and ten partial responses with median PFS and OS of 5 and
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13 months, respectively, and a well-tolerated toxicity profile (Legge et al. 2011).
DoCaCel study was another randomized phase II clinical trial that investigated
celecoxib as a combination with docetaxel and carboplatin compared to up-front
chemotherapy alone in the first-line setting for stage IC to IV OC (Reyners et al.
2012). After a median follow-up of 32.2 months, median PFS and OS were similar in
both arms (14.3 and 34 months respectively). However, no conclusions can be
drawn as most patients discontinued celecoxib earlier because of skin reactions
(Reyners et al. 2012). Recently, celecoxib was given with metronomic chemother-
apy using oral cyclophosphamide for patients with recurrent epithelial OC (Gupta
et al. 2019). No difference in terms of medial OS was noticed between the combina-
tion group compared to cyclophosphamide alone ( p ¼ 0.95) (Gupta et al. 2019).
Celecoxib is currently investigated in combination with chemotherapy in other
ongoing clinical trials for OC (NCT02432378, NCT00538031). Moreover,
acetylsalicylic acid (aspirin), another COX-2 inhibitor is being explored for
preventing venous thromboembolism among women with OC receiving
neoadjuvant chemotherapy (NCT04352439). Aspirin is also used in a randomized
phase II study of atezolizumab, bevacizumab, and aspirin for recurrent platinum-
resistant OC in the ongoing EORTC-1508 (n ¼ 122) (NCT02659384).

3.2.3 Sustaining Proliferative Signaling

3.2.3.1 PI3K/AKT/mTOR Pathway
Phosphoinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) signaling pathway is implicated in various required cell
functions such as cell growth, vesicle trafficking, metabolism control, survival,
mobility, and angiogenesis and is triggered by cell surface tyrosine kinase receptors
(RTKs) (Bilanges et al. 2019; Li et al. 2014; Ghigo et al. 2012). This central
signaling axis involves PI3K, the major downstream transducer RTKs, and allows
activation of AKT by phosphorylation, which in turn activates downstream effector
serine/threonine-protein kinase mTOR. PI3K is composed of eight isoforms divided
into class I, class II, and class III PI3Ks that generate lipid messengers involved in
signal transduction of intracellular trafficking (Vanhaesebroeck et al. 2010). Onco-
genic PIK3CA is one of the most commonly mutated genes in human cancers and
encodes for enzymatic PI3K protein activated by extracellular signals essentially
growth factors (Fruman and Rommel 2014). The negative regulation of PI3K
signaling is mainly driven by phosphatase and tensin homolog (PTEN) and inositol
polyphosphate 4-phosphatase type II (INPP4B) tumor suppressor genes (LoRusso
2016). Notably, Loss of PTEN or INPP4B leads to prolonged activation of AKT
which directly activates mTOR complex (mTORC) by phosphorylation. Therefore,
this leads to activation of eukaryote translation initiation factor 4E binding protein-1
(4EBP-1) and ribosomal S6 kinase-1 (S6K-1) with protein synthesis as a result
which is required for cell-cycle progression and growth (Laplante and Sabatini
2012; Mabuchi et al. 2015).
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Upregulation of PI3K/AKT/mTOR pathway can occur as a result of over-
activation, modifications in the downstream targets of PI3K and mutations in their
regulatory and/or catalytic domains (Mabuchi et al. 2015). Notably, PI3K/AKT/
mTOR axis plays a central function in the proliferation and progression of OC
(Petrillo et al. 2016; Aziz et al. 2018a). According to the TCGA study, genetic
aberrations in PI3K pathway suggested that 45% of OC cases harbor this alteration
(Cancer Genome Atlas Research Network 2011). These aberrations include incident
mutations and amplifications in key oncogenes PIK3CA (12%, 46% in clear cell
OC), PIK3R1 (3.8%), AKT1 (2%), AKT2 (13.3%), and mTOR (1.9%) (reviewed by
Mabuchi et al. 2015). Mutations in PIK3CA are frequent (51%) especially in ovarian
clear cell carcinomas (a distinct and relatively rare histopathologic subtype of
epithelial OC) as found by a recent study using whole-exome sequencing technology
(Murakami et al. 2017). Not previously reported PIK3R1mutations (8%) in the same
tumor histology were also found which suggest that integrated genomic profiling
using NGS may be useful in understanding the molecular genetics of this aggressive
subtype of OC (Murakami et al. 2017). Similarly, in another NGS report enrolling
more clear cell OC patients (n¼ 48), PIK3CAmutations were found in 50% of cases
(Shibuya et al. 2018). Importantly, PIK3CA missense mutations were found signifi-
cantly associated with improved OS in OC patients with clear cell histology
(Rahman et al. 2012). In addition, clear cell ovarian tumors with mutated PIK3CA
are likely to have hyalinized/mucoid stroma which is a potential risk of
paraneoplastic thromboembolism (Kato et al. 2018). Amplification of PIK3CA is
also seen in recurrent OC suggesting maintained alteration of this pathway during
progression and metastasis (Li et al. 2019a). Taken together this high mutation
frequency of PIK3CA gene in clear cell OC, this signature is of great significance
as a biomarker for diagnosis and prognosis and should be investigated in further
studies. Alterations in tumor suppressor genes PTEN (protein loss or
downregulation) and INPP4B have also been reported in OC and account for 77%
(Martins et al. 2014) and 79% (protein loss) (Salmena et al. 2015), respectively.
Importantly, PTEN loss was found as an early event in OC and it induces fallopian
tube tumor initiation and invasion via a mechanism involving upregulation of
WNT4, a key gene in cell migration (Russo et al. 2018). Moreover, INPP4B and
PTEN loss were found significantly associated with worse outcomes in OC
(Gewinner et al. 2009; Skírnisdóttir and Seidal 2011; Salmena et al. 2015; Patch
et al. 2015), however, data from other reports were not in line with these findings
(McCormick et al. 2016; Bakkar et al. 2015).

Notably, Cai et al. assessed the clinical significance of this pathway in OC based
on a meta-analytic approach that included 20 eligible studies (PTEN: 11, PI3K:
5, AKT: 11) and 2499 patients with epithelial OC (Cai et al. 2014). High PI3K and
protein AKT expressions were found associated with reduced OS (PI3K—HR: 1.44,
95% CI: 1.08–1.91; AKT—HR: 1.60, 95% CI: 1.26–2.04) (Cai et al. 2014). In terms
of PFS, OC patients with high PI3K and protein AKT expressions were related to
poor outcomes (PI3K—HR: 3.35, 95% CI: 1.14–9.82; AKT—HR: 1.65, 95% CI:
1.07–2.55) (Cai et al. 2014). Accordingly, the currently available evidence is
insufficient to recommend these biomarkers as predictors of prognosis and additional
updated meta-analyses and translational prospective studies are warranted.
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Drugging the components of the PI3K/AKT/mTOR signaling cascade has been
extensively investigated in various human clinical trials according to the
U.S. National Library of Medicine database (http://www.clinicaltrials.gov). mTOR
inhibition using temsirolimus alone or combined with other anticancer drugs tested
in early dose-finding phase I trials showed manageable toxicity profile as well as
some signals of clinical activities in gynecological cancers including OC (Temkin
et al. 2010; Boers-Sonderen et al. 2014; Piha-Paul et al. 2014; Kyriakopoulos et al.
2016). Previously, Behbakht et al. conducted a phase II trial to study the efficacy of
weekly intravenous temsirolimus in 60 patients with persistent and recurrent epithe-
lial OC and other peritoneal carcinomas that have received at least 1–3 chemother-
apy regimens (Behbakht et al. 2011). The modest activity was seen in this setting
including 24.1% of patients that had a PFS � 6 months and 9.3% with partial
response (Behbakht et al. 2011). Moreover, Emons et al. enrolled women (n ¼ 22)
with platinum-refractory/resistant OC to receive weekly intravenous temsirolimus in
a phase II trial (AGO-GYN8; NCT01460979) but unfortunately, it didn’t meet its
predefined efficacy endpoint (Emons et al. 2016). Recently, everolimus, an oral
mTOR inhibitor, was combined in another phase II trial with the aromatase inhibitor
letrozole in relapsed estrogen receptor-positive high-grade OC in both platinum-
resistant and sensitive settings (Colon-Otero et al. 2017). Promisingly, this study
enrolling 20 OC patients found a 47% 12-week PFS rate with this combination
(median PFS: 3.9 months; 95% CI: 2.8–11.0 and median OS: 13 months) (Colon-
Otero et al. 2017). More recently, Tew et al. randomized 150 OC patients in a phase
II trial (GOG186-G; NCT00886691) with a recurrent or persistent disease to receive
bevacizumab combined with oral everolimus versus bevacizumab alone (Tew et al.
2018). In this study, PFS was the primary endpoint and was not significantly
improved in the everolimus arm compared to bevacizumab alone (5.9 vs 4.5 months,
HR: 0.95; 95% CI: 0.66–1.37, p ¼ 0.39) (Tew et al. 2018). Furthermore, similar
findings were noted for median OS (16.6 vs 17.3 months, respectively, HR: 1.16;
95% CI: 0.72–1.87, p ¼ 0.55) (Tew et al. 2018). Unfortunately, this combination
associating mTOR inhibitor everolimus and bevacizumab demonstrated higher rates
of serious adverse events (� grade 3) including gastrointestinal perforation and it
was not effective in this indication (Tew et al. 2018). Therefore, it is not
recommended for further clinical exploration in patients with recurrent
OC. Biological rationale and additional clinical data about mTOR inhibition in
gynecologic cancers can be found in a recent review (Kassem and Abdel-Rahman
2016).

Preliminary evidence of targeting this pathway by inhibiting AKT has also shown
some anticipation in developing new therapeutics for high-grade OC (Fu et al. 2012).
Perifosine, a small-molecule AKT inhibitor developed by AEterna Zentaris, was
previously tested in platinum and taxane resistant or refractory high-grade OC in
combination with docetaxel and showed some signals of activity as well as a good
tolerability profile in this phase I trial (Fu et al. 2012). Perifosine monotherapy was
also tested in a phase II trial based on a basket design using PIK3CA mutational
status for recurrent OC patients’ stratification (Hasegawa et al. 2017). The modest
activity was seen in OC patients with mutated PIK3CA including disease control
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rates (40%) compared with wild-type status (12.5%) (Hasegawa et al. 2017). Thera-
peutic advances regarding AKT axis blockade using small molecules and biologics
are reviewed elsewhere (in general, by Mattmann et al. 2011 and in gynecologic
malignancies, by Bregar and Growdon 2016). Antitumor activity of PI3K inhibition
using the Genentech’s pictilisib (GDC-0941) designed to be used orally was initially
found to have some clinical signs of efficacy in patients with platinum-refractory OC
exhibiting PTEN loss and PIK3CA amplification (Sarker et al. 2014). When com-
bined with MEK1/2 inhibitor trametinib, PI3K inhibition by buparlisib (BKM120,
Array BioPharma and Novartis) given daily has shown promising response in OC
patients with mutated KRAS (Bedard et al. 2015). However, these positive results
were invalidated by the serious toxicity profile found in this phase Ib
(NCT01155453) trial including grade 3/4 adverse events (Bedard et al. 2015).
Furthermore, combined inhibition of PI3K and PARP in vitro (Wang et al. 2016a)
provided the first evidence of synergistic activity that was tested in a phase I trial
(Matulonis et al. 2016). Remarkably, the association of PI3K inhibitor buparlisib
with PARP inhibitor olaparib demonstrated clinical benefits in breast and OC
subjects with both germline mutated and wild-type BRCA (Matulonis et al. 2016).
Recently, the use of olaparib with the PI3K inhibitor alpelisib confirmed the
synergistic effects of this combination (Konstantinopoulos et al. 2019). In this
dose-escalation and dose-expansion phase Ib trial (NCT01623349), the authors
observed preliminary clinical evidence of the efficacy of this association with 36%
of patients having a partial response and 50% with stable disease, which merits
further investigation in epithelial OC (Konstantinopoulos et al. 2019). To date,
clinical data on this topic are not mature enough to conduct large randomized
phase III trials. As a final point, until to date, most sequencing reports have provided
discordant mutation frequencies in genes related to this pathway which makes
developing targeted drugs difficult as they play an important role in drug resistance.
Therapeutic interventions in this OC pathway showed some promise that should be
evaluated in future clinical trials with potential predictive biomarkers for better
patients’ selection.

3.2.3.2 RAS Pathway
The RAS/RAF/MEK/ERK cascade is a receptor tyrosine kinase-dependent signaling
axis that links intracellular gene expression pathways to extracellular stimuli
(De Luca et al. 2012). It enhances key cellular activities including proliferation,
survival, migration, cell-cycle regulation, and other cell functions by phosphoryla-
tion/dephosphorylation mechanisms. The dysfunction of this pathway by genetic
alterations has been linked to several human malignancies including type I epithelial
OC (Spreafico et al. 2017; Della Pepa et al. 2015) and contributes to the hallmarks of
cancer by sustaining proliferative signaling. The canonical RAS/RAF/MEK/ERK
cascade is initiated by signals such as binding ligands (growth factors, cytokines,
etc.) to the corresponding receptor at the cell membrane level. The RAS family of
proteins includes three important members, KRAS, NRAS, and HRAS which are
located downstream of receptors. The downstream mediators RAF isoforms are
protein kinases activated by the binding of small G proteins of the RAS family to
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their N-terminal region. Basically, activated RAS recruits and activates RAF which
in turn phosphorylates MEK1/2 leading to ERK activation. Activated ERK1/2 has a
wide variety of cytosolic and nuclear targets that induce inappropriate cell prolifera-
tion and metabolism, survival, and mobility (Papa et al. 2018; Liu et al. 2018).
Deregulation of this pathway mainly by constitutive activation of RAS and RAF
proteins has been well studied in most solid cancers (reviewed elsewhere: Khan et al.
2018).

Recent studies suggest that KRAS mutations are found in clear cell OC with a
prevalence ranging from 13% to 16.7% (Shibuya et al. 2018; Zannoni et al. 2014,
2016). KRAS and BRAFmutations are rare in high-grade serous OC but are proposed
to be an important driver of its cancer biology (Cancer Genome Atlas Research
Network 2011). In low-grade serous OC, BRAF mutations are less common and
represent 5% (Turashvili et al. 2018), which is contradictory with the previous data
suggesting 33% prevalence (Singer et al. 2003). Based on targeted exome and
whole-genome sequencing, Moujaber et al. find that 13.8% of low-grade serous
OC patients had somatic mutations in the BRAF gene (Moujaber et al. 2018).
However, this difference in mutation frequency may be due to the difference in the
enrollment of patients with this relatively rare OC subtype as well as the variability
of clinical stages of included samples. Moreover, low-grade serous OC is known for
remarkable mutated KRAS (35%) (Singer et al. 2003). In summary, KRAS and BRAF
mutations are more likely to be associated with low-grade serous and clear cell OC
(Prat et al. 2018; DeFazio et al. 2016; Kaldawy et al. 2016; Russel and McCluggage
2004). Very few reports have investigated the prognostic value of these genetic
alterations in OC. Earlier, Wong et al. found based on a cohort of 91 OC samples that
low-grade serous tumors with mutant-BRAF and KRAS are likely to have improved
clinical outcomes (Wong et al. 2010). In addition, patients with this chemoresistant
disease harboring mutated BRAF had better OS as compared to patients with wild-
type KRAS and BRAF status (Grisham et al. 2012). Recently, it was reported that
low-grade serous OC patients with mutated BRAF or KRAS have significantly
improved OS compared with wild-type patients (106.7 vs 66.8 months, respectively;
p ¼ 0.018) (Gershenson et al. 2015). Unexpectedly, these findings are conflicting
with the recent results in the Chinese patients in which neither KRAS nor BRAF
mutations were found to be prognostic biomarkers (Xu et al. 2017). In addition,
mutated KRAS was found to predict chemosensitivity to anticancer drug decitabine
(an FDA approved DNA methyltransferase inhibitor) (Stewart et al. 2015) but the
real clinical impact of these two mutated signatures (KRAS and BRAF) is still
inconclusive because of the small number of enrolled cases and therefore, should
be replicated in larger cohorts.

The blockade of the components of this pathway by the recently developed
inhibitors, trametinib (mekinist®, Novartis), dabrafenib (tafinlar®,
GlaxoSmithKline), and vemurafenib (zelboraf®, Plexxikon and Hoffmann-La
Roche) has demonstrated significant clinical benefits in various cancers such as
advanced melanoma (Luther et al. 2019; Dhillon 2016) and lung cancer (Kelly
2018) especially when combined with other anticancer agents. In OC, preclinical
findings indicating the efficacy of MEK inhibitors in cancer cell lines (Simpkins
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et al. 2018; Pétigny-Lechartier et al. 2017; Fernández et al. 2016, 2019; Gruosso
et al. 2015; Cossa et al. 2014; Sheppard et al. 2013; Katagiri et al. 2010) have
provided biological rationale of using MEK blockade in human clinical trials. In this
perspective, selumetinib (AZD6244; Array BioPharma and AstraZeneca), a potent
orally available small molecule that inhibits MEK1/2 enzymes, was recently granted
orphan drug designation by the FDA for treating uveal melanoma, thyroid cancer,
and neurofibromatosis (AdisInsight (Springer) website, https://adisinsight.springer.
com/drugs/800019504, accessed 25/01/2019). It was investigated in OC in a single-
arm phase II trial (NCT00551070) enrolling women with recurrent low-grade serous
ovarian or peritoneal tumors (Farley et al. 2013). This pretreated population experi-
enced a PFS of 11 months and 63% of patients had PFS > 6 months which merit
further development of this drug in this chemoresistant OC (Farley et al. 2013).
Interestingly, a dramatic response to selumetinib was seen in a patient with mutated
KRAS recurrent low-grade serous OC who showed a durable response for more than
7 years (Takekuma et al. 2016). Selumetinib is being investigated by M.D. Anderson
Cancer Center and AstraZeneca in a phase I trial (NCT03162627) combined with
PARP inhibitor olaparib for patients with advanced endometrial, ovarian, and other
solid malignancies with altered RAS pathway and is still recruiting (estimated study
completion date: 2026). In addition, selumetinib combined with fulvestrant
(Faslodex®), an estrogen receptor antagonist developed by AstraZeneca, showed
potential for this association in reversing resistance in positive estrogen receptor OC
(Hew et al. 2015) which illustrates a promising use in upcoming early human
studies. MEK blockade by binimetinib (MEK162; Array BioPharma), another
inhibitor of this pathway, has shown an interesting prolongation of response duration
(31 months) in a woman with advanced/recurrent low-grade serous OC that was
enrolled in the MILO phase III trial (NCT01849874) and having mutated KRAS
(Han et al. 2018). Additionally, evidence of binimetinib activity in OC has been
achieved in a phase Ib trial (NCT01649336) combining this drug with paclitaxel
particularly in patients with known altered MEK pathway (Grisham et al. 2018).
MILO phase III randomized and parallel-assignment clinical trial is currently being
conducted to assess the efficacy of binimetinib as monotherapy versus best physician
choice (paclitaxel, topotecan, or PLD) in women (n¼ 360, estimated) with recurrent
or persistent low-grade serous OC in North America, Europe, and Australia
(NCT01849874). MILO study completion date is estimated in September 2019.
Trametinib is another potential oral inhibitor of MEK enzymes that have exhibited
impressive response rates with dabrafenib combo in treating solid cancers especially
unresectable or metastatic melanoma with BRAF V600E/K mutations (Long et al.
2017a, b; Abdel-Rahman et al. 2016). In OC, doublet PI3K/MEK inhibition using
buparlisib in combination with trametinib has been studied in phase Ib trial
(NCT01155453) and demonstrated promising clinical signals of activity (76% of
disease control rate) in patients with mutated KRAS (Bedard et al. 2015). To date,
only two case reports have reported dramatic response to trametinib combined with
dabrafenib or metformin in selected patients with low grade and clear cell histology
harboring KRAS and BRAF mutations and therefore, highlighting the need for
clinical trials with predefined basket designs (Mendivil et al. 2018; Castro et al.
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2015). This underscores the need for predictive biomarkers for this pathway block-
ade to identify OC patients who are most likely to derive durable clinical benefit. A
phase III randomized trial (NCT02101788) is being conducted by the NCI (National
Cancer Institute) that will enroll an estimated number of 260 recurrent or progressive
low-grade OC patients with cross-over assignment. In this trial, PFS is the primary
endpoint with intention-to-treat analysis and patients will be randomized to receive
trametinib or clinician’s choice (topotecan, paclitaxel, letrozole, tamoxifen, or PLD).
Importantly, this trial will also assess various genetic testing by NGS for various
genes related to this pathway such as KRAS in addition to circulating cell-free tumor
DNA and their correlation with tumor response. Patient recruitment with this rare
histological subtype is the major challenging barrier. Taken together, targeting this
pathway in this subtype of OC is at the beginning and promising treatments are to
come in the near future (for a detailed review in this topic, see: McLachlan et al.
2016a, b).

3.2.3.3 Cyclin E1
Cyclin 1 protein is encoded by the CCNE1 gene and constitutes a core signaling that
accelerates G1/S transition by binding cyclin-dependent kinases (CDK) (Kanska
et al. 2016). Principally, CDK2 is the main partner of CCNE1 and plays a key role in
various cell functions such as cell-cycle progression, DNA replication, transcription,
and repair (Wood and Endicott 2018; Kanska et al. 2016). Interactions of CCNE1
and their associated CDK can provoke modifications in their ATP-binding pockets
which enables access of target substrates. Briefly, CDK enzymes are activated by
Cdc25 which in turn phosphorylates Cdc25 by positive feedback to generate active
CDK/cyclins required for cell-cycle control (Kanska et al. 2016). Negative regula-
tion of this signaling is ensured by cell-cycle inhibitors p21 and p27, key mediators
of TP53-mediated damage response as well as TGF-β/SMAD pathway (reviewed in
detail elsewhere: Kanska et al. 2016).

Increased oncogenic CCNE1/CDK2 kinase activity is involved in the mitogenic
transformation of various cancers such as hepatocellular carcinoma (Bayard et al.
2018; Sonntag et al. 2018), lung cancer (Huang et al. 2012), breast cancer (Lundgren
et al. 2015), endometrial and uterine cancers (Kuhn et al. 2014), and OC (Kuhn et al.
2016). CCNE1 genetic deregulation by amplification is an early event in the genesis
of fallopian tube-derived high-grade serous OCs (Karst et al. 2014; Kuhn et al.
2016). Genetically altered CCNE1 is found in about 20% of OCs (Nakayama et al.
2010). Notably, OC patients with CCNE1 amplifications tend to have poor survival
(Nakayama et al. 2010; Cancer Genome Atlas Research Network 2011; Ayhan et al.
2017; Zhao et al. 2018) and are chemoresistant to standard chemotherapy (Patch
et al. 2015; Etemadmoghadam et al. 2009). Recently, various reports have confirmed
this association which supports the use of altered CCNE1 as a prognosticator and
predictive biomarker of treatment failure in OC management. In this perspective, an
early study by Etemadmoghadam et al. found that CCNE1 copy number gain is
significantly associated with poor PFS and OS in a cohort of 43 advanced serous
ovarian tumors (Etemadmoghadam et al. 2010). Similarly and based on primary
tumors data, another study by the previous team showed that high-grade OC patients
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with amplified CCNE1 showed short OS and their tumors were associated with
polyploidy (Etemadmoghadam et al. 2013a), a substantial driver of chemotherapy
resistance (Kuznetsova et al. 2015; Mittal et al. 2017). Moreover, this study has also
demonstrated that cell polyploidy drives resistance to inhibition of CCNE1 partner
CDK2 and therefore may be used to identify a subset of OC patients that are likely to
benefit from anti-CDK agents under development (Etemadmoghadam et al. 2013a).
Of note, polyploidy arises from genome doubling, early during cancer evolution and
is highly common across various cancers with poor prognosis (Bielski et al. 2018).
Likewise, another recent study suggests that tumors from high-grade serous OC
patients (n ¼ 41) with short survival are characterized by focal copy number gain of
CCNE1 in addition to wild-type BRCA status (Yang et al. 2018). In a relatively large
cohort that enrolled 262 high-grade serous OC, amplified-CCNE1 tumors were
found associated with genome instability as well as poor clinical outcomes as
compared with the non-amplified group (Aziz et al. 2018b). Unlike previously
discussed reports and contrary to the expectations, Pils et al. demonstrated in a
cohort of 172 serous epithelial OC tissues that amplified-CCNE1 has no impact on
clinical outcomes (Pils et al. 2014). Surprisingly, based on Cox model, high CCNE1
gene expression was found to be significantly an independent predictive biomarker
of prolonged OS in stage III/IV OC patients (Pils et al. 2014). One possible
explanation is that ovarian tumors harboring CCNE1 alterations may have other
important genetic signatures that influence survival and therapy response and have to
be considered as well because of the substantial heterogeneity within and between
OC patients. More recently, co-amplification of CCNE1 and BRD4 (bromodomain
and extraterminal 4) was found in OC patients with worse OS (Petersen et al. 2020).
In addition, this report also confirmed the role of high protein expression of cyclin E
in conferring platinum-resistance ( p ¼ 0.016) (Petersen et al. 2020). These discor-
dant results came from small study cohorts which limit definitive answers to the
prognostic and predictive value of this oncogene in OC. Hopefully, more conclusive
data are awaited especially from randomized and controlled trials that are
investigating CCNE1 in OC as a biomarker for patients’ stratification. Based on
promising anticancer activity of bortezomib (a proteasome inhibitor) in CCNE1-
amplified high-grade serous OC (Etemadmoghadam et al. 2013b), this amplification
is being used as a predictor of response rate in a currently recruiting phase II trial
(NCT03509246) that will evaluate the efficacy of bortezomib combined with PLD
for platinum-resistant OC patients with wild-type BRCA status. In addition, two
other phase I/II trials (NCT02797977; NCT02797964) conducted by Sierra Oncol-
ogy, Inc. are recruiting patients with advanced cancers including OC and will
investigate SRA737 agent (a checkpoint kinase 1 inhibitor) based on various genetic
signatures including altered CCNE1 and BRCA to predict sensitivity to this new
anticancer drug.

Remarkable advances regarding pharmacological inhibition of the kinase
components of this pathway were recently achieved especially in breast cancer
with the promising results from phase III trials (NCT01958021, NCT01942135)
testing inhibitors of cyclin-dependent kinases (CDK) 4/6 including palbociclib
(Ibrance®, Pfizer) (Verma et al. 2016) and ribociclib (Kisqali®, Novartis)
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(Hortobagyi et al. 2016). In OC, preclinical investigation of dinaciclib (MK-7965,
Merck & Co), a CDK2 inhibitor, showed synergistic anticancer activity when
combined with AKT inhibitors in CCNE1-amplified tumors (Au-Yeung et al.
2016). In addition, a combination of ribociclib and cisplatin followed by ribociclib
maintenance demonstrated potential antitumor response in both in vitro and in vivo
high-grade serous OC model (Iyengar et al. 2018). Currently, there is one phase I
clinical trial (NCT02897375) recruiting patients with advanced cancers including
OC and will assess the safety of palbociclib combined with cisplatin or carboplatin.
Ribociclib is also being evaluated in OC in combination with immunotherapy
(PDR001) and hormone therapy (fulvestrant) in a phase I trial (NCT03294694) as
well as in another phase I trial (NCT03056833) in combination with paclitaxel/
carboplatin and is still currently recruiting patients. Until this time, only one phase II
trial (NCT03673124, n ¼ 51) by the Gynecologic Oncology Group (GOG—http://
www.gog.org) in collaboration with Pfizer is planned to evaluate the efficacy of
palbociclib combined with letrozole in women with recurrent low-grade serous OC
and it is estimated to provide first results in July 2021. Promisingly, these recent
signs of progress in understanding this proliferative signaling have illuminated
potential targets and biomarkers to guide drug selection and are currently used in
developing novel targeted agents for OC.

3.2.3.4 EGFR Pathway
Historically, epidermal growth factor receptor (EGFR) and its related proteins
including human epidermal receptor (HER2) have been extensively studied for
more than three decades and their critical role in epithelial cell development and
cancer has been elucidated since 1978 (for review see: Mitsudomi and Yatabe 2010;
Arteaga and Engelman 2014). Moreover, family members of EGFR proteins are
important targets of multiple anticancer drugs such as monoclonal antibodies and
small-molecule tyrosine kinase inhibitors that were successfully developed for
treating various epithelial cancers including gynecological cancers (Reyes et al.
2014). The interaction between the four EGFR family transmembrane protein
receptors through homodimerization and heterodimerization, as a result of ligand
binding and/or receptor mutations, directly affects downstream key cell signaling
pathways by activating many genes responsible for tumor cell proliferation, survival,
and invasion (Sigismund et al. 2017). Studies reporting overexpression of EGFR in
epithelial OC suggest a range of 4–100% of cases (Teplinsky and Muggia 2015).
Importantly, EGFR and HER protein (or gene) members, especially HER2, are
suggested to have an impact on the prognosis of OC as demonstrated by recent
studies (Despierre et al. 2015; Demir et al. 2014; Shang et al. 2017a) and an up-to-
date meta-analysis (Luo et al. 2018). However, blockade of EGFR in randomized
controlled trials (RCTs) comparing targeted anti-EGFR drugs with or without
standard chemotherapy in epithelial OC patients as first-line or as maintenance has
demonstrated a marginal gain in survival outcomes (Morrison et al. 2018).
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3.2.3.5 Folate Receptor Pathway
Folate is a vitamin with fundamental roles in DNA synthesis and methylation, and
also recombination repair (Rizzo et al. 2018). Cellular intake of folates is achieved
throughout its contact with the reduced folate carrier transporter or by endocytosis
facilitated by folate receptor alpha (FR-α) glycoprotein (Zhao et al. 2011). FR-α is
encoded by the FOLR1 gene located on chromosome 11 (11q13.4). FR-α is a high
affinity glycosylphosphatidylinositol membrane-anchored protein that binds and
transports physiological levels of folate into cells (Rizzo et al. 2018). FR-α is
suggested to affect chemoresistance via regulating the expression of apoptosis-
related signaling proteins, Bcl-2 and Bax (Chen et al. 2012). A higher FR-α
expression was found to be an important biomarker for prognosis and response to
therapy in several aggressive solid cancers such as pancreatic ductal adenocarcinoma
(Cai et al. 2017), triple-negative breast cancer (Ginter et al. 2017), and recurrent,
platinum-resistant and refractory OC (Martin et al. 2017; Rubinsak et al. 2018).
Furthermore, OC patients who express an increased level of FR-α have poor
response to chemotherapy ( p ¼ 0.021) as well as poor disease-free interval (HR:
2.45; 95% CI: 1.16–5.18, p ¼ 0.02) and OS (HR: 3.6; 95% CI: 0.93–13.29,
p¼ 0.03) (Chen et al. 2012). Promisingly, recent studies provided rational therapeu-
tic targeting of FR-α in OC as showed by several human clinical trials using
monoclonal antibodies (Armstrong et al. 2013), vaccines (Kalli et al. 2018), and
novel class antibody-drug conjugates (ADC) (Stewart and Cristea 2019). Recently,
Armstrong et al. enrolled 54 OC patients with platinum-sensitive disease in phase II
open-label trial comparing the anti-FR-α farletuzumab (MORAb-003) weekly as
monotherapy versus in combination with standard carboplatin and taxanes (pacli-
taxel 175 mg/m2 or docetaxel 75 mg/m2) every 3 weeks (six cycles) followed by
farletuzumab as maintenance (Armstrong et al. 2013). Notably, adding farletuzumab
to carboplatin and taxanes improved the response rate and duration of response in
this setting (Armstrong et al. 2013). Following these promising results, a phase III
randomized and controlled trial (NCT00849667) was conducted to evaluate treat-
ment with farletuzumab versus placebo in 1100 recurrent and sensitive OC but it
didn’t show any statistically significant difference between the arms (Vergote et al.
2016). Interestingly, attempts to develop immunity against FR-α in OC based on
peptide vaccines were also investigated and showed motivating results (Kalli et al.
2018). In this perspective, a phase I trial (NCT01606241) that tested the safety of
FR-α peptide vaccine and enrolled OC patients with no evidence of disease after
completed standard therapy found that this strategy is well-tolerated and that FR-α
T-cell immunogenic response was developed over the vaccination course which was
observed and persisted for at least 12 months (Kalli et al. 2018). In addition, Yeku
et al. assessed this strategy in a phase II trial (NCT02764333) using TPIV200
vaccine (Tapimmune Inc.), a polypeptide multi-epitope against FR-α, in combina-
tion with anti-PD-L1 durvalumab (Imfinzi®, AstraZeneca) for patients with
platinum-resistant or refractory OC (Yeku et al. 2018). This promising combination
with an immune-checkpoint inhibitor was found safe and opened a new era for OC
vaccines. FR-α-based therapeutic targeting in OC has benefited from the innovative
ADC as well (Moore et al. 2018a). Briefly, ADC are newly developed anticancer
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drugs and are based on engineered complexes composed of a monoclonal antibody
directed against cancer cell antigens such as (FR-α and CD30), a biologically active
cytotoxic drug and a linker (Moore et al. 2018a; Beck et al. 2017). This method
enables a targeted delivery and cancer-killing ability with reduced toxicity by
allowing discrimination between healthy and cancer tissues (Beck et al. 2017).
There are currently various randomized and controlled trials investigating ADCs
in human cancers such as brentuximab vedotin (Adcetris®, Seattle Genetics) and
ado-trastuzumab emtansine (Kadcyla®, Genentech) as well as mirvetuximab
soravtansine (IMGN853, ImmunoGen) for OC particularly for platinum-resistant
patients. Mirvetuximab soravtansine is an ADC that binds to FR-α to deliver a
powerful anti-microtubule (maytansinoid) drug into cancer cells (Moore et al.
2018a). Phase I dose-finding and safety trials demonstrated manageable toxicity
(grade 1 or 2 fatigue, blurred vision, and diarrhea) and encouraging preliminary
clinical activity in OC (Moore et al. 2017, 2018b). Recently, results of FORWARD
II (expansion cohort, NCT02606305) phase Ib trial combining mirvetuximab
soravtansine with immune-checkpoint inhibitor pembrolizumab (Keytruda®,
Merck) were presented at ESMO 2018 meeting and showed potential signals of
clinical activity in recurrent platinum-resistant setting (Matulonis et al. 2018).
Promisingly, FORWARD I phase III multicenter trial conducted by ImmunoGen,
Inc. in collaboration with Gynecologic Oncology Group is enrolling 333 women
with platinum-resistant advanced OC in a randomized fashion (NCT02631876).
This trial compared the efficacy of mirvetuximab soravtansine versus the
investigator’s choice of chemotherapy (paclitaxel, pegylated liposomal doxorubicin
(PLD), or topotecan) in FR-α-positive patients and with PFS as a primary endpoint
(study design reviewed by Moore et al. 2018a). Recently, the findings of this pivotal
trial showed significant improvements in the arm treated with mirvetuximab
soravtansine in terms of ORR (24% vs 10% in the controlled arm; p ¼ 0.014) but
without improved PFS in the intention to treat population (HR: 0.981; p ¼ 0.897)
(Moore et al. 2019b). The data on OS (as of August 2019) showed a benefice for this
antibody-drug conjugate in patients selected based on high expression of FR-α (16.4
vs 12.0 months; HR: 0.678, p ¼ 0.048) (Moore et al. 2019b). Two additional phase
III trials (MIRASOL/NCT04209855, SORAYA/NCT04296890) with a large sam-
ple size for this setting are currently ongoing. Moreover, approaches using
combinations such as mirvetuximab soravtansine and bevacizumab yielded
promising findings for this difficult-to-treat population (O’Malley et al. 2020;
Fowler 2020). Furthermore, academic clinical trials are also currently ongoing to
study the early efficacy of mirvetuximab soravtansine in combination with PARP
inhibitors and chemotherapy (NCT02996825/cohort C; NCT03552471).

In another effort for this setting, vintafolide (a folate-vinca (desacetylvinblastine
hydrazide) conjugate; Endocyte®) that targets tumors with positive FR-α was tested
in phase III trials (Ledermann et al. 2015; Assaraf et al. 2014). In this perspective,
PRECEDENT is a phase II trial (NCT00722592) that has been conducted to
randomize 149 women (intention to treat population) with platinum-resistant OC
to receive intravenous vintafolide + PLD versus PLD alone (Naumann et al. 2013).
Some marginal improvement in terms of PFS in the vintafolide arm was seen in this
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difficult to treat setting (5.0 vs 2.7 months, HR: 0.63; 95% CI: 0.41–0.96, p¼ 0.031)
(Naumann et al. 2013). However, the interim analysis of the following PROCEED
phase III trial (NCT01170650) didn’t provide significantly improved outcomes with
this treatment and therefore, the study was stopped to enroll more patients (Oza et al.
2015b). This strategy particularly using mirvetuximab soravtansine may represent a
promising hope for targeting this pathway in platinum-resistant OC (for further
reading, see: Bergamini et al. 2016; Scaranti et al. 2020; El Bairi et al. 2021). This
hallmark of OC and particularly this drug target seem to have a promising future as a
therapeutic strategy for this aggressive gynecological cancer.

3.2.4 Evading Growth Suppressors

3.2.4.1 TP53 Network
Mutated TP53 events are still by far the most prevalent in cancer since the discovery
of this tumor suppressor gene in 1979 (Soussi 2010). Every year, thousands of
papers are published and provided notable novel findings regarding p35 functions,
genetic variants as well as possible therapeutic interventions. There are more than
70,000 articles recorded on PubMed/Medline until today along with 140 clinical
trials on the US ClinicalTrials.gov database (accessed 25 February 2019). Moreover,
there is a rich source of data related to this gene and important databases were created
for this purpose such as the IARC TP53 Database (http://p53.iarc.fr/) and The UMD
TP53 Database (https://p53.fr/tp53-database) providing updated information for the
scientific community working on this hot subject (for review, see: Leroy et al. 2014;
Bouaoun et al. 2016). The TP53 gene encodes for p53 protein with suppressive cell
functions and is the most studied anti-oncogene to date (Aubrey et al. 2016). P53
protein has binding transcription factor activity and can bind to various promoter
elements of key human genes to regulate their expression. Particularly, TP53
fundamentally controls cell proliferation and maintains the integrity of the human
genome and is linked to all cancer hallmarks previously described by Hanahan and
Weinberg in 2011 (Hanahan and Weinberg 2011; Aubrey et al. 2016). Briefly, in
normal conditions, low p53 levels are maintained by negative regulation of MDM2
(murine double minute 2), an E3 ubiquitin ligase, that represses p53 transcriptional
function and also enables its degradation by the proteasome (Vijayakumaran et al.
2015). Furthermore, p53 acts on several target genes that mediate cell-cycle arrest,
DNA repair, apoptosis, and autophagy in the presence of activating stimuli such as
oncogene expression and DNA damage.

While somatic TP53 gene alterations are frequent in several cancers (Hainaut and
Pfeifer 2016), germline mutations predispose to a wide spectrum of early-onset
cancers such as Li-Fraumeni and Li-Fraumeni-like syndromes (Guha and Malkin
2017; Andrade et al. 2017). According to the TCGA project, OCs are characterized
predominantly (96%) by mutated TP53 in almost all sequenced tumors (Cancer
Genome Atlas Research Network 2011). TP53 gene alterations reported in cancer
are represented mainly by point mutations and are dominated by missense mutations
(exons 5–8) particularly in breast and OCs (Silwal-Pandit et al. 2017). Tumor cells
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with mutated TP53 can control the gene expression associated with tumorigenesis,
including proliferation, migration, and invasiveness (Kang et al. 2013; Lee et al.
2015; Ren et al. 2016; Ahn et al. 2017; Xu et al. 2019). Mutated TP53 upregulates
the expression of several pro- and anti-apoptotic genes, such as MYC, FAS, BCL2L,
NFkB2, and ABCB1 (Brosh and Rotter 2009). Recent evidence from sequencing
reports of low stage tumors suggests that deleterious TP53 mutations alongside
tetraploidy and homologous recombination repair defects are the earliest events in
the pathogenesis of high-grade serous OC (Flesken-Nikitin et al. 2013; Chien et al.
2015; Huang et al. 2015; Labidi-Galy et al. 2017; Soong et al. 2019).

Based on previous studies that assessed the clinical relevance of linking TP53
mutations with the prognosis of OC (Kang et al. 2013; Rechsteiner et al. 2013;
Nadkarni et al. 2013; Wong et al. 2013; Wojnarowicz et al. 2012; McAlpine et al.
2012; Köbel et al. 2010; Bernardini et al. 2010), various recent studies have provided
evidence regarding their impact on survival outcomes and response to treatments. In
this regard, the TP53K351N variant was found to be associated with platinum-
resistance to neoadjuvant chemotherapy in advanced OC (Zhang et al. 2014).
Notably, this mutation independently predicted disease-free survival in this setting
(Zhang et al. 2014). Mechanistically, it seems that mutated TP53 induces genome
instability and chromosome 7 accumulation in addition toMDR1 gene amplification
favors chemoresistance (Zhang et al. 2017). Recently, these findings were confirmed
in a large prospective cohort (Ghezelayagh et al. 2020). In fact, TP53 mutations,
which account for 87.9% in high-grade OC, were found associated with platinum
sensitivity even after adjusting for BRCA-mutated status (OR: 0.41, 95% CI:
0.17–0.99; p ¼ 0.048) but not with survival outcomes (Ghezelayagh et al. 2020).
However, several authors have recently demonstrated that TP53 also impacts the
survival of OC patients. Based on the Cancer Genome Atlas (TCGA) data, Seagle
et al. demonstrated that TP53 hot spot mutations in epithelial high-grade serous OC
confer differential OS outcomes (Seagle et al. 2015). Patients with R248 codon had
the worse OS, followed by those with any other codons, R175 codon, and R273
codon which had the highest OS ( p¼ 0.04). Moreover, the authors also showed their
in vitro experimentation that TP53 mutations confer resistance to the
antimicrotubules paclitaxel, epothilone B, and ixabepilone (Seagle et al. 2015). In
another TCGA-based study, the co-occurrence of mutated TP53 and BRCA in serous
OC was found to be associated with improved survival as compared to TP53 or
BRCA alone (Li et al. 2019b). However, the latest cohort report by Mandilaras et al.
demonstrated that these mutations have no impact on a first platinum-free interval or
OS (Mandilaras et al. 2019). To date, the prognostic impact of loss or gain of
functions of TP53 in OC is still conflicting. Therapeutically, targeting the TP53
pathway was also investigated in early clinical trials for OC. A phase II trial
(NCT01164995) that investigated AZD1775 (a WEE1 kinase inhibitor developed
by Merck®) given orally in combination with carboplatin in patients with TP53-
mutated resistant or refractory OC to first-line chemotherapy showed encouraging
signs of efficacy (Leijen et al. 2016). The toxicity profile was manageable and was
mainly represented by fatigue, nausea, thrombocytopenia, diarrhea, and vomiting. In
the 21 evaluated patients for efficacy, the overall response was 43% including one
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patient that had a prolonged complete response. In addition, median PFS and OS
were 5.3 and 12.6 months, respectively, in this difficult-to-treat population (Leijen
et al. 2016). More recently, Oza et al. conducted a double-blind phase II trial
(NCT01357161) to investigate the efficacy of oral adavosertib (AZD1775) or
placebo in association with carboplatin and paclitaxel in OC patients with
platinum-sensitive disease and enriched with mutated TP53 (Oza et al. 2020). The
addition of adavosertib to chemotherapy was found to improve PFS (HR: 0.63; 95%
CI: 0.38–1.06); p ¼ 0.08, meeting the predefined significance threshold <0.2 (Oza
et al. 2020). More recently, the clinical activity of adavosertib in combination with
gemcitabine in platinum-resistant or refractory OC was investigated in a randomized
and placebo-controlled phase II trial (NCT02151292) (Lheureux et al. 2021).
Median PFS in women treated with adavosertib and gemcitabine was significantly
superior compared to gemcitabine monotherapy (HR: 0.55; 95% CI: 0.35–0.90,
p ¼ 0.015). Regarding OS, the experimental arm median OS was 11.4 months
compared to 7.2 months in the control group treated with gemcitabine (HR: 0.56;
95% CI: 0.35–0.91, p¼ 0.017). However, despite this hope for this setting with poor
outcomes, this study results introduced clinically significant adverse events
(Lheureux et al. 2021). These works highlight the important role of TP53 in OC
and may be a promising targetable pathway for drug discovery in this cancer.

3.2.4.2 Retinoblastoma Protein Signaling
Historically, the retinoblastoma gene (RB1) was initially discovered in the 80th and
was the first isolated human tumor suppressor gene (Lee et al. 1987). RB1 gene is
located at chromosome 13 (13q14.2) and is a key player in the control processes of
cell-cycle progression in cooperation with other tumor suppressors such as BRCA
and TP53 (Di Fiore et al. 2013). Notable functions including cell-cycle arrest, cell
death, genomic stability, differentiation, and a plethora of other cellular roles are
regulated by this triplet of anti-oncogenes (Dick and Rubin 2013; Manning and
Dyson 2012). Negative regulators of RB1 function by phosphorylation encompass
cyclin D, CDK4, and CDK6 and allow G1/S transition by activation of the E2F
family of transcription factors (transcribe a range of genes required for S phase)
which therefore enable mitogenic release (reviewed in detail by Sherr and
McCormick 2002; Dick and Rubin 2013).

RB1 loss is not only implicated in the development of retinoblastoma but is also
related to the initiation and progression of several pediatric and adult cancers such as
OC (Li et al. 1991; Takenaka et al. 2015; Stover et al. 2016; Jia and Zhao 2019). In
addition to germline and somatic alterations of RB1 observed in many cancers, a
previous analysis of three case-control studies suggested that single nucleotide
polymorphisms in three common variants of this gene may be also associated with
an increased risk to develop invasive OC (Braem et al. 2011; Song et al. 2006). Data
from the TCGA study found that RB1 expression is deregulated in 67% of high-
grade serous OC cases (The Cancer Genome Atlas Research Network 2011). A
recent report using NGS found a prevalence of 29% of copy number variation of RB1
gene in recurrent OC (Du et al. 2018) but there is still a lack of sequencing studies
focusing on the prevalence of its genetic alterations in primary tumors. To date, most
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OC genome sequencing projects focused only on the prognostic value of RB1 for
chemoresistance and survival outcomes (Garsed et al. 2018; Du et al. 2018; Patch
et al. 2015; Takenaka et al. 2015; Milea et al. 2014). Gene breakage or homozygous
deletion in RB1 in OC was found recently to be associated with exceptional response
to platinum-based treatment mainly in patients with improved PFS (Garsed et al.
2018). Gene breakage is a type of genetic alteration due to high levels of replication
stress and causes a defect in DNA repair mechanisms which may explain possible
sensitivity to various treatments. This previous study further assessed RB1 protein
loss based on immunohistochemistry in a cohort of 313 OC patients including
91 exceptional responders and found a significant association with long PFS
(35%, p < 0.001) as compared with unselected OC cases (Garsed et al. 2018).
Moreover, Kaplan-Meier survival analysis suggested that exceptional responders to
treatment with RB1 protein loss had better survival when their tumors harbor HRR
deficiency ( p ¼ 0.03) (Garsed et al. 2018) which is consistent with a previous large
cohort of high-grade serous OC (Milea et al. 2014).

3.2.5 Activating Invasion and Metastasis

Metastasis is a fatal hallmark of cancer. Patients with advanced cancer die often
because of metastatic disease. This inevitable and organotropic process, particularly
in OC, involves a complex interaction between intrinsic tumor characteristics and
surrounding stroma (Welch and Hurst 2019). In OC, neoplastic progression into the
peritoneal cavity was widely considered to be different as compared with other solid
cancers. In fact, OC cells metastasize through a route using passive spread known as
trans-coelomic dissemination (Barbolina 2018; Tan et al. 2006) in which multicel-
lular spheroids adhere to mesothelial cells in the peritoneal cavity to build secondary
metastatic sites. However, recent findings also suggest that hematogenous dissemi-
nation into the omentum can be also seen via circulating tumor cells (Yeung et al.
2015; Pradeep et al. 2014). Peritoneal metastases in OC are responsible for poor
patients’ prognosis. Various molecular signaling pathways involved in epithelial-to-
mesenchymal transition (EMT), angiogenesis, and motility were defined and
investigated to understand metastasis and offer therapeutic interventions and
biomarkers to predict outcomes.

3.2.5.1 Cadherins
Cadherins family of cell-surface glycoproteins are involved in the calcium-
dependent cell–cell adhesion that sustains the integrity of epithelial cells and tissue
architecture and are found in most mammalian tissues (Gloushankova et al. 2017;
Shamir and Ewald 2015). Cadherins constitute with other proteins (such as integrins
and cytoskeleton proteins) molecular complexes known as adherens junctions that
mediate intercellular adhesive interactions involved in various cell functions includ-
ing adhesion (Klezovitch and Vasioukhin 2015), polarity (Ebnet et al. 2018),
mechanotransduction (Leckband and de Rooij 2014), trafficking and migration
(Collins and Nelson 2015; Brüser and Bogdan 2017), as well as communication
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with extracellular matrix (ECM) (Ferreira et al. 2015). Deregulation of cadherin
signaling by mutations, loss, methylation, damage or by other signaling pathways
such as FGF2 plays a central role in cancer progression by promoting EMT which is
a key characteristic of epithelial tumor cell invasion into the surrounding microenvi-
ronment and spread to distant organs (Sawada et al. 2008; Gheldof and Berx 2013;
Lau et al. 2013; Wang et al. 2016b; Kourtidis et al. 2017; Wong et al. 2018). In
addition, cadherin also forms a complex with β-catenin and supports its canonical
oncogenic cell growth activity (Shahbazi and Perez-Moreno 2015). Cadherin
molecules can be divided into type I [E-encoded by CDH1 gene and N-encoded
by CDH2 gene] and are found in tissues with a high degree of intercellular cohesion
such as human epithelia and type II expressed in cells with motility features (Pal
et al. 2018). There are also other cadherins with potential impact on cancer progres-
sion such as VE and FAT cadherins and are reviewed elsewhere (Ashaie and
Chowdhury 2016; Zhang et al. 2016b). In ovarian tissues, it was previously
suggested that fallopian tube epithelia express more likely E-cadherin while ovarian
surface epithelium (derived from mesoderm) expresses N-cadherin (Qiu et al. 2017;
Adler et al. 2015; Koensgen et al. 2010; Hudson et al. 2008; Ahmed et al. 2007).
However, cadherin expression is considered heterogeneous (Klymenko et al. 2017a)
and it is admitted that well-differentiated OC express E-cadherin, while advanced
and metastatic tumors display N-cadherin upregulation, a concept known as cadherin
switching that favors metastasis (Patel et al. 2003; Hazan et al. 2004; Cheung et al.
2010) and is observed during EMT involved in intraperitoneal seeding of OC cells
(Klymenko et al. 2017b; van Baal et al. 2018). In OC, other altered cadherins were
also investigated such as P-cadherin which was previously found to facilitate the
dissemination of tumor cell aggregates into the peritoneum (Usui et al. 2014) (for
review, see: Vieira and Paredes 2015; Roggiani et al. 2016). The loss of cell–cell
adhesion by cadherin alterations is therefore implicated in malignant transformation
and invasive behaviors of OC as suggested by several latest studies (Chmelarova
et al. 2018; Chen et al. 2017; Teng et al. 2015; Du et al. 2014; Huang et al. 2014b;
Wang et al. 2014; Wakahashi et al. 2013). Importantly, downregulation of cadherins
is regarded as an essential event in OC progression and aggressiveness and predicts
poor outcomes (Yu et al. 2017; Peng et al. 2012). Based on immunohistochemistry
and tissue microarray, Takai et al. analyzed tumor samples from 174 primary tumors
and 34 metastases from OC patients for EMT markers (E-cadherin and its inhibitor
Snail) and their associations with outcomes (Takai et al. 2014). Patients with
EMT-positive markers (reduced E-cadherin and nuclear Snail expression) were
likely to have peritoneal dissemination than those with negative status ( p< 0.05)
(Takai et al. 2014). Remarkably, in multivariate analysis, EMT-positive status was
significantly associated with PFS ( p< 0.05) and OS ( p< 0.01) (Takai et al. 2014).
Moreover, another report assessed the prognostic value of E-cadherin expression in
advanced-stage high-grade serious OC patients (n¼ 98) treated with platinum-based
chemotherapy and found that positive E-cadherin by immunostaining predicts better
outcomes (Miše et al. 2015). Positive E-cadherin tumors were found significantly
associated with improved response to first-line platinum-based treatment ( p <
0.001) as well as better PFS and OS ( p < 0.001 for both) (Miše et al. 2015). In
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addition, positive E-cadherin expression predicts drug sensitivity to platinum ( p <
0.001) and improved OS ( p ¼ 0.01) in multivariate analysis (Miše et al. 2015).
Notably, a recent analysis from the Japanese Gynecologic Oncology Group (JGOG)
(3016A1 study) of 201 high-grade serous OC cases showed that patients with
mesenchymal transition phenotype have the worst prognosis (PFS: 1.4 years and
OS: 3.6 years) (Murakami et al. 2019). A similar conclusion was drawn by a recent
meta-analysis that included 1720 OC patients and found that reduced E-cadherin
expression correlates with poor OS (pooled HR: 1.74, 95% CI: 1.40–2.17) and PFS
(HR: 1.45, 95% CI: 1.12–1.86) (Yu et al. 2017). However, important heterogeneity
(I2statistic ¼ 57.0%, p¼ 0.003) among studies enrolled for OS analysis was noted and
may be explained by the difference in E-cadherin detection methods that were used
by studies and their related cut-off point variations (Yu et al. 2017).

In an attempt to target this signaling axis, various therapeutic interventions were
investigated (Wong et al. 2018; Mrozik et al. 2018) but their use in clinical research
is still at the beginning. In OC, Bialucha et al. examined the anticancer activity of an
antibody-drug conjugate HKT288 targeting tumor-associated antigen cadherin
6 (Bialucha et al. 2017). First-in-human HKT288 is an immunoconjugate consisting
of a human monoclonal antibody against cadherin 6 conjugated to a maytansine-
based cytotoxic agent developed by Novartis and was tested in a phase I trial for OC
and renal carcinoma (NCT02947152) (currently terminated). Importantly, HKT288
showed durable anticancer activity in xenografts derived from ovarian and renal
cancer patients (Bialucha et al. 2017). Of note, cadherin 6 is responsible for cancer
metastatic behavior (Gugnoni et al. 2017) and correlates with poor prognosis
(Ma et al. 2018b). Hence, drugging this EMT pathway merits further evaluation
in OC.

3.2.5.2 ZEB1 and ZEB2 Axis
ZEB (zinc finger E-box-binding homeobox) 1 and 2 are transcription factors with
pleiotropic roles especially in regulating the EMT process via mechanisms involving
cell plasticity (Zhang et al. 2019b; Caramel et al. 2018; Krebs et al. 2017). ZEB
DNA-binding proteins family promotes metastasis by repressing epithelial markers
such as E-cadherins and activating mesenchymal cell programs (Simeone et al.
2018; Fardi et al. 2019; Zhang et al. 2019b). In addition, invasiveness of OC is
enhanced when ZEB proteins are upregulated by various factors such as placental
growth factor (PLGF) (Song et al. 2016), MAGI1-IT1 long non-coding RNA (Gao
et al. 2019), TGF-β (Rafehi et al. 2016), and miR-429 (Chen et al. 2011). Various
reports have indicated that high expression of these ZEB1/2 markers provides
important prognostic information in OC (Yoshihara et al. 2009; Prislei et al. 2015;
Wu et al. 2016; Yan et al. 2017; Sakata et al. 2017; Zhang et al. 2018). Previously
and based on gene expression profiling of 43 OC tissues, Yoshihara et al. showed
that high ZEB2 expression is an independent factor of poor PFS (HR: 1.37; 95% CI:
1.07–1.78, p ¼ 0.014) and OS (HR: 1.53; 95% CI: 1.05–2.22, p ¼ 0.027) on Cox
multivariate analysis (Yoshihara et al. 2009). Later, another report that enrolled a
cohort of 143 OC patients found that high ZEB2 mRNA expression is significantly
correlated with poor survival outcomes as compared to patients with low ZEB2
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mRNA expression (PFS: 16 vs 23 months, p ¼ 0.035, OS: 42 vs 70 months,
p ¼ 0.002) (Prislei et al. 2015). Recently, a retrospective study from Yan et al.
aimed to examine ZEB2 expression as a prognostic biomarker in OC based on tissue
samples from 64 epithelial tumors, 36 benign tumors, and 28 normal specimens (Yan
et al. 2017). Positive expression of ZEB2 was significantly increased in OC as
compared to benign tumors and associated with differentiated histology and FIGO
stage as well ( p ¼ 0.002 for both) (Yan et al. 2017). Furthermore, patients with
positive expression of ZEB2 had worse OS ( p¼ 0.002) (Yan et al. 2017). However,
this prognostic significance disappeared in Cox multivariate analysis (HR: 1.496;
95% CI: 0.567–3.948, p ¼ 0.416) (Yan et al. 2017).

In addition to its prognostic value, ZEB1 was found recently to mediate
chemoresistance to platinum in OC cells by downregulating solute carrier family
3 member 2 (SLC3A2) (Cui et al. 2018). SLC3A2 is a cell-surface transporter and
transmembrane glycoprotein involved in intracellular calcium levels control and is
mainly expressed in rapidly proliferating cells (Fotiadis et al. 2013). Also, SLC3A2
was found to induce migration and invasion (Wang et al. 2017a). ZEB1
downregulates SLC3A2, and thus may likely induce dormancy and senescence of
tumor cells which are known hallmarks of resistance to anticancer therapy (Yeh and
Ramaswamy 2015; Endo and Inoue 2019). However, this concept is not discussed
deeply yet in the current literature. Therapeutically, Sakata et al. demonstrated based
on an in vitro and in vivo study that ZEB1 inhibition restored sensitivity to paclitaxel
in resistant OC cells (Sakata et al. 2017). Similarly, suppression of ZEB1 in other
cancers displayed potent anticancer properties in resistant cells (Peng et al. 2019;
Ren et al. 2013). This signaling axis has an important link with EMT and OC
patients’ outcomes and there is growing evidence supporting the role of ZEB1/
ZEB2 axis in other malignant cellular processes such as stemness, senescence, and
cell death (Caramel et al. 2018). Therefore, additional studies are needed to better
understand this signaling pathway in cell biology in general and particularly in
cancer.

3.2.5.3 EpCAM
Epithelial cell adhesion molecule (EpCAM, also known as CD326) is a cell–cell
adhesion glycoprotein involved in various cellular pathways including cell integrity,
proliferation, signaling, and migration (Yahyazadeh Mashhadi et al. 2019; Schnell
et al. 2013). EpCAM was reported to be highly expressed in various tumors of
epithelial origin (Spizzo et al. 2011; for review, see: Herreros-Pomares et al. 2018).
Of note, in vitro assessment found that this marker promotes invasion during the
EMT process especially in cancer cells with non-mesenchymal phenotype
(Martowicz et al. 2012). Phenotypic immunostaining of EpCAM in human tumors
suggests stable or high expression in tumor-associated stem cells, effusions, and
metastases (Patriarca et al. 2012). Moreover, germline EPCAM deletion in colorectal
tissues causes MSH2 epigenetic silencing which predisposes to Lynch syndrome
(Pathak et al. 2019; Tutlewska et al. 2013). The presence of this molecule on
circulating tumor cells is becoming a potential candidate for real-time profiling of
human cancers (de Wit et al. 2019; Loeian et al. 2019) including OC (Van
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Berckelaer et al. 2016) based on liquid biopsy approaches (Grover et al. 2014).
Highly expressed EpCAM in OC stages is well documented. Previously, a retro-
spective study detected EpCAM in all OC subtypes and FIGO stages (Köbel et al.
2008). Furthermore, this can also be seen in recurrent ovarian tumors and metastases
(Bellone et al. 2009). Clinical impact and prognostic value of EpCAM
overexpression in OC were investigated in three recent studies and suggest favorable
outcomes (Battista et al. 2014; Woopen et al. 2014; Tayama et al. 2017). Battista
et al. evaluated the expression of EpCAM in a cohort of 117 OC and found a
significant independent prognostic value for this biomarker in terms of disease-
specific survival (HR: 0.408, 95% CI: 0.197–0.846; p ¼ 0.016) on multivariate
analysis (Battista et al. 2014). Similarly, another German report that enrolled tissue
samples from 74 OC patients mostly with advanced FIGO stages found that
overexpressed EpCAM is significantly associated with improved PFS ( p ¼ 0.040)
and better response to chemotherapy ( p ¼ 0.048) (Woopen et al. 2014). In addition,
EpCAMwas found to predict OS ( p¼ 0.022) (Woopen et al. 2014). Findings from a
recent large Japanese study by Tayama et al. (n ¼ 168) confirmed these data
(Tayama et al. 2017). Kaplan-Meier curves of OS stratified by EpCAM expression
found significant difference between high and low groups (HR: 2.17; 95% CI:
1.22–3.88; p ¼ 0.008) (Tayama et al. 2017). However, these cohorts of OC patients
that assessed EpCAM as a prognostic biomarker were retrospective in their design
and exploratory in their nature and therefore, their findings must be interpreted with
caution.

Therapeutically, EpCAM is a potential target for anticancer therapy that was
investigated using trifunctional bispecific antibodies such as catumaxomab
(Removab®) (Krishnamurthy and Jimeno 2018; Frampton 2012) and small-
molecule inhibitors (Tretter et al. 2018) particularly for malignant ascites in perito-
neal carcinomatosis (Knödler et al. 2018). Catumaxomab was developed by Neovii
Biotech® (a German pharmaceutical company) and evaluated in phase II/III pro-
spective trial (NCT00836654) that randomized 258 patients (n ¼ 129 for OC) to
receive catumaxomab combined with paracentesis against control of patients treated
with paracentesis alone for recurrent malignant ascites (Heiss et al. 2010). Modest
clinically meaningful improvement was reached in terms of puncture-free survival
which was longer in the group treated with catumaxomab as compared to the control
arm (median 46 vs 11 days; p < 0.0001) as well as in terms of median time to next
paracentesis (77 vs 13 days; p < 0.0001) (Heiss et al. 2010). Moreover,
catumaxomab was found to improve ascites symptoms and quality of life of OC
patients with a chemotherapy-refractory setting in a single-arm open-label multicen-
ter US phase II trial (n ¼ 32; NCT00326885) (Berek et al. 2014). In platinum-
resistant disease, this drug has slight anticancer activity as suggested by a phase IIa
of the AGO trialists (NCT00189345) (Baumann et al. 2011). Catumaxomab given as
an intraperitoneal infusion was approved by the US FDA and the EMA in Europe in
early 2009 but withdrawn later for marketing since 2014 for insolvency concerns
(https://neovii.com/neovii-completes-marketing-authorisation-withdrawal-of-
removab-in-the-european-union/?cn-reloaded¼1. Accessed 19/06/2019).
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3.2.6 Enabling Replicative Immortality

In physiological conditions, mutant cells are suppressed by a blockade of their
proliferation and eliminated by immunity. On some occasions, these cells can be
immortal by additional (epi)genetic events that progress their phenotype into highly
malignant cells that in turn can induce senescence and escape from tumor suppres-
sion (Moiseeva et al. 2020). The viable state of cancer cell senescence (also called
cytostasis or dormancy) classically presents as a growth arrest but with the retained
proliferative ability for survival, a well-known cancer condition called cellular
plasticity (Damen et al. 2020). Accordingly, dormant/proliferative cancer cells
have unlimited replicative potential. Telomere dysfunction and oncogenic and
exogenic-induced stresses are the principal causes that stimulate cell senescence
(Yaswen et al. 2015). Notably, the presence of senescent cells in cancer clones is
associated with recurrent disease, metastatic dissemination, and poor outcomes
(Damen et al. 2020). This hallmark is less investigated in OC for therapeutic
approaches. However, its involvement in tumorigenesis and prognosis seems to be
important. After front-line chemotherapy, OC cells can escape and survive to
repopulate the initial tumors (Telleria 2013). This repopulation phenomenon
encompasses transient cells with a senescent phenotype that drive relapse (Telleria
2013). Recently, Lam et al. demonstrated that signaling mechanisms of
chemoresistance in OC and dormancy are linked (Lam et al. 2020). Chemoresistant
OC cells had an enhanced survival by senescence (Lam et al. 2020). Telomere
shortening in OC, which is regulated by telomerase—a prominent enzymatic activity
of cancer cells, is involved in genomic instability that introduces additional
mutations. During this event, end-to-end fusions in chromosomes were observed
and can induce genome instability and bypass host cellular protection. Telomere
shortening was remarkably noticed in serous tubal intraepithelial carcinomas, a
precursor of high-grade serous OC (Kuhn et al. 2010). Moreover, this alteration
was also observed in tubo-ovarian dysplastic lesions (Chen et al. 2013). This
suggests that telomere shortening occurs earlier during ovarian tumorigenesis and
is a selective mechanism of cancer cell immortality. The use of telomerase by tumor
cells to maintain their telomere length and integrity has been an attractive druggable
target. In addition, the pharmacological elimination of dormant cells has also been
investigated using the so-called senolytic/senostatic drugs (Wyld et al. 2020). In this
perspective, preclinical combinatorial approaches using these drugs and the standard
OC chemotherapy were investigated (Meng et al. 2012; Stamelos et al. 2013; Wyld
et al. 2020). Targeted inhibition of telomerase activity in OC using BIBR1532 and
carboplatin was found to block the formation of spheroid-forming cells in vitro
(Meng et al. 2012). Moreover, the preclinical use of navitoclax, an orally bioavail-
able Bcl-2 inhibitor directed against senescent cells, demonstrated an improved
efficacy against OC cells when combined with paclitaxel-carboplatin therapy
(Stamelos et al. 2013). Of note, the combination of paclitaxel and navitoclax was
also previously shown to have a synergistic effect against OC cells (Wong et al.
2012). In OC patients, the high expression of Bcl-x(L) which induces senescence
mediated chemoresistance and the use of these drugs reduced resistant cells (Wong
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et al. 2012). Clinically, this approach was investigated in a phase II trial (MONAVI-
1/NCT02591095) using the single-agent navitoclax in 47 women with platinum-
resistant/refractory recurrent OC. The preliminary findings of this trial in 44 patients
assessable for efficacy showed a long response in 11 subjects treated with chemo-
therapy after navitoclax in addition to 12 patients that had high response (Brachet
et al. 2017). This suggests that this agent may reverse platinum-resistance in this
difficult-to-treat population (McMullen et al. 2020). However, the findings of the
blockade of this hallmark in OC which are mainly based on few preclinical studies
are not convincing yet. Telomere shortening not only drives tumor cell senescence
but is also involved in genome instability (Bär and Thum 2017). The model of “too
little of it can kill you but too much of it can kill you too” enlightens well the
difficulty of targeting this hallmark in cancer and the timing of its inhibition seems to
be crucial (Bär and Thum 2017). As the mechanisms of replicative immortality
interfere with those of “evading growth suppressors,” the previous chapter
discussing TP53 and RB pathways adds more details on this subject. For further
reading, see: Książek (2020), Sikora et al. (2020), Saleh et al. (2020), and Moiseeva
et al. (2020).

3.2.7 Inducing Angiogenesis

Without doubt, this hallmark accounts for the most relevant achievements and the
most potential exploited compounds in cancer. Pathologic angiogenesis has a prin-
cipal role in the growth and metastasis of solid tumors. This process is biologically
supported by a network of pathways and growth factors dominated by vascular
endothelial growth factor (VEGF) (Apte et al. 2019). Tumor hypoxia is a central
regulator of VEGF expression through HIF and other hypoxia-related factors and
genes such as platelet-derived growth factor (PDGF) and oncogenic mutations that
synchronize VEGF-related signaling pathways (Apte et al. 2019). The VEGF/
VEGF-R1/R2 canonical signaling induces vascular permeability, cell proliferation,
migration, and survival via the activation of several kinases. An important number of
studies demonstrated that VEGF expression has a prognostic value in
OC. Previously, pooled data from a meta-analysis of 19 studies showed that
VEGF overexpression is associated with reduced OS in OC (Hui and Meng 2015).
Moreover, another meta-analysis of 16 studies also demonstrated that serum and
tissue expression of VEGF is an independent predictor of poor PFS in OC (Yu et al.
2013).

Blockade of angiogenesis in OC resulted in promising findings. Bevacizumab is a
neutralizing anti-VEGF monoclonal antibody approved for treating
OC. Bevacizumab was investigated in several phase III trials for OC including
ICON-7 (Perren et al. 2011; Oza et al. 2015a), GOG-0213 (Coleman et al.
2017a, b), GOG-0218 (Burger et al. 2011; Tewari et al. 2019), OCEANS
(Aghajanian et al. 2012), and AURELIA (Pujade-Lauraine et al. 2014) for patients
with newly diagnosed or recurrent disease. The FDA and EMA approvals of this
anticancer drug were based on the promising findings of these landmark trials
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particularly GOG-0218. This phase III trial was designed to show the superiority of
adding bevacizumab to standard chemotherapy in the front-line setting. The
investigators tested this hypothesis using three-arm placebo-controlled study that
compared standard chemotherapy alone, chemotherapy plus bevacizumab, and
chemotherapy plus bevacizumab followed by bevacizumab as maintenance in a
population of 1873 women (Burger et al. 2011). The results of this study showed
an increase in PFS by 4 months (but not in OS) in the arm adding bevacizumab to the
standard carboplatin and paclitaxel treatment of advanced OC (Burger et al. 2011).
Similarly, ICON-7 was a phase III trial that explored the benefits of bevacizumab in
combination with the standard of care (Perren et al. 2011). This trial randomly
assigned 1528 patients with OC to receive bevacizumab in association with
carboplatin and paclitaxel or chemotherapy alone. PFS was also improved in this
trial favoring the addition of bevacizumab to the standard of care (HR: 0.81; 95% CI:
0.70–0.94; p ¼ 0.004) (Peeren et al. 2011).

In recurrent disease, OCEANS was a phase III (n ¼ 484) placebo-controlled
study that explored the addition of bevacizumab to carboplatin and gemcitabine as
compared to this doublet alone in the platinum-sensitive setting (Aghajanian et al.
2012). Median PFS was superior in the bevacizumab arm (12.4 vs 8.4 months; HR:
0.484; 95% CI: 0.388–0.605; p < 0.0001) (Aghajanian et al. 2012). In the
GOG-0213 phase III trial (n¼ 674) that was powered for OS, a clinically meaningful
difference of OS by 5 months was noticed in the bevacizumab group as compared to
chemotherapy alone (Coleman et al. 2017a, b). In addition, the investigators con-
firmed the benefits of bevacizumab plus gemcitabine and carboplatin concerning the
PFS (Coleman et al. 2017a, b). In the platinum-resistant setting, the efficacy of
bevacizumab in combination with non-platinum chemotherapy was explored in the
AURELIA phase III trial (n¼ 361) (Pujade-Lauraine et al. 2014). This study showed
an improvement in median PFS and ORR in the bevacizumab-containing arm (6.7
months vs 3.4 months and 27.3% and 11.8%, respectively) (Pujade-Lauraine et al.
2014). Based on these data, bevacizumab was also approved for the treatment of
both platinum-sensitive and resistant recurrent OC, but not for refractory setting.

Cediranib is another antiangiogenic drug that was investigated in OC (Orbegoso
et al. 2017). This molecule is an oral antiangiogenic vascular endothelial growth
factor receptor 1–3 (VEGFR1–3) inhibitor. The efficacy of cediranib was explored
in women with relapsed platinum-sensitive OC in the ICON-6 phase III trial
(n¼ 486) (Lederman et al. 2016). PFS was improved in the group of patients treated
with cediranib given with chemotherapy and continued as a maintenance treatment
but with added adverse events including voice changes, diarrhea, neutropenia, and
hypothyroidism which were the most common causes of treatment discontinuation
(Lederman et al. 2016). In a randomized phase II study, cediranib was given in
association with olaparib in comparison with olaparib alone in a population of
90 patients with platinum-sensitive OC (Liu et al. 2019a). Median PFS was doubled
in the intention-to-treat population of the combination group (16.5 vs 8.2 months,
HR: 0.5, p ¼ 0.007) and also in the subgroup with wild-type/unknown germline
BRCA status (23.7 vs 5.7 months, p ¼ 0.002) (Liu et al. 2019a). These encouraging
results provided the rationale to investigate the combination of cediranib and
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olaparib in the ongoing ICON-9 phase III trial which will randomize 618 women
with relapsed platinum-sensitive OC following a response to platinum-based che-
motherapy to receive this association or olaparib alone as maintenance treatment
(Elyashiv et al. 2021). PFS and OS are co-primary endpoints of this clinical trial and
it is estimated to be completed in 2024 (Elyashiv et al. 2021).

Pazopanib, an oral multikinase inhibitor of VEGFR and also platelet-derived
growth factor receptor (PDGFR), was investigated in OC in the AGO-OVAR16
phase III trial (du Bois et al. 2014). This study randomized 940 women with
advanced OC who did not progress after first-line platinum-taxane chemotherapy
to receive pazopanib or placebo as maintenance treatment (1:1). The hazard ratio for
progression or death was 0.77 (95% CI: 0.64–0.91; p ¼ 0.0021) with a median PFS
of 17.9 months in pazopanib arm versus 12.3 months in patients treated with
placebo. An interim analysis in 35.6% of patients did not show a significant
difference in terms of survival (du Bois et al. 2014). Similarly, no improvements
in median OS were noticed (Vergote et al. 2019a). Nintedanib is another tyrosine
kinase inhibitor of VEGFR that has been studied for the standard first-line in
advanced OC (du Bois et al. 2016). In this perspective, AGO-OVAR 12 phase III
explored the efficacy of the combination of standard paclitaxel and carboplatin with
nintedanib versus the doublet and placebo for newly diagnosed advanced OC. In this
study, 1366 women were randomly assigned to receive one of the two combinations
in a 2:1 fashion. The nintedanib group has statistically significantly increased
median PFS as compared to the control (17.2 vs 16.6 months, HR: 0.84; 95% CI:
0.72–0.98, p ¼ 0.024) but without a clinically meaningful improved PFS (0.6
months benefit). In addition, this combinatorial regimen was associated with more
gastrointestinal adverse events (du Bois et al. 2016). This big clinical trial for chemo-
naïve OC patients is a good example of overpowered negative clinical trials in which
statistical difference has no value over clinical significance. Other angiogenic targets
such as angiopoietins 1 and 2 and Tie2 receptor were also explored for therapeutic
strategies. Trebananib is an inhibitor of this pathway that was studied in phase III
trials for OC. TRINOVA-1, TRINOVA-2, and TRINOVA-3 were randomized phase
III clinical trials that studied the combination of trebananib with standard chemo-
therapy or single agents, paclitaxel and PLD for first-line and recurrent settings but
without providing clinically meaningful improvements in median PFS (Monk et al.
2014; Marth et al. 2017; Vergote et al. 2019b). The exploration of antiangiogenics in
OC is also being studied in other ongoing phase III trials. Other details on combina-
torial synergistic approaches particularly immune-checkpoint blockade can be found
in Sect. 2.9 (Avoiding Immune Destruction).

3.2.8 Resisting Cell Death

Classically, the regulation of cell death encompasses two major circuits, the extrinsic
pathway that receives extracellular signals through death receptors and the intrinsic
program that engages p53 after DNA damage. Basically, the activation of cell death
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leads to progressive activation of caspases that causes proteolysis. However, cancer
cells resist natural programmed cell death to avoid their elimination by host defense
mechanisms. The deregulated machinery of apoptosis in cancer involves several
strategies to avoid inducing sensors particularly “TP53 loss”, which suppresses
critical damages for cells by activating intracellular signaling of death (Hanahan
and Weinberg 2011). Accumulating evidence also demonstrated that cancer cells
escape from cell death by increasing the expression of major negative regulators
such as Bcl-2 and its relative Bcl-xL or downregulating multiple pro-apoptotic
signals (Bax, Bim, and Puma). Also, additional mechanisms allow cancer cells to
resist using diverse secondary pathways gained during tumor evolution (for scoping
reviews on this topic, see elsewhere: Singh et al. 2019; Carneiro and El-Deiry 2020).
Other forms of regulated cell death beyond apoptosis have recently emerged and
merit recommended reading elsewhere (Wang et al. 2020; Galluzzi et al. 2017,
2018). In OC, mutated TP53 is a well-known signature of early events of ovarian
carcinogenesis (Kuhn et al. 2012). TP53 mutations are believed to drive platinum-
resistance and were also found to predict disease-free survival (Zhang et al. 2014;
Seagle et al. 2015). The value of other cell death-related proteins in OC outcomes
seems to be limited. On the one hand, the high expression of the pro-apoptotic Bax
was found to prolong survival and predicted platinum sensitivity in OC (Yigit et al.
2012). Regarding Bcl-2, data from the large Danish MALOVA cohort showed that
this marker may not be of clinical importance for the prognosis of OC patients
(Høgdall et al. 2010). On the other hand, the pro-survival proteins (Bcl-xL and
Mcl-1) were found to drive chemotherapy resistance in high-grade serous OC
(Stover et al. 2019). Therapeutically, the use of agents that physically interfere
with anti-apoptotic proteins via BH3 motifs seems to be a promising approach for
cell death induction (so-called BH3 mimetics) (Ashkenazi et al. 2017). The efficacy
of these agents was investigated in several preclinical studies. Previously, Simonin
et al. showed that Bcl-xL and Mcl-1 cooperate to protect OC cells against oncogenic
stress and cell death induced by chemotherapy (Simonin et al. 2009). These findings
were later confirmed suggesting that their concomitant inhibition may be effective in
OC (Brotin et al. 2010; Lincet et al. 2013). The exploitation of calcium signaling via
calmodulin inhibition in combination with the BH3 mimetic ABT-737 was found to
induce apoptosis by sensitizing OC cells (Bonnefond et al. 2015). A human pilot
study by the team of Stéphanie Lheureux was conducted to explore predictive
biomarkers of ABT-737 in patients with high-grade serous OC (NCT01440504)
(Lheureux et al. 2015). Relevant markers of response were established to select
patients for clinical trial design, and this includes Bim, Mcl-1, and phospho-Erk1/
2 (Lheureux et al. 2015).

This has provided a rationale for investigating other antagonists to disrupt this
pathway. The association of the Bcl-2 selective inhibitor WEHI-539 and the BH3
mimetic ABT-737 showed synergistic effects in potentiating the anticancer activity
of carboplatin in vitro using various OC cells by inducing caspase 3/7 and PARP
cleavage (Abed et al. 2016). Similarly, the combination of a PARP inhibitor
(BMN-673) and BH3 mimetic ABT-263 also showed synergistic cytotoxic effects
against OC cells by increasing the expression of Bim, a pro-apoptotic protein
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(Yokoyama et al. 2017). Recently, Iavarone et al. explored the therapeutic blockade
of MEK/ERK signaling based on cobimetinib (GDC-0973) combined to ABT-263
using patient-derived xenograft models of high-grade serous OC (Iavarone et al.
2019). The results of this report showed greater inhibition of tumor growth as
compared to the single agent. Moreover, baseline levels of pro-apoptotic protein
BIM and/or pERK were predictors of drug response suggesting their potential value
as biomarkers (Iavarone et al. 2019). More recently, a strategy using drug
repurposing of naftopidil to increase the expression of BH3-only proteins including
Bim, Puma, and Noxa resulted in sensitizing patient-derived organoid models from
OC patients to ABT-737 and the MEK inhibitor trametinib (Florent et al. 2020a). Of
note, naftopidil is an α1-adrenergic receptor antagonist used in benign prostatic
hyperplasia management (reviewed by Florent et al. 2020b). The area of preclinical
research on BH3 mimetics as single agents or in combination with other targeted
therapeutics in OC seems to be highly active. To the best of our knowledge, there is
only one BH3 mimetic that has been investigated in a clinical trial for OC
(NCT02591095). MONAVI-1 was a French open-label phase II trial that studied
navitoclax (ABT-263) given daily in a population of OC patients with platinum-
resistant disease. Early signs of efficacy of this monotherapy were revealed in
11 patients that were treated with chemotherapy; therefore, confirming that this
BH3 mimetic is a potent sensitizer (Brachet et al. 2017). More details on this
hallmark in OC can be found in Sects. 2.4 and 2.6 (Evading Growth Suppressors
and Enabling Replicative Immortality).

3.2.9 Avoiding Immune Destruction

Escape from host mechanisms of defense involving immune surveillance is an
emerging hallmark of cancer (Hanahan and Weinberg 2011). Tumor cells avoid
immunological killing by overexpressing immune-checkpoints such as programmed
death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte antigen-4 (CTLA-4) (Fig. 3.1),
infiltration of immunosuppressive cells such as regulatory T lymphocytes (Treg), and
disruption of antigen processing and presentation machinery (Tang et al. 2020). As
in other cancers, the tumor microenvironment of OC contains various cellular
components of clinical value including tumor-infiltrating cells (TILs), tumor
associated macrophages (TAMs), tumor associated neutrophils (TANs), cancer-
associated fibroblasts (CAFs), and a variety of other cells (Macpherson et al.
2020). The prognostic value of these immune suppressive infiltrates as biomarkers
was extensively studied in OC (Macpherson et al. 2020). A recent meta-analysis of
19 studies (n ¼ 6004) pooled data of TILs in high-grade serous OC and
demonstrated a significant association with OS and PFS (Hao et al. 2020). Indeed,
intratumor and stromal TILs were favorably correlated to survival outcomes in this
setting. Hence, these updated results confirmed the previous findings of Hwang’s
meta-analysis and other earlier TILs studies (Hwang et al. 2012; Webb et al. 2016;
James et al. 2017; Wang et al. 2017b; Buderath et al. 2019). Recent additional
reports on this topic also showed the benefits of high TILs in women with high-grade
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serous OC. Martin de la Fuente et al. reported that patients with higher CD3, PD-L1,
and PD-1 had significantly longer OS (Martin de la Fuente et al. 2020). Moreover,
high expression of TILs was also found to have a positive impact on survival in OC
(Martin de la Fuente et al. 2020). TILs in OC are most prevalent in tumors with high-
grade histology (Chen et al. 2020). Improved PFS and immune response in OC
patients with positive PD-L1 was also seen in advanced FIGO stages (Chen et al.
2020). OCs have frequently deficient homologous recombination systems with or
without BRCA mutations. This allows tumors a notable expression of neo-antigens
which in turn are marked indicators of an immune response in solid cancers (Fumet
et al. 2020; Cormedi et al. 2020) and OC (Strickland et al. 2016; Le Saux et al. 2020).
Therefore, these data are of important significance for investigating immunotherapy
in this setting. The recent introduction of immune-oncology in clinical practice has
revolutionized our current management of cancer. The advent of immune-
checkpoint inhibitors (ICIs) and their predictive biomarkers for patients’ selection
has deeply changed outcomes in some cancers previously known to be aggressive
(El Bairi et al. 2020; Keenan et al. 2019; Ribas and Wolchok 2018). Stunning
successes with some cancers such as melanomas (Pasquali et al. 2018), metastatic
colorectal cancer with microsatellite instability (André et al. 2020), and lung cancer
(Almutairi et al. 2019), little benefits have been reported in OC (Le Saux et al. 2020).
The therapeutic arsenal using immune-checkpoint blockade is a recent development
in the design of novel clinical trials for OC using combinatorial approaches (Le Saux
et al. 2020). OC is classically regarded as a “cold tumor” characterized by decreased
levels of TILs (Le Saux et al. 2020). Therefore, response to ICIs in OC has been
commonly reported to be low. Initial phase I/II studies that were conducted to
investigate ICIs in OC have shown modest improvement in outcomes.

Experience with pembrolizumab (an anti-programmed death-1 (PD-1) monoclo-
nal antibody) in phase I clinical trials as monotherapy for solid cancers (KEYNOTE-
028/NCT02054806) demonstrated a durable antitumor response with a manageable
safety and toxicity profile in patients with advanced PD-L1-positive OC (Varga et al.
2019). Following these early signs of efficacy, a two-cohort phase II study was
conducted in patients with recurrent and advanced OC (KEYNOTE-100/
NCT02674061). Cohort A included 285 patients that received 1–3 lines of therapy
and cohort B (n ¼ 91) received 4–6 lines of treatments (Matulonis et al. 2019).
Pembrolizumab as a single agent at a dose of 200 mg was given every 3 weeks for
both cohorts. ORR and disease control rate in cohort A were 7.4% and 37.2%,
respectively, and 9.9% and 37.4% in cohort B. Notably, a higher response was
observed in patients with a combined positive score (CPS) � 1 (10% vs. 4.1% for
CPS < 1). In addition, PFS in both cohorts was 2.1 months. The toxicity profile in
this study was consistent with the previous experience with this agent (Matulonis
et al. 2019). As expected, modest response was demonstrated for this novel
monotherapy in this setting. However, a historical case report showed a complete
response in an OC patient treated with pembrolizumab alone and harboring PD-L1
gene structural variations (Bellone et al. 2018). The authors observed a notable
complete response in a patient with recurrent advanced chemoresistant high-grade
serous OC that progressed on all standard therapies. Whole exome sequencing of the
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surgical specimens showed a low tumor mutational load/megabase with a remark-
able structural variation of PD-L1 gene causing unusual PD-L1 surface expression.
This was markedly associated with high infiltration of CD4 and CD8 TILs,
macrophages, and B lymphocytes suggesting immune escape (Bellone et al.
2018). To test the hypothesis that PARP inhibitors may increase the expression of
PD-L1 (Jiao et al. 2017; Sato et al. 2017); and therefore the response to
pembrolizumab, the TOPACIO/KEYNOTE-162 phase I/II trial (NCT02657889)
investigated this approach in patients with platinum-resistant disease
(Konstantinopoulos et al. 2019). This study was a single-arm and open-label and
used pembrolizumab in combination with oral niraparib (200 mg daily for both)
every 3 weeks. ORR and disease control rates were 18% and 65%, respectively.
Moreover, three complete responses and eight partial responses were noticed regard-
less of prior bevacizumab exposure or BRCA status (Konstantinopoulos et al. 2019).
Recently, the biomarker analysis of this study identified PD-L1 and PD-L2 amplifi-
cation as determinants of exceptional response in some patients of this trial (Färkkilä
et al. 2020). In another phase II non-comparative trial (NCT02865811; n ¼ 23), Lee
et al. showed that the combination of pembrolizumab with PLD has a manageable
toxicity profile and provided a preliminary evidence of its clinical activity including
26.1% of ORR in the population of patients with platinum-resistant OC (Lee et al.
2020). Moreover, the combination of pembrolizumab with metronomic cyclophos-
phamide and bevacizumab in another phase II trial (NCT02853318; n ¼ 40) also
demonstrated clinical benefits in OC patients with recurrent disease including >12
months of durable response in 25% of the treatment population that encompassed
mainly platinum-resistant women (Zsiros et al. 2020). However, despite promising,
these phase II trials were non-randomized and no comparator was added to their
design and therefore, these early signs of efficacy should be interpreted with caution.
The ongoing study registered on the US ClinicalTrials database shows more than
70 clinical trials using pembrolizumab used as monotherapy or in combination with
other anticancer drugs for OC (www.clinicaltrials.gov, accessed 14/01/2020). The
MK-7339-001/KEYLYNK-001/ENGOT-ov43/GOG-3036 is an ongoing phase III
trial that may provide definitive and strong evidence for the future use of this agent in
OC (NCT03740165). This study randomizes 1086 OC patients with advanced
disease to receive the standard carboplatin-paclitaxel with or without
pembrolizumab followed by maintenance therapy with the PARP inhibitor olaparib
or placebo in the first-line setting. The study uses PFS and OS as primary endpoints
and it is expected to be completed in August 2025.

The anti-PD-L1 durvalumab was investigated in OC as a combination with other
therapeutics including PARP inhibitors and vaccines. A proof-of-concept phase II
trial (NCT02484404; n ¼ 35) aimed to assess the efficacy of durvalumab given
every 4 weeks in combination with oral olaparib in recurrent and predominantly
platinum-resistant OC (Lampert et al. 2020). The ORR was 14% and the disease
control rate reached 71%. Moreover, this combination was found to increase the
infiltration of TILs and IFNγ/TNFα release, which both are indicators of
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immunomodulatory response. Moreover, patients with increased IFNγ had superior
PFS (HR: 0.37, 95% CI: 0.16–0.87, p ¼ 0.023 (Lampert et al. 2020). Durvalumab
was also investigated in combination with the folate receptor alpha vaccine TPIV200
in patients with advanced platinum-resistant OC (Zamarin et al. 2020a). The
investigators found an increased T cell response to vaccine peptides and prolonged
median OS in one patient (21 months) in addition to stable disease in nine patients
(Zamarin et al. 2020a). To test the hypothesis that PARP inhibitors create
neo-antigens that may upregulate PD-L1 expression, MEDIOLA phase II trial
(NCT02734004) was initiated. The initial results of this study that investigated the
doublet olaparib and durvalumab and the triplet olaparib, durvalumab, and
bevacizumab in non-germline BRCA-mutated platinum-sensitive and relapsed OC
were recently presented at ESMO 2020 virtual meeting (Drew et al. 2020). Remark-
ably, ORR and PFS were 77.4% and 14.7 months, respectively, in the cohort treated
with the triplet combination as compared to 31.3% of ORR and 5.5 months of PFS
with the doublet (Drew et al. 2020). These encouraging results may be supported by
the ongoing DUO-O phase III trial investigating the triplet approach (n ¼ 1254;
NCT03737643) in advanced OC. This is a large randomized multicenter phase III
that was designed to evaluate the efficacy of durvalumab combined with the standard
platinum-based chemotherapy and bevacizumab followed by durvalumab and
bevacizumab as maintenance therapy or durvalumab, bevacizumab, and olaparib.
PFS is the primary endpoint of this clinical trial, which is expected to provide
preliminary results in November 2025.

Avelumab is another anti-PD-L1 that was investigated in the landmark JAVELIN
studies for OC. The phase Ib (NCT01772004) part of this multicohort trial that
investigated avelumab in OC was an open-label single-arm study that enrolled
125 participants with recurrent or refractory disease who had received platinum-
based chemotherapy (Disis et al. 2019). Avelumab was given at a dose of 10 mg/kg
every 14 days until progression assessed by RECIST version 1.1, unacceptable
toxicities, or withdrawal from enrollment. After a median follow-up of 26.6 months,
confirmed ORR was noticed in 12 patients with 1 and 11 complete and partial
responses, respectively. 1-year PFS rate was 10.2% and median OS reached 11.2
months (Disis et al. 2019). The mature data of JAVELIN Ovarian 200 phase III trial
(NCT02580058) were discouraging (Pujade-Lauraine et al. 2019). This study
randomized 566 OC patients with platinum-resistant or refractory disease to receive
avelumab as monotherapy or avelumab + PLD as compared to PLD alone (1:1:1
ratio) (Pujade-Lauraine et al. 2018). No significant differences between the three
arms in terms of PFS and OS in the intention-to-treat population were noticed
(Pujade-Lauraine et al. 2019). Similarly, the JAVELIN Ovarian
100 (NCT02718417) phase III trial that evaluated avelumab combined with/or
following carboplatin-based chemotherapy versus chemotherapy alone in untreated
OC patients did not meet its primary endpoint (Ledermann et al. 2020). This trial was
stopped due to futility of efficacy at a planned interim analysis.
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The ICIs nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) were also
investigated in OC for both platinum-resistant and sensitive settings. A first phase
II clinical trial enrolled 20 patients with platinum-resistant OC to receive intravenous
nivolumab every 2 weeks as a monotherapy until disease progression (Hamanishi
et al. 2015). The investigators found severe adverse events in two patients and ORR
was 15%. Median PFS and OS were 3.5 and 20 months, respectively (Hamanishi
et al. 2015). Nivolumab given every 2 weeks was also studied in combination with
bevacizumab in a single-arm phase II trial (NCT02873962) (Liu et al. 2019c). This
association is believed to have synergistic effects by modulating the tumor microen-
vironment to turn OC into a “hot tumor” (Tamura et al. 2019). Patients with
platinum-sensitive OC seem to benefit much more from this combination as com-
pared to those with platinum-resistance (ORR: 40% vs 16.7%) (Liu et al. 2019c). In
another phase II study (NCT02498600), nivolumab was also studied in combination
with ipilimumab as compared to nivolumab alone for OC as a dual blockade strategy
(Zamarin et al. 2020b). This study included 100 OC patients with recurrent or
persistent disease that were randomly allocated to receive monotherapy every
2 weeks or induction double blockade every 3 weeks followed by maintenance
monotherapy with nivolumab. The median PFS was doubled in the combination as
compared to nivolumab alone (3.9 vs 2 months, respectively, HR: 0.53; 95% CI:
0.34–0.82) (Zamarin et al. 2020b). As in other clinical trials, PD-L1 status didn’t
predict response to these agents. Therefore, other predictive biomarkers are needed
for patients’ selection in this setting. A phase III randomized and placebo-controlled
four-arm trial (NCT03522246/ATHENA/GOG-3020/ENGOT-ov45) is currently
exploring the activity of nivolumab in combination with rucaparib after front-line
platinum-based chemotherapy in 1000 newly diagnosed OC patients (Westin et al.
2019). This multicenter study is expected to release its early findings in 2024.
Promisingly, this type of combination involving a prior exposure to chemotherapy
may be successful. It was recently demonstrated that neoadjuvant chemotherapy
boosts local immunity in high-grade serous OC (Jiménez-Sánchez et al. 2020;
Mesnage et al. 2017). Moreover, blockade of CTLA-4 within the intact tumor
microenvironment in OC was demonstrated to induce tumor-reactive CD8+ tumor-
infiltrating lymphocytes (Friese et al. 2020). This may improve the effectiveness of
combined strategies after this initial modality.

Atezolizumab is an immune-checkpoint inhibitor of PD-L1 that is currently
studied in treating OC (Palaia et al. 2020). A multicenter phase I trial (n ¼ 12;
NCT01375842) that enrolled women with recurrent epithelial OC evaluated the
safety and tolerability profile of atezolizumab used as a single agent (Liu et al.
2019b). Long response duration was observed in two patients only and no new safety
signals were identified for atezolizumab (Liu et al. 2019b). Atezolizumab was also
investigated in OC in combination with bevacizumab in another phase I trial (n¼ 20;
NCT01633970) for platinum-resistant disease (Moroney et al. 2020). ORR was 15%
and disease control rate was 55%. Median PFS and OS were 4.9 and 10.2 months,
respectively. The prior exposure to treatments and PD-L1 status did not affect
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response to this combination (Moroney et al. 2020). In preclinical animal models,
this combination was found to attenuate resistance to cisplatin by a synergestic
suppression of epithelial to mesenchymal transition (Zhang et al. 2019c). To the
best of our knowledge, no published findings of phase II trials using this agent in OC
are available. All currently ongoing phase II studies on atezolizumab in OC are still
in progress at the time of this chapter writing. This makes the ongoing phase III trials
on this immune-checkpoint inhibitor in OC questionable in terms of the rationale for
conducting large randomized and controlled trials. In this regard, IMagyn050/GOG
3015/ENGOT-OV39 is a large phase III trial (NCT03038100) that will randomize
newly diagnosed advanced OC patients to receive either front-line atezolizumab
combined with paclitaxel, carboplatin, and bevacizumab or placebo combined with
the previous triplet (Moore and Pignata 2019). This trial is expected to enroll 1300
patients and PFS and OS are its co-primary endpoints in the intention-to-treat
population and in the subpopulation of patients with positive PD-L1 (Moore and
Pignata 2019). The preliminary findings of this study were presented at the ESMO
2020 Virtual Congress and demonstrated that the addition of atezolizumab to the
standard of care did not improve PFS in this setting (Moore et al. 2020). The
AGO-OVAR 2.29/ENGOT-ov34 is another ongoing phase III (NCT03353831)
designed to investigate the clinical activity of atezolizumab combined with
non-platinum chemotherapy and bevacizumab (standard of care) versus standard
of care plus placebo in platinum-resistant OC (Harter et al. 2020). The estimated
sample size of this trial is 664 patients and OS and PFS are its co-primary endpoints
and it is currently recruiting patients. In platinum-sensitive OC, the Spanish
randomized and controlled phase III ANITA trial (NCT03598270; ENGOT-Ov41/
GEICO 69-O) is recruiting patients to receive atezolizumab + platinum-based
chemotherapy followed by maintenance by niraparib + atezolizumab (experimental
arm) versus a control arm consisting of platinum-based chemotherapy + placebo
followed by maintenance by niraparib + placebo (González-Martín et al. 2020). With
a sample size of 414 patients and PFS as a primary endpoint, the authors expect to
demonstrate a benefit in terms of PFS per RECIST v1.1 criteria with a HR of 0.7
(power: 80%, two-sided p-value<5%) (González-Martín et al. 2020). Atezolizumab
is also being studied in the ATALANTE randomized and controlled phase III trial in
platinum-sensitive and relapsed OC (n¼ 405, ENGOT-ov29/NCT02891824) (Kurtz
et al. 2018). The investigators will compare the efficacy of adding atezolizumab to
chemotherapy in combination with bevacizumab as compared to chemotherapy and
bevacizumab alone in 2:1 ratio. The primary endpoint is RECIST v1.1-based PFS
and the first results are estimated to be released in September 2023. Finally, the use
of ICIs as monotherapies in OC didn’t show clinically meaningful improvements in
OC. However, combinatorial approaches using antiangiogenics or PARP inhibitors
with ICIs seem to be promising. These associations are believed to induce an
angiogenic tumor access by TILs. Presently, a promising escalating strategy using
first-line platinum-based chemotherapy combined with ICIs and antiangiogenics
followed by maintenance regimen with ICIs, antiangiogenics, and PARPi is being
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studied in several phase III trials and is believed to improve survival outcomes
in OC.

The clinical evaluation of other immunotherapeutic strategies such as the Toll-
like receptor 8 (TLR8) agonist motolimod (NCT01666444) (Monk et al. 2017), the
IDO1 inhibitor epacadostat (NCT01685255) (Kristeleit et al. 2017), and the Vigil®
DNA engineered immunotherapy (Oh et al. 2016) was not successful in delivering
improved outcomes to OC patients.

3.2.10 Deregulating Cellular Energetics

During neoplastic transformation, the deregulated control of the cell cycle involves
an adjustment of energetic metabolism to fuel the tumorigenic process (Hanahan and
Weinberg 2011). The use of glucose is a characteristic of normal cells, however; the
previous works of the German Nobel laureate Otto Heinrich Warburg (1883–1970)
showed that cancer cells have atypical energy metabolism (Warburg 1930, 1956).
Accordingly, even in the presence of oxygen, tumor metabolism is reprogrammed to
be dependent of glycolysis and thus the concept of “aerobic glycolysis or Warburg
effect” (nicely reviewed elsewhere: Pascal et al. 2020; Scheid et al. 2021; Urbano
2021). This metabolic switch is partially covered by upregulation of glucose mem-
brane transporters such as GLUT-1 which in turn is associated with mutated anti-
oncogenes and activated oncogenes such as Myc and RAS (Hanahan and Weinberg
2011). During hypoxia, tumor cells accentuate their energetic needs based on
glycolysis reliance by increasing the levels of hypoxia-inducible factor (HIF)-α
(Hanahan and Weinberg 2011). Together, this suggests that this hallmark is essential
for angiogenesis and invasion; and consequently the aggressive cancer phenotype
(Icard et al. 2018). A previous report showed that GLUT-1 expression is correlated
with tumor proliferation and microvessel density, in addition to suboptimal
debulking in patients overexpressing this marker and Ki-67 (OR: 3.8, p ¼ 0.01)
(Semaan et al. 2011). Moreover, GLUT-1 was found associated with tumor cell
mitosis (Kim et al. 2012) and its overexpression predicted reduced OS and shorter
DFS in epithelial OC (Cantuaria et al. 2001; Cho et al. 2013). In addition, HIF-α in
OC, which is released as a homeostatic response to hypoxia, promotes vasculogenic
mimicry to induce epithelial to mesenchymal transition (Du et al. 2014). Also, HIF-α
expression was found associated with metastasis and reduced 5-year survival and
poor OS (Shen et al. 2017; Jin et al. 2014a; Braicu et al. 2014; Shimogai et al. 2008).
Notably, several authors have investigated the Warburg effect in OC as a source for
energy supply (Zhang et al. 2018; Ma et al. 2018a; Shang et al. 2017b; Jin et al.
2014b). Some of these preclinical studies have also provided potential pharmaco-
logical inhibitors of aerobic glycolysis in OC such as ginsenoside (Lu et al. 2020;
Zhou et al. 2018), ABT737 (a BH3 mimetic) (Dong et al. 2020), ivermectin (Li et al.
2020), and berberine (Li et al. 2021). One clinical trial has attempted to investigate
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an inhibitor of these pathways in OC. This was a phase II trial (NCT01652079) that
enrolled 63 patients with recurrent platinum-resistant ovarian, fallopian tube, or
peritoneal cancer to receive the anti-HIF-1α investigational nanoparticle-drug con-
jugate CRLX101 (camptothecin as the active molecule) in combination with
bevacizumab. The latest available results of this two-stage trial and its preceding
preclinical study showed that this combination is synergistic with durable inhibition
of HIF-1α (Pham et al. 2015; Krasner et al. 2014, 2015, 2016). Very recently, the
combination of EP0057 (formerly CRLX101) with weekly paclitaxel for recurrent or
persistent epithelial ovarian, fallopian tube, or primary peritoneal cancer in a phase
Ib/II trial (NCT02389985/n ¼ 30) demonstrated an ORR of 31.6% in women with
prior treatment with bevacizumab and one complete response (Duska et al. 2020). To
the best of our knowledge, this study was terminated after the company decision.

3.3 Conclusion

With the emergence of data from large-scale sequencing projects, novel targets were
discovered for OC. These actionable molecular alterations enabled enlargement of
the current therapeutic arsenal against this aggressive cancer. Moreover, various
biomarkers were also explored and seem to be promising for predicting prognosis
and therapy response. There is a considerable move to exploit the hallmarks of
cancer in improving outcomes and designing novel clinical trials for OC (Fig. 3.2).
Genome Instability, Inducing Angiogenesis, Avoiding Immune Destruction, and
Sustaining Proliferative Signaling were the most influencing hallmarks for the
development of landmark phase III trials for OC. This list (Table 3.1) is expected
to be extended in the future with newly launched phase III clinical studies which may
supply the currently available treatments of OC with additional therapeutic
approaches particularly targeted agents. Some signaling pathways that have a nota-
ble role in ovarian carcinogenesis were not discussed in this chapter because of the
word limit and are illustrated elsewhere in other reviews (for further reading, see
Box 3.1).
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