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Simple Summary: As for other neoplasms, liquid biopsy can be a useful tool to improve diagnosis
and to monitor the response to therapy of high-grade serous epithelial ovarian cancer, which is the
most common and lethal gynecological malignancy. In this paper, we provide an overview of the
available knowledge on the current status and future opportunities by the analysis of tumor-derived
components circulating in the blood of high-grade serous epithelial ovarian cancer patients.

Abstract: The lack of a sensitive and specific biomarker and the limits relating to the single primary
tumor sampling make it difficult to monitor high-grade serous epithelial ovarian cancer (HGS-EOC)
over time and to capture those alterations that are potentially useful in guiding clinical decisions.
To overcome these issues, liquid biopsy has emerged as a very promising tool for HGS-EOC. The
analysis of circulating tumor DNA appears to be feasible and studies assessing specific pathogenic
mutations (i.e., TP53) or copy number alterations have shown a sufficient degree of sensitivity and
specificity to be realistically used to monitor the effectiveness of antitumor therapy. Liquid biopsy
can also provide potential important information on the mechanisms of sensitivity and resistance,
e.g., by the determination of the reversion of BRCA mutations. Perspective studies are needed to
test whether the application of liquid biopsy will significantly improve HGS-EOC management and
patients’ survival.

Keywords: high-grade serous epithelial ovarian cancer; liquid biopsy; circulating tumor DNA; highly
sensitive technologies

1. Introduction

The possibility of developing a blood-based assay to survey the genomic landscape of
human tumors and its dynamic evolution provides considerable clinical opportunities to opti-
mize therapeutic regimens with the final aim of improving diagnosis and disease prognosis.

Exploring the genetic composition of tumors has been the major aim in cancer research
for the last 20 years. Tumor genotyping has become a useful tool for clinical decisions,
as it has the potential to identify, at the time of diagnosis, those patients who will likely
respond to the intervention. The technological improvement made by the development
and widespread use of high throughput sequencing technologies -i.e., Next Generation
Sequencing, NGS- illuminated novel cancer-associated mutations at an unprecedented
level and rate, making the hypothesis to profile the tumor genome of each patient realistic.
For tumors, for which there is a clear evidence of a driving oncogene, the use of drugs
design to act as specific inhibitors have provided clinically relevant therapeutic responses.
This is the case, for example, for tumors harboring mutations in PI3KCA, K-ras, B-raf,
EGFR2 genes, or harboring gene amplification in the ERBB2 gene or with EML4–ALK
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fusion gene, which are responsive to specific targeted inhibitors [1–6]. However, beyond
these paradigmatic examples of successful target therapies, the impact of this approach
into clinical practice has been below the expectation with limited improvements to patients’
care. In fact, as our knowledge about functional consequences of these genetic alterations
rapidly grew, the implement of genomic analysis into routine clinical practice faced new
issues and challenges—the most important of which is the dynamic changes that occur over
time in the sub-clonal genome architecture of solid tumors, generally known as temporal
heterogeneity [7].

To date, the tumor landscape analysis has required solid tumor biopsies as the main
source of DNA material. However, tumor biopsies involve invasive procedures, which are
often difficult to be repeated over time during and after the therapy, and is risky or even
unfeasible in many cases. Based on the data reported in the literature, the idea that in most
solid tumors it is now widely accepted, like epithelial ovarian cancer (EOC), that a single
tissue biopsy analysis may present sample bias as it provides a tumor picture at a single
location, within a single time point, thus missing spatial and temporal heterogeneity [8].
Gerlinger et al. observed for the first time tremendous spatial heterogeneity in multiple
tumor suppressor genes [9]. This study highlighted the limits of single site tumor biopsy to
achieve reliable biomarkers for treatment decisions and sheds new light on the molecular
issues of primary resistance to chemotherapy. Moreover, considering relapsed disease after
front line therapy, it has been shown that metachronous lesions do not necessarily mirror
the biology of primary tumor, and thus they can acquire or lose genomic aberrations that
are present in the primary lesions. For example, in a retrospective analysis of a small subset
of EOC patients from whom matched synchronous and metachronous lesions, i.e., after
chemotherapy treatment- were available, targeted re-sequencing analysis revealed that,
almost 95% of somatic mutations were called as exclusive to each single lesion [10–12].

