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Abstract: Despite advances in surgical techniques and chemotherapy, ovarian cancer is still a leading
cause of death among gynecological cancers. In addition to the late detection of the disease, the main
reason for poor prognosis is resistance to pharmacotherapy, mostly platinum compounds. About a
third of patients do not respond to primary platinum-based chemotherapy treatment, and over time,
eventually, 80% of other patients develop chemoresistance, which makes the recurrence of disease
incurable. In this review, we describe a difficult clinical hurdle faced in ovarian cancer therapy as a
result of platinum resistance, as well as resistance to newer targeted therapy with PARP inhibitors
and bevacizumab. We, furthermore, give attention also to the role of the tumor microenvironment as
it is less well understood than the tumor cell-intrinsic mechanism. Because a central goal in ovarian
cancer research is the development of novel strategies to overcome chemoresistance, treatment for
cancer is moving toward personalized therapy.
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1. Introduction

Ovarian cancer (OC) is a malignant neoplasm in one or both ovaries. It is one of the
most common gynecological malignancies and has the highest mortality rate. In 2018,
there were 295,414 cases of OC newly diagnosed across the globe and 184,799 OC patients
died [1–3]. Based on information from the Slovenian Cancer Registry, OC ranks eighth
among common types of cancer in women in Slovenia. On average, 166 women (15.9 per
100,000) developed OC and 141 (13.6 per 100,000) died from it per year between 2010 and
2014, which ranks Slovenia at the EU average [4–6]. This unfavorable prognosis is the result
of asymptomaticity or late occurrence of symptoms and the lack of an effective screening
method. Consequently, a diagnosis is made at an advanced stage, when treatment is less
effective (stages III and IV per the International Federation of Gynecology and Obstetrics
[FIGO]). The 5-year survival rate for women that are diagnosed with OC in the early stage
is, therefore, 93%, and the rate for those that are diagnosed with OC in the advanced stage
is 29% [6–8].

A mix of both genetic and epigenetic changes, plus increasing genetic diversity found
in tumor cells as cancer progresses, are the major factors hindering a cure [6,9]. Platinum-
based chemotherapy agents (platins) have been deemed fundamental chemotherapy treat-
ment for four decades now. Moreover, despite the development of novel targeted drugs,
carboplatin with additional paclitaxel is still the standard first-line treatment used for OC
in the advanced stage [6,10]. Nonetheless, from 20% to 40% of patients show no response
to this primary therapy. Moreover, 80% of patients that exhibit a positive initial response,
especially those with the subtype classified as high-grade serous ovarian cancer (HGSOC),
develop a platinum-resistant recurrence over time [11]. Based on the most recent consensus
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conference manuscript on ovarian cancer from the European Society for Gynecological
Oncology (ESGO) and European Society for Medical Oncology (ESMO), which was pub-
lished in May 2019, at present, there are no validated molecular predictive biomarkers for
platinum resistance [10].

This review sums up current information about OC and treatment protocols for
it. Moreover, it addresses the resistance mechanism to the most established and what
are still the most effective categories of chemotherapeutics for treating OC—platinum
agents and taxanes—as well as resistance to newer targeted therapy with poly (ADP-
ribose) polymerase (PARP) inhibitors and bevacizumab, a vascular endothelial growth
factor (VEGF) inhibitor. Attention is also paid to the role of the tumor microenvironment
because it is less well understood than the tumor cell-intrinsic mechanism. This is also
evidenced by the much-lesser-known resistance to bevacizumab, a drug that affects the
tumor microenvironment.

2. Histological Subtypes of OC

Ovarian cancer can form from any type of cells that make up the ovary. A distinction
is made between epithelial, germ cell, stromal, and other types (mesothelial–mesenchymal,
mixed cell, and secondary tumors). Epithelial ovarian cancer is the most frequent type,
and it accounts for 90% of ovarian malignancies. It is further divided into two groups of
histopathological subtypes. The first group comprises endometrioid, clear cell, mucinous,
and low-grade serous carcinoma (LGSOC), and the second group includes high-grade
serous carcinoma (HGSOC) as the most common subtype (75%) of epithelial OC [12,13]. It
is important to determine the subtype because there are differences between them, in terms
of origin, risk factors, patterns of spread, treatment, and responses to treatment [14].

Group one subtypes usually have an indolent clinical course and are genetically more
stable. They are often characterized by mutations in regulators of the mitogen-activated
protein kinase (MAPK) pathway, such as BRAF (v-Raf murine sarcoma viral oncogene
homolog B) and KRAS (Kirsten rat sarcoma), p-catenin genes, CDKN2A (cyclin-dependent
kinase inhibitor 2A), and PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
alpha). Mutations in TP53 (tumor protein P53) are rare, with the exception of the mucinous
subtype. Clear cell carcinomas are characterized by a high frequency of inactivating
mutations in the tumor suppressor gene ARID1A (AT-rich interaction domain 1A). In
addition, amplification of the ERBB2 gene that encodes for HER2 (human epidermal
growth factor receptor 2) is more frequent in mucinous and clear cell carcinomas [15,16].

HGSOC in group two has a more aggressive clinical course and is genetically less
stable. It is generally only diagnosed once it has reached an advanced stage, and it has
a poor prognosis. TP53 mutations are typical (present in 96% of tumors) and defective
homologous recombination DNA repair is also common (50%) [17]. Recurrent mutations in
other genes are uncommon, with the exception of breast cancer genes BRCA1 and BRCA2,
which primarily manifest as HGSOC (13). Amplification of CCNE1 (cyclin-E12), MYC
(myelocytomatosis oncogene), and TPX2 (targeting protein X2) is also more frequent [15].

OC differs from the majority of other cancer types in terms of how it spreads because it
rarely metastasizes hematogenously. It basically metastasizes through a passive mechanism,
whereby ovarian cancer cells that are shed from the surface of the primary tumor are carried
via the physiological movement of the peritoneal fluid and transported to the peritoneum
and omentum (i.e., transcoelomic metastasis) [18]. In this, cancer cells transform from an
epithelial to a mesenchymal form (known as epithelial to mesenchymal transition, or EMT),
which allows them to detach from their sister cells and attach to and penetrate the basement
membrane [19]. Pathologic accumulation of peritoneal fluid or the formation of ascites may
facilitate the spread of cancer cells. Ascites forms due to an imbalance in the formation
and reabsorption of peritoneal fluid. Cancer cells are believed to prevent its reabsorption
via the subperitoneal lymphatic ducts. In the early stages, this involves nonobstructive
mechanisms, including contraction of lymph vessels induced by the secretion of tumor cell
products, and an obstruction of lymphatic ducts at later periods [12]. In addition, cancer
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cells secrete numerous factors that can increase the formation of peritoneal fluid. The most
researched factor in this regard is the effect of vascular endothelial growth factor (VEGF),
which increases the permeability of vessels and, thus, the accumulation of ascites [18,20].

Tumor Heterogeneity

OC is a clinically diverse and histologically and molecularly highly heterogeneous
disease. Increasingly, more studies are showing differences both between and within
individual ovarian cancer types and subtypes. In addition, they demonstrate the existence
of tumor heterogeneity at the level of an individual patient, which can be either spatial or
temporal. Spatial heterogeneity can be intertumoral due to differences between primary
and metastatic lesions, or intratumoral, which is not unexpected due to subclonal tumor
evolution. The term temporal heterogeneity refers to changes that may occur over time as
the tumor progresses (e.g., at diagnosis vs. relapse) [15,16]. Studies using next-generation
sequencing have determined that intratumoral differences are already present before
treatment and are not limited exclusively to high-grade tumors. Most relapse characteristics
or metastases are already present as subclonal populations within the primary tumor [21].

3. Ovarian Cancer Treatment

Treatment for OC includes surgical removal of the tumor (cytoreductive surgery)
and systemic chemotherapy. Since the mid-1970s, platinum compounds have formed
the basis for chemotherapy. Initially, this was cisplatin, which, however, was associated
with a range of adverse effects. Therefore, second-generation platinum compounds soon
began to be developed, resulting in the 1989 introduction of carboplatin, which is just as
effective as cisplatin but has fewer serious adverse effects, especially primarily in terms
of nephrotoxicity. The addition of targeted therapies in the 2010s brought the possibility
of a better safety profile, but even this therapy is not without serious adverse effects.
PARP inhibitors, which have generally been found to be safe and well tolerated, are
associated with a risk of serious hematological toxicities. Bevacizumab, another targeted
drug, increases the risk of even fatal gastrointestinal perforation, and so patients that have a
history of treatment for inflammatory bowel disease, or bowel resection, should be excluded
from such therapy. In addition, hypertensive patients should be closely monitored [22].

According to established guidelines, cytoreductive surgery is followed by postop-
erative (adjuvant) chemotherapy with paclitaxel and carboplatin. Patients are usually
administered six to eight cycles every 21 days [4]. Contraindications for a combination of
paclixatel and carboplatin are poor overall performance status (PS ≥ 3 according to WHO),
significant comorbidities (heart failure, ischemic heart disease, neuropathy, etc.), uncon-
trollable hypersensitivity to the medication, and high biological age. Pegylated liposomal
doxorubicin (PLD) can be used as an alternative to paclitaxel, but it has demonstrated a
higher incidence of hematological and dermatological toxicity and stomatitis. However,
it causes less neurotoxicity and alopecia [23]. In patients with poor performance status,
comorbidities, and high age, it is to be expected that they will have difficulty enduring
combined systemic treatment in full three-week doses and it is less likely that they will
complete the course of therapy. In this case, a weekly form of combined therapy can be ad-
ministered alternating paclitaxel and carboplatin, or monotherapy with carboplatin [23–25].
In some cases, treatment begins with preoperative (neoadjuvant) chemotherapy followed
by surgery. This method may be considered for patients with advanced ovarian cancer
(stages III–IV), for whom the surgeon decides that radical removal is not possible, or if a
patient is unable to undergo surgical treatment due to comorbidities [26]. The purpose
of preoperative therapy is to improve the patient’s status or clinical response that would
increase the likelihood of radical surgery. The same combination of drugs is applied in
three to six cycles, after which interval surgery follows with maximum cytoreduction and
three to four cycles of postoperative systemic therapy. A schematic diagram showing a
treatment algorithm for advanced OC is shown in Figure 1.
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Bevacizumab can be added to standard chemotherapy (from the second round on) [4].
In patients with advanced disease (stages IIIB, IIIC, and IV), there are two types of target
agents available for maintenance therapy: bevacizumab and PARP inhibitor [4]—Table 1.
PARP inhibitor maintenance therapy has resulted in the improvement of progression-
free survival, particularly in patients with homologous recombinant deficiency (HRD)-
positive status, defined by either BRCA1/2 mutation and/or genomic instability. However,
prerequisites for using PARP inhibitors are the following: (a) complete or partial response
to the first platin therapy in patients that have primary OC, or (b) complete or partial
response to the most recently applied regimen in patients that have platinum-sensitive
recurrent OC [6,27]. Patients in whom there is a relapse of OC should be evaluated
as candidates for further platinum therapy if it is not contraindicated or if they do not
exhibit definite platinum resistance [28]. Because of the basic role of platins in treating OC,
platinum sensitivity remains a major determinant for prognosis. Nonetheless, predicting
true platinum chemoresistance is not currently possible, chiefly because the exact molecular
mechanisms of platinum resistance remain unclear. An additional reason connected with
enigmatic mechanisms is the lack of validated molecular predictive biomarkers for platinum
resistance [6,10,28]. As a result, significant effort is currently being invested to overcome
this clinical obstacle.

Although targeted therapy has brought advances in treatment, it still has some lim-
itations and challenges. Despite considerable advances in prolonging the time to first
progression, overall survival of EOC patients remains unsatisfactory. Resistance may also
occur with targeted therapy. There are no validated predictive molecular biomarkers of
bevacizumab benefit. Angiogenic markers, such as CD31 expression, microvessel density,
and tumor VEGF-A levels, may provide prognostic information. However, these findings
need to be further validated for routine clinical practice. Attempts to identify robust predic-
tive biomarkers of response to PARP inhibitors in HGSC beyond key HG gene mutation
have proven difficult (e.g., testing on RAD51C/D, BRIP1, and PALB2 should be considered).
Moreover, a major limitation of current HR assays is that they are largely insensitive to
reversion of HRD, which may occur upon development of resistance to Pt-based medicines
and PARP inhibitors [10].
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Table 1. Therapeutic indications of targeted therapy in advanced epithelial OC approved by European
Medicines Agency (EMA) [28].

Medicines Monotherapy Combination
Prior Response to

Special ConsiderationPt-Based Therapy
(Complete or Partial)

Primary/Front-Line Therapy
bevacizumab – 1. carboplatin/paclitaxel – 1. FIGO stages IIIB, IIIC, IV.

Maintenance Therapy Following Completion of First-Line Pt-Based CT
olaparib yes – yes 1. BRCA1/2-mutation.

2. High-grade EOC, FIGO stages III, IV.
olaparib – 1. bevacizumab yes 1. HRD positive status.

2. High-grade EOC, FIGO stages III, IV.
3. Following first-line Pt-based CT in
combination with bevacizumab.

niraparib yes – yes 1. High-grade EOC, FIGO stages III, IV.
Therapy of Relapsed Cancer

bevacizumab – 1. carboplatin/gemcitabin yes 1. First recurrence.
2. carboplatin/Paclitaxel 2. No prior anti-VEGF therapy.

bevacizumab – 1. paclitaxel no 1. No more than 2 prior CT regimens.
2. topotecan 2. No prior anti-VEGF therapy.
3. doxorubicin PL

rucaparib yes – – 1. BRCA1/2-mutation.
2. High-grade EOC.
3. Progression after two or more prior
Pt-based CT.
3. Un-tolerant to further Pt-based CT.

Maintenance Treatment of Relapsed Cancer
olaparib yes – yes 1. BRCA1/2-mutation.

2. High-grade EOC.
niraparib yes – yes 1. High-grade serous EOC.
rucaparib yes – yes 1. High-grade EOC.

EOC = epithelial ovarian cancer; PT = platinum; CT = chemotherapy; PL = pegylated liposomal; HRD = homolo-
gous recombinant deficiency (defined by either BRCA1/2 mutation and/or genomic instability).

4. Resistance to Treatment
4.1. Resistance to Platinum-Based Chemotherapy

The first-choice platin (Pt) used at present for clinically managing OC is carboplatin.
It replaced cisplatin as a result of its superior safety profile. There are a greater number
of studies on cisplatin due to its status as an older medicine, but cisplatin and carboplatin
are considered to operate in a similar manner to create an antineoplastic effect [6,29].
Consequently, the chemoresistance mechanisms may also be similar. Nonetheless, caution
is advised because they have different chemical structures; this aspect is reflected in their
differing pharmacokinetic parameters [6,30].

Chemoresistance occurs in 20% to 30% of patients during primary treatment [31]. The
remainder of patients respond well to treatment, but in 80%, the median progression-free
survival is only 18 months. When retreating patients that have relapsed after more than
12 months, only 50% respond to treatment. The percentage is even lower (10–20%) in
patients that relapsed less than 6 months after initial treatment. With each new recurrence,
the interval to the next recurrence tends to be shorter, and the likelihood of resistant disease
tends to increase [32].

The problem of Pt resistance typically occurs in patients that receive neoadjuvant
therapy with carboplatin before surgery. In their in vitro study, Matsuo et al. established
a greater resistance to carboplatin in patients that received neoadjuvant therapy (33.3%)
compared to patients that underwent primary cytoreductive surgery (9.2%) [33]. Simi-
larly, Rauh-Hain et al. determined more frequent resistance to carboplatin in patients
that received neoadjuvant therapy (88.8%) compared to patients that underwent primary
cytoreductive surgery (55.3%) [34]. However, there is no consensus regarding a more
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suitable primary treatment. Some studies contest the superiority of primary cytoreductive
surgery over neoadjuvant chemotherapy. The CHORUS randomized trial [35], which in-
cluded 550 patients, compared the results of both treatment methods. Among the patients,
276 underwent standard primary cytoreductive surgery, followed by adjuvant Pt-based
chemotherapy, and 274 first received Pt-based neoadjuvant therapy, followed by interval
cytoreduction. The second method has been connected with increased optimal debulking,
reduced early mortality, and survival similar to that in standard treatment [35].

The treatment type is based on the amount of time that has elapsed since the end of the
primary treatment (the platinum-free interval, PFI), and it is split into four categories [11].
The PFI is the primary indicator for tumor classification (Pt-sensitive or Pt-resistant), on
the basis of a 6-month cutoff from the most recent Pt treatment. This definition developed
when there were limited options beyond Pt re-challenge for recurrent disease treatment. It
has a number of shortcomings and it was, therefore, abandoned during the Gynecologic
Cancer Intergroup’s (GCIG) Fifth Ovarian Cancer Consensus Conference (OCCC) [6,10].
Recently the concept has shifted to whether “platinum is an option” or “platinum is not
an option”.

The literature most often describes two types of resistance with different development
mechanisms, although precisely distinguishing between the two can be difficult. These are
two forms, intrinsic resistance and acquired (extrinsic) resistance [36]. Intrinsic resistance
refers to the inherent ability of cancer cells to remain resistant due to their characteristics
that already existed before their first exposure to treatment. A subtype of tumor cells
with such resistant characteristics is referred to as cancer stem cells (CSC), which are ca-
pable of self-renewal, persistent sustenance of tumor growth, and long-term dormancy.
The characteristics of cells that demonstrate intrinsic chemoresistance include the ability
to reduce drug uptake, enhance drug efflux, and increase the activity of detoxification
enzymes, such as cytochrome P450 or glutathione transferases [32]. Almost one out of
three HGSOC patients do not respond to initial treatment and, therefore, the disease pro-
gresses during or immediately after first-line therapy, so that patients die within 1 year of
being diagnosed [6,37]. The second resistance type is acquired resistance, in which cancer
cells gradually acquire resistance over the course of treatment, and genetic changes and
epigenetic alterations to key genes develop that allow cancer cells to adapt to the effects
of chemotherapeutics. This can be thought of as microevolution, in which, through the
acquired alteration, a cell gains an advantage over others, survives, and is, therefore, clon-
ally selected to proliferate [16]. Among the molecular mechanisms involved in intrinsic or
acquired chemoresistance are extracellular matrix proteins, oncogene and tumor suppressor
gene mutations (TP53 and PAR-4), mitochondrial alteration, insensitivity to and repair of
DNA damage, autophagy, cancer stemness, transporter proteins, epithelial–mesenchymal
transition (EMT), and alterations in glutathione reductase expression/activity [6].

Mechanism of Resistance to Platinum-Based Medicines

It is known that reduced in vitro intracellular Pt accumulation is one of the most
typical features of cell lines that are cisplatin resistant [38]. The finding that cultured cancer
cells that are resistant to cisplatin are also cross-resistant to Cu and vice versa implies
that Pt-based medicines (Pt-BMs) may be a substrate for Cu transporters [6]. It has been
demonstrated that Pt chemotherapeutics can cross cell membranes, either through passive
diffusion or through the assistance of transporters, among which are well-characterized
copper transporters and other mechanisms yet to be defined [38]. Several mechanisms
are involved in Pt chemoresistance; these include lower drug accumulation in the intra-
cellular space and/or an increase in drug efflux, drug inactivation through augmented
levels of cellular thiols, changes in drug targets, processing damage induced by drugs
through greater nucleotide excision-repair activity, and lower mismatch-repair activity and
apoptosis evasion—Figure 2. Moreover, changed gene expression, alterations in DNA copy
number, and greater genomic instability may be a contributing factor to Pt chemoresis-
tance [6,39–44].
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Although copper is an essential cofactor for many enzymes, like Pt, it can have high
toxicity and, therefore, a complex protein network has evolved in order to regulate copper
transport to and from cells and also for chaperoning it inside cells. Among these proteins
are copper transport receptors CTR1 and CTR2 and copper-transporting P-type ATPases
ATP7A and ATP7B. These assist in maintaining copper homeostasis and they have been
connected with Pt efflux [38]. In cells that are resistant, membrane transporter changes
can impact the accumulation of Pt drugs by causing increased drug efflux or decreased
drug uptake [6]. Indeed, several studies of cisplatin’s cellular pharmacology suggest
that specialized membrane-bound proteins are involved in mediating drug uptake and
efflux, and that nearly all cell lines that have been selected for cisplatin resistance show
alterations in accumulation of drugs [45]. In general, the copper efflux transporters ATP7A
and ATP7B and the copper importer CTR1 seem to play a significant role in cisplatin’s
pharmacokinetics and cytotoxicity, together with the copper chaperone ATOX1, which helps
mediate copper transfer from CTR1 to ATP7A and ATP7B [41,45–51] The history showed
that expression of both transporters, ATP7A and ATP7B, changes during tumorigenesis of
OC. Samimi et al. (2003) concluded that it is, nonetheless, possible that increased expression
of ATP7A may offer some significant in vivo growth advantages, and that in some tumors,
the quantity of ATP7A-expressing cells increases regardless of any effect of the therapy [48].
The literature [6] indicates that there is a correlation between increased expression of the Cu
efflux transporters ATP7A and ATP7B in tumor tissue and a poor response to Pt-BMs and
low survival in OC patients. This indicates that these transporters are some of the important
targets in what is otherwise multifactorial resistance to Pt. The association between an
inadequate response to Pt-BMs and greater expression of ATP7B at initial diagnosis or with
ATP7A during treatment points to the potential of both Cu-ATPases for deciding upon the
best treatment for an individual patient [6].

4.2. Mechanism of Resistance to Taxanes

Taxanes, including paclitaxel, target not only microtubules but also self-assembled
alpha- and beta-tubulin heterodimers. These are dynamic components of the cytoskeleton,
and during cell division, they play essential roles in intracellular transport and the mitotic
spindle. Aggregates of dysfunctional microtubules disrupt normal processes of cellular
transport and also interfere in mitosis, later leading to mitotic arrest—Figure 2. In the
cell culture, taxanes cause both mitotic arrest and apoptosis. In OC, the emergence of
cisplatin/carboplatin plus paclitaxel probably shows the impact of microtubule disruption
drugs on the trafficking of DNA repair proteins to the nucleus. Disruptions of translocation
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to the nucleus, critical for repairing the DNA damage that is caused by the Pt agent, is
probably the basis for the significant activity of the combination of the Pt compound
with paclitaxel in OC [37]. The multidrug-resistant (MDR) phenotype is characterized
by a decreased concentration intracellular drug, an increase in the expression of drug-
metabolizing enzymes, changed progression of cell cycle checkpoints, altered pathways
for apoptosis or survival, and signal transduction pathway deregulation. As a specific
feature of taxane-treated tumors, unusual expression of microtubule subunits and proteins
associated with them would come into direct conflict with the taxane mechanism of action
and result in reduced bioactivity of the drug [52]. Taxanes are good substrates for MDR1
efflux pump; however, the extent of the role that efflux plays in clinical drug resistance
remains unclear. It was discovered that high MDR1 expression is linked to a poor prognosis
in multiple series [38]. Therefore, making use of MDR1 and other ABC transporter proteins
as biomarkers for taxane response could have greater utility than directly targeting the
proteins [52]. Taxane resistance is not completely understood; however, the following
mechanisms are seen as major factors and are even often observed in different types
of cancer. The reduced effectiveness of taxanes’ method of action culminates in a lower
concentration of intracellular drug (as a result of increased drug export), greater metabolism
of taxanes (due to upregulating CYP enzymes), and a changed composition of tubulin
subunits (in particular, III-tubulin upregulation). If chemotherapy is applied at low levels
or is not able to properly bind to the target, it may not be possible for cells to properly
arrest, and no apoptosis is induced. Moreover, it is possible that hypoxic conditions found
in solid tumors play a greater role in activating these pathways to resistance [38,52].

4.3. Mechanism of Resistance to PARP Inhibitors

The clinical use of PARP inhibitors in the treatment of epithelial OC has increased
dramatically. As mentioned in Table 1, PARP inhibitors are now EMA approved across
all lines of treatment of epithelial OC, and they are used as maintenance therapy after
neoadjuvant chemotherapy in patients with OC [4,53–55]. Despite their use in the clinic,
PARP inhibitor resistance is common and develops through multiple mechanisms. Cells
with BRCA1/2 deficiency were found to be particularly sensitive to PARP inhibitors.
Importantly, BRCA1/2-deficient tumor cells can become resistant to PARP inhibitors by
restoring homologous recombination (HR) repair and/or by stabilizing their replication
forks [56]. Aside from the restoration of HR, other mechanisms have been identified in vitro
but have not yet been confirmed in large clinical studies (Shieldin complex, which blocks
DNA repair by the NHEJ pathway and inactivation, confers PARP inhibitor resistance,
and loss of proteins PTIP and EZH2) [40,54,55]. As concluded by Lee and Matulonis [55],
many mechanisms, already described, require clinical validation. Moreover, the multiple
resistance mechanisms described can also arise within one individual, which makes a
simple conclusion very difficult and, therefore, it is important that clinicians attempt to
determine which patients are most likely to benefit from PARP inhibitors. There are different
strategies (combination with chemotherapies, targeting acquired vulnerabilities associated
with resistance to PARP inhibitors, or suppressing genomic instability) that might overcome
these mechanisms in an attempt to identify the optimal treatment regimens [57].

4.4. Mechanism of Resistance to Bevacizumab

By establishing a new vascular network, angiogenesis is an important contributor to
tumor development and metastatic dissemination. Targeting VEGF offers an advance in
the therapeutic management of cancer patients. However, complete responses are rare,
and tumors counteract this inhibition through various processes [58]. Bevacizumab is
a monoclonal humanized antibody against VEGF that is the most potent proangiogenic
factor for mediating multiple steps of tumor angiogenesis. Because it targets the process
that is essential for the growth of a solid tumor, it is no surprise that bevacizumab has a
special place in therapy; it has been implemented in front-line treatment with Pt but also in
Pt-sensitive and -resistant recurrent OC (Table 1). However, resistance to bevacizumab is
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inevitable because angiogenesis is a multifactor process, but molecular mechanisms of resis-
tance are, nonetheless, not fully understood [58,59]. Several mechanisms exist and involve
a wide range of processes, which are categorized from earliest to latest. The earliest address
the upregulation of genes involved in angiogenic redundancy, epithelial–mesenchymal
transition, or the lysosomal sequestration of drugs. On the other hand, the latest contain
an adaptation of the tumor microenvironment, reflected by the recruitment of progenitor
cells, lymphangiogenesis, and adapted neovascularization modalities [58]. Wieser and
Marth [59] and Yang et al. [60] described, in detail, that mechanisms of resistance to anti-
VEGF therapy might be mediated by tumor cells and by elements of the microenvironment.
VEGF pathway inhibition can cause hypoxia, which is a major molecular controller of the
angiogenic switch. Hypoxia inducible factor 1-alpha (HIF-1α) and interleukin 8 (IL-8) have
been shown to support angiogenesis and resistance to apoptosis. Another consequence of
VEGF inhibition is the promotion and recruitment of vascular progenitors (e.g., endothelial
and pericyte progenitors) and vascular modulators, such as tumor-associated macrophages
(TAM), immature monocytes, VEGFR-1, CD11b-myeloid cells, and hemangiocytes. Grow-
ing evidence indicates that inflammation controls angiogenesis because TAMs have been
linked to the escape from anti-angiogenic therapy. TAMs of the M2 phenotype promote
tumor transforming growth factor (TGF-β) and VEGF, and they attract leukocytes to fur-
ther enhance angiogenesis [59,60]. All these mechanisms allow for tumor metastasis and
serve as limitations to anti-angiogenic drug efficacy, highlighting that targeting only one
mechanism involved in cancer development is insufficient [58,61].

5. The Role of the Tumor Microenvironment

A tumor is not merely a clonal expansion of mutant cells. It should also be viewed as
an organ-like structure that communicates with the environment it lives in [16]. The role
that the tumor microenvironment plays in mediating resistance to chemotherapy effects is
less well understood than the tumor cell-intrinsic mechanism discussed above [38]. Tumor
heterogeneity, disease progression, and development of therapeutic resistance are likely not
only the consequence of the (intra) cellular features of the tumor, but also its extracellular
environment or microenvironment [62]. This is composed of leukocytes, endothelial cells,
and stromal myofibroblasts. Stromal myofibroblasts produce proteases, angiogenic factors,
growth factors, signaling molecules, immunomodulatory proteins, antiapoptotic proteins,
and extracellular matrix. They are also referred to as cancer-associated fibroblasts (CAF)
because they respond to the stimuli of cancer cells and facilitate their invasion through
bidirectional communication [16]. In experimental models, CAF can increase Pt resistance
through the release of glutathione and cysteine into the microenvironment [38]. Tumor
progression is associated with a disruption in tissue architecture and organization; the
tumor overrides the homeostatic processes and adapts the environment to its own needs,
ensuring its survival [63].

One way in which normal and cancer cells communicate, both between themselves
and the environment, is through extracellular vesicles (EVs). These are a heterogeneous
group of structures that are released from the cells and enclosed in membranes, and they can
transport proteins, lipids, and nucleic acids (DNA, mRNA, and miRNA) [16]. They have
been isolated from a variety of bodily fluids, including plasma, ascites, cerebrospinal fluid,
urine, and amniotic fluid. EVs include exosomes 30 to 100 nm in size and microvesicles
100 to 1000 µm in size. Cancer cells also secrete oncosomes, which are 1 to 10 µm in
diameter [64]. Microvesicles can form and be released through budding from the plasma
membrane of cells into the environment. Exosomes are initially multivesicular bodies
or endosomes (intracellular vesicles) that fuse with the membrane and are released as
exosomes. EVs are formed and released under the influence of many endogenous and
exogenous factors that may change the number, type, and content of the vesicle. All EVs
have surface molecules that make it possible for them to target recipient cells. EVs can
then cause signaling through receptor–ligand interaction or they can be internalized via
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endocytosis and/or phagocytosis. It is even possible for them to fuse with the membrane
of the target cell to release their material into the cell [65].

In cancer cells, the quantity of EVs released changes, as does their size and even
the type of molecules they carry. By carrying bioactive substances, they influence the
tumor’s microenvironment and contribute to its spread and the development of chemore-
sistance. Three chemoresistance mechanisms are frequently described [66]. One of them
is increased drug export from cells via EVs, as shown by Safaei et al. They compared
the concentration of Pt in EVs released from Pt-resistant cell lines to that in EVs released
from Pt-sensitive cell lines, and they established that the EVs released from the former
contained 2.6-times more Pt. In addition, EVs from Pt-resistant cells also contained more Pt
transporters [67]. EV-mediated transfer of miRNA is also mentioned as a drug resistance
mechanism. It is presumed that EVs function as a genetic exchange vector in the tumor
microenvironment. miRNA is a small non-coding RNA molecule that binds to mRNA and
performs posttranscriptional gene modification. Pink et al. compared the expression of a
variety of miRNAs and identified miR-21-3p as a possible cause of resistance. They also
showed that resistance can be transferred from resistant to sensitive cell lines via the EVs
of the former [68]. Another interesting drug-resistance mechanism is the neutralization of
antibody-based (immunotherapy) drugs. The tumor also releases drug-targeted proteins
onto EVs. These proteins bind with the drug before it manages to bind to the cancer cells
and, thus, neutralize it. The latest conclusion by Heredia-Soto et al. [69] is that it is now
well established that the micro-environment’s influence on tumor development is crucial
for understanding disease evolution. The exhaustive characterization of the specific role
of each cellular component and its interactions (the connection between tumor cells and
stromal components, such as endothelial cells, fibroblasts, and immune cells, which has
an influence on tumor development) has become a priority challenge, with the focus on
designing effective combination therapies in OC [69].

6. Resistance Study Models

Ovarian cancer is a heterogeneous disease of a largely epithelial origin that has five
subtypes. These display key differences, meaning these subtypes should be treated as
independent diseases. Knowing their characteristics and identifying possible markers
might contribute to the development of new target drugs. Preclinical studies, thus, require
well-defined cell-line models that match the known clinical phenotypes. Since 1990, around
100 articles a year have been published that rely on commercially obtained cell lines.
The problem is that their origin and histology are largely poorly defined, which makes
it difficult to categorize the study results under a specific histological and molecular
subtype that would be truly representative. Analyses of the most commonly used cell
lines for HGSOC studies to date have shown that these cell lines in fact only poorly reflect
the genetic characteristics of HGSOC [6,16,70]. On the other hand, clinically, epithelial
tumors account for 75% of all tumors and as much as 90% to 95% of malignant ovarian
tumors. Consequently, most guidelines for histopathological treatment involving ovarian
tumors primarily address epithelial tumors. In addition, this applies to primary peritoneal
carcinoma and to epithelial tumors of the fallopian tube [4].

Beauford et al. [71]. conducted a detailed analysis of 39 ovarian cancer cell lines
to elucidate their background. This way, they formed the basis for selecting the models
of various histological and molecular ovarian cancer types [71]. There is an additional
shortage of cell lines that could serve as a good model for studying chemoresistance. Only
a few of them are known to originate from patients with a clinical resistance to carboplatin.
Most in vitro studies are performed on cell lines whose resistance was established through
long-term exposure to Pt, but their similarity to the actual clinical picture is questionable.
Good models for studying chemoresistance would be multiple cell lines harvested from
the same patient during her disease until the onset of chemoresistance, so that the genetic
and molecular changes accompanying resistance onset can be identified [72].
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7. Conclusions

Ovarian cancer is the most frequent gynecological malignancy that has a fatal outcome.
Most studies focus on the predominant type, HGSOC, but unfortunately, the most common
cell lines used to study it to date have proved insufficiently representative. Due to the
great heterogeneity of the disease, in vitro studies require well-defined models to make the
findings comparable and transferable to the clinical environment. The main reason for the
poor prognosis of ovarian cancer and its unsuccessful treatment is primarily the emergence
of chemoresistance to carboplatin. Although there is a good response to primary treatment,
the disease recurs in 80%, at which point, it is largely resistant to carboplatin. Pt-resistant
ovarian cancer is still an aggressive disease that has very limited options for effective
treatment. Research is shedding light on the various intracellular mechanisms that, in
combination with an immunosuppressive tumor microenvironment, changed angiogenesis,
and stroma, lie behind chemoresistance. These mechanisms are multifactorial and they
evolve over time, which makes detection in the clinic difficult. Developing new strategies to
overcome chemoresistance is a key goal of research on OC because it is already evident that
targeting only one mechanism involved in cancer development is insufficient. Increasing
the availability of novel (mechanistically distinct) treatment approaches in OC and the
selection of patients that benefit from particular treatment modalities may improve OC
survival, and cancer treatment is, therefore, moving toward personalized therapy. The
proper choice of a treatment strategy is essential for improved survival of advanced OC
patients; however, the criteria for selection are not completely clear. Addressing all these
issues will require further clinical investigations and identification of biomarkers, which
could be successfully validated for routine clinical practice to predict the risk of individual
patients developing resistance to Pt-BMs.
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