With this lack of knowledge about how potential therapy-related markers with sub-
clonal origin may change throughout tumor progression, serial sampling for real time
genomic-profiling becomes mandatory to provide crucial information to guide treatment
decision and/or monitor treatment response. However, for the reasons described above,
the disadvantages related the solid tumor biopsy limit the possibility to perform serial
biopsies analysis in the clinical setting.

In conclusion, it is reasonable to suppose that the limited clinical advantage of most
targeted therapies is due to the fact that treatment decisions are often made without any a
priori knowledge of the correct genomic composition of the tumor at the time of treatment
as they are largely based on the molecular picture taken through a single biopsy at diagnosis
that cannot capture the evolution of tumor genomes over time and space.

Thus far, although primary tumor biopsy remains the gold standard to identify tumor
associated genomic alterations, it is a clinical need to identify novel methods, especially in
metastatic settings, for real time monitoring of the evolution of potentially prognostic and
predictive biomarkers.

2. Liquid Biopsy: Potentially Useful Marker

For a long time, medicine has been permeated by the idea that the identification of
diagnostic and prognostic biomarkers in biological fluids could help clinicians in early
diagnosis and monitoring. Examples are the measurement in the bloodstream of different
cancer-related biomarkers, i.e., alfa-fetoprotein (AFP), carcinoembryonic antigen (CEA),
prostate specific antigen (PSA) and cancer antigen 125 (CA-125), for detection and mon-
itoring of colorectal, prostate and ovarian malignancies, respectively [13]. Over the last
years, oncology research has focused its attention on the identification of new circulating
biomarkers with diagnostic, prognostic and predictive relevance. However, despite the
great number of studies done, the majority of them have shown very limited reliability [14].
The introduction 10 years ago by Pantel and Alix-Panabieres of the concept of “liquid
biopsy” as an evolution of the traditional “solid tumor biopsy”, generated new hopes for
cancer patients’ management [15].
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To date, liquid biopsy can be considered an umbrella term, as under this definition,
different biochemical and biological analysis can be developed on different body fluids,
i.e., bloodstream, urine, pleural effusion or cerebrospinal fluid, for different purposes
such as early diagnosis, monitoring the minimal residual disease (MRD) or to follow
tumor dynamics evolution [16–18]. The main advantages of liquid biopsies over single
tumor samples are that they are non-invasive and cheap. The information obtained from
the analysis of circulating tumor components, i.e., circulating tumor DNA (ctDNA) or
circulating tumor cells (CTCs), may be able to help gain insights into the molecular and
genetic features that characterize the tumor. This avoids potential misconceptions inherent
in the results from single samples from specific anatomical sites. Furthermore the rapid
turnover of the circulating tumor components, ranging from a few minutes to several days,
allows a real-time longitudinal monitoring of tumor evolution and identification of changes
in the tumor genomic landscape, which might help guide therapeutic decisions [19–21].

To date, there are only a handful of FDA-approved tests available for use in clinical
settings, such as the Cobas® EGFR Mutation Test V2 for treatment monitoring of NSCLC
patients, the Epi proColon® test for the detection of colorectal cancer and recently the
Guardant360 CDx and FoundationOne Liquid CDx, which provides clinically relevant
information in multiple solid tumors. Considering the CTC assessment, the only FDA-
approved test to date is the CellSearch® CTC, which has been approved for the enumeration
of CTCs in metastatic breast, colorectal and prostate cancers.

Bloodstream analysis nowadays represents the most studied biological fluid for dy-
namic tumor genomic profiling and it will be the focus of the current review. In the
bloodstream, it is possible to isolate different tumor-associated components, i.e., CTCs, also
present as a cluster of cells, ctDNA, circulating extracellular vesicles (EVs) mainly exosomes,
tumor-educated platelets (TEPs) and circulating-free microRNAs (cfmiRNAs) [22–24]. As
highlighted in Figure 1, there are multiple potential applications of liquid biopsy. The
same figure shows that the term of liquid biopsy includes many of tumor-related elements
that can be investigated (Figure 1). Among the circulating tumor components, ctDNA
is probably the most promising. Research done in the PubMed (NCBI) database typing
“circulating-tumor DNA” as a search term evidences a nine-fold increase in ctDNA pub-
lications from 2011 to 2020, underlying the notable and growing interest of the scientific
community in this particular field of research. The possibility to apply high-throughput
technologies to circulating tumor-derived components has opened new hopes to investi-
gate many solid tumors, although the lack of standardized or widely accepted procedures
makes the application of liquid biopsy in clinical practice still limited.

Robust research is needed to enable the use of liquid biopsy in clinical practice, in
particular for those solid tumors, such as high grade serous epithelial ovarian cancer (HGS-
EOC), characterized by a strong spatial and temporal heterogeneity and for whom no up-to
date reliable biomarkers are available yet.

In this paper, we have overviewed the recent advances of liquid biopsy application
in HGS-EOC with particular attention to the recent improvements in the detection of
cancer-related aberrations in circulating cell-free DNA (cfDNA) present in the plasma of
HGS-EOC patients.
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Figure 1. Applications of liquid biopsy in HGS-EOC. Scheme illustrating the information that can be
obtained from the analysis of tumor-derived elements circulating in the bloodstream of HGS-EOC
patients at different times, i.e., at the time of diagnosis, during and after chemotherapy, at follow
up and relapse. MRD, minimal residual disease; EVs, extracellular vesicles; cfmiRNA, circulating-
free microRNA; ctDNA, circulating-tumor DNA; TEP, tumor-educated platelet; CTC, circulating
tumor cell.

3. Liquid Biopsy in Ovarian Cancer

HGS-EOC is the most common and deadly subtype of EOC. It is a systemic and
complex disease, with marked intra-tumor and inter-patients spatial and temporal hetero-
geneity [10,11,25]. The lack of both sensitive and accurate biomarkers for early diagnosis,
and post-treatment surveillance, as well as the absence of molecular information of the
disease at the recurrence might contribute to the high mortality rate of HGS-EOC.

Like colorectal, liver and breast cancers, the marked heterogeneity of HGS-EOC
makes the use of a single tumor sampling analysis limited and inappropriate to correctly
recapitulate the tumor genome landscape and its dynamic evolution [26–29]. For example,
due to early pathogenic mutations in the TP53 gene, the tumor genome is largely unstable
with a progressive increase in different kinds of structural aberrations. In this scenario,
biological information provided by the single primary tumor biopsy at diagnosis, when the
tumor is naive to chemotherapy, does not allow us to identify those sub-clonal molecular
alterations, e.g., reversion of somatic BRCA mutations, which may have been developed
in the metachronous lesions, thus characterizing the genome of relapsed disease and its
resistance to conventional drugs [30–32].

The serum protein Cancer Antigen 125 (CA-125)—a glycoprotein encoded by MUC16
gene—represents the only biomarker available in the clinic to monitor treatment response
and early detection of recurrence. CA-125 is normally released by normal epithelial cells
in the bloodstream at low concentrations, but its level dramatically increases under non-
physiological conditions. In fact, although CA-125 is routinely used in clinical practice
as a HGS-EOC biomarker (CA-125 cut-off > 35 U/mL), it is well demonstrated that its
sensitivity and specificity are poor as its concentration in the bloodstream can also increase
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in benign conditions, such as endometriosis or pelvic inflammatory disease, as well as in
other malignant tumors—lung, breast and gastrointestinal cancers [33–35]. Additionally,
the computed tomography (CT) scan, the most common imaging modality usually used
for disease surveillance, lacks sensitivity and is often delayed in demonstrating the relapse
because of the inability to detect small tumor masses [36].

In this scenario, the use of liquid biopsy represents an innovative tool to overlook these
issues. High-throughput technologies exploited to analyze the mentioned tumor-related
components that are released in the bloodstream could permit to: (i) have a complete
genotyping of the entire tumor burden at the time of diagnosis; (ii) track clonal aberrations
that characterize HGS-EOC such as TP53 mutations or 8q24 and 8q23 amplifications; and
(iii) highlight tumor dynamic changes that occurs under a selective therapy pressure and
obtain accurate information about the biology of relapse in order to guide the therapeutic
decision [12,37].

In the following sections, studies performed so far on CTCs, EVs, and cfmiRNAs in
HGS-EOC are reported, with particular attention to cfDNA that is currently considere the
most promising and investigated circulating tumor derived component (Table 1).

Table 1. Applications of liquid biopsy in ovarian cancer studies. No. pt, number of patients; EOC, epithelial ovarian cancer;
OS, overall survival; PFS, progression-free survival; NS, not significant; NA, not available; AC, after chemotherapy; BS,
before surgery; CNA, copy number alteration.

CTCs Studies in Ovarian Cancer

Author No. pt Subtype/Stage Detection Rate Prognostic Significance Year Ref

Marth et al., 90 EOC (I-IV) 12% (BS) NS 2002 [38]
Judson et al., 53 EOC (I-IV) 19% (BS) NS 2003 [39]

Aktas et al., 122 EOC (I-IV) 19% (BS), 27% (AC) OS (p = 0.005 BS and p = 0.004
AC). PFS, NS 2011 [40]

Poveda et al., 216 EOC (I-IV) CTCs ≥ 2 (12%)
CTCs < 2 (88%) (BS)

OS (p = 0.0017) PFS
(p = 0.00024) 2011 [41]

Obermayr et al., 216 EOC (I-IV) 25% (BS) OS (p = 0.001) PFS (p = 0.001)
(AC) 2013 [42]

Chebouti et al., 65 EOC (I-IV) 17% (BS) OS (p = 0.0008) PFS (p = 0.0293)
(AC) 2017 [43]

Obermayr et al., 266 EOC (I-IV) 27% OS (p = 0.007) PFS (p = 0.008)
(AC) 2017 [44]

Zhang et al., 109 EOC (I-IV) 90% OS (p = 0.041) PFS, NS 2018 [45]
Kolostova et al., 118 EOC (I-IV) 65% NS 2015 [46]
Kolostova et al., 56 EOC 58% NS 2016 [47]

Guo et al., 30 EOC (I-IV) 73% NS 2018 [48]
Kuhlamann

et al., 143 EOC (I-IV) 14% OS (p = 0.026) PFS (p = 0.009)
(BS) 2014 [49]

EVs and cfmiRNAs Studies in Ovarian Cancer

Author No. pt Subtype/Stage Biomarker Prognostic Significance Year Ref

Pan et al., 106 EOC (I-IV)
miRNAs: miR-21,

miR-100, miR-200b,
miR-320,

NA 2018 [50]

miR-16, miR-93,
miR-126, miR-223

Zhang et al., 40 EOC (I-IV) proteins: LBP, FGG,
FGA, GSN

FGG: (OS p = 0.0012) (PFS
p = 0.00038) 2019 [51]

LBP: (OS p = 0.0029) (PFS
p = 0.00023)

Schwich et al., 78 EOC (I-IV) protein: HLA-G PFS 3-years (p = 0.029) PFS
10-years (p = 0.006). OS, NS 2019 [52]
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Table 1. Cont.

EVs and cfmiRNAs Studies in Ovarian Cancer

Author No. pt Subtype/Stage Biomarker Prognostic Significance Year Ref

Resnick et al., 28 EOC (I-IV)
miRNAs: miR-21,
miR-92, miR-93,

miR-126,
NA 2008 [53]

miR-29a, miR-155,
miR-127, miR-99b

Todeschini
et al., 168 HGS-EOC miRNA: miR-1246 NA 2017 [54]

ctDNA Studies in Ovarian Cancer

Author No. pt Subtype/Stage Biomarker Prognostic Significance Year Ref
Swisher et al., 137 EOC (I-IV) TP53 OS (p = 0.02) PFS, NS 2005 [55]
Otsuka et al., 27 EOC (I-IV) TP53 NA 2004 [56]

Parkinson et al., 40 HGS-EOC TP53 PFS (p = 0.008) 2016 [57]
Kim et al., 61 HGS-EOC TP53 PFS (p = 0.008) 2019 [58]
Lin et al., 112 HGS-EOC BRCA1/BRCA2 Rucaparib PFS (p < 0.0001) 2019 [59]

Vanderstichele
et al., 68 Adnexal masses CNA profiling NA 2017 [60]

Paracchini
et al., 46 HGS-EOC CNA profiling PFS (p = 0.011) 2020 [61]

4. CTCs, EVs and cfmiRNAs in HGS-EOC

HGS-EOC is a systemic disease with multiple synchronous and metachronous lesions
geographically disseminated in multiple anatomical sites [62]. The metastatic dissemina-
tion can occur through two different, not yet characterized mechanisms: (i) the passive
dissemination of tumor spheroid cells into the abdominal cavity by ascites; (ii) the release
into the bloodstream of CTCs that are able to colonize other anatomical sites, such as the
omentum, which is the preferred one. This model is in line with the “seed-and soil” hy-
pothesis [63]. While blood vessels do not represent the preferential mechanisms of ovarian
cancer tumor cells dissemination, blood draw represents a non-invasive, reproducible and
low-risk tool to isolate and study tumor-derived components. Data collected over the
last years suggest that blood-based analysis of tumor derived components is feasible and
allows us to track molecular features of EOC evolution.

Since 2002, when Marth and colleagues first isolated CTCs in the peripheral blood
of EOC patients, the interest of scientific community in investigating the predictive and
prognostic role of CTCs is increased, although with inconclusive results [38]. In the
first study, the authors exploiting immunobeads coated with MOC-31 antibody, isolated
CTCs from the peripheral blood of 11 out of 90 (12%) EOC patients. This low detection
rate could be explained, in part, by technical limitations and by the low sensitivity of
the methodologies used for CTCs isolation and enrichment. Recently, the technological
improvements and the use of both epithelial and mesenchymal markers for CTCs isolation
increased the detection rate over the original 12% [41,48,64]. Multivariate analysis reported
in the same paper did not show any statistically significant correlation between the presence
of CTCs in the bloodstream before surgery and survival parameters like PFS or OS (p-value
> 0.05). This result was further confirmed by Judson and colleagues (PFS; p = 0.72 and OS;
p = 0.96) [39]. Many studies report investigations on the number of CTCs as a potential
prognostic factor in EOC patients, but the overall results do not allow us to draw any
firm conclusion. In particular, multiple studies highlighted the prognostic role of CTCs,
showing that the amount of CTCs before surgery or after front line chemotherapy treatment
was associated with poor prognosis in terms of both PFS and/or OS [40–45]. However,
the results of these studies are not consistent as some further investigations failed to find
similar correlations [46–48].
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In addition to their prognostic significance, CTCs have also been investigated as po-
tential biomarkers of chemotherapy responses in EOC. In two different studies, Obermayr
and colleagues demonstrated that the number of CTCs, purified from bloodstream after
chemotherapy, was significantly higher in non-responders compared to responders to plat-
inum (pt)-based therapies (p = 0.0015 and p = 0.035, respectively)[42,44]. The development
of CTCs analysis offered the opportunity to analyze, in real time, changes in the mRNA
expression levels and their association with pt resistance. For example, Kuhlmann et al.
in a cohort of 143 EOC patients demonstrated that high expression levels in CTCs of the
excision repair cross-complementation group 1 (ERCC1), a gene involved in the resolution
of DNA adducts induced by platinum compounds, was predictive of platinum resistance
in both univariate (OR 5.79; 95% CI, 1.40–23.96; p = 0.027) and in multivariate (OR 8.5; 95%
CI, 1.7–43.6; p = 0.010) analysis [49].

Several papers showed that in the late stages of the disease, the detection rate by the
analysis of CTCs and CA-125 seems to be comparable. In contrast, in the early stages of the
disease, the analysis of CTCs was a better predictor than CA-125 levels. Moreover, despite
the limited number of studies and the small cohorts of patients, there is weak evidence that
the analysis of CTCs could also outperform CA-125 in predicting the progression of the
disease [45,48].

To date, data regarding the predictive and prognostic value of CTCs in EOC are
often conflicting and do not allow us to consider CTCs as a robust biomarker that is
useful to guide clinical decisions. While the analysis of CTCs is potentially useful to
study tumor DNA, RNA and proteins and CTCs can be cultured to investigate the issue
of drug resistance, some technical aspects still need to be implemented. In particular,
the absence of a standardized methodology for CTCs isolation and enrichment, the low
sensitivity of the techniques and the sampling bias of captured cells require a technical
research effort before the introduction of CTCs in a clinical setting. EVs, which include
microvesicles and exosomes, are membranous structures normally released into body fluids
by most cells, including tumor cells [65]. EVs contain various bioactive molecules, such as
proteins, lipids or nucleic acids, which are able to mediate inter-cellular communication,
cell-ECM interactions and to induce microenvironment modifications promoting tumor
growth, invasion and drug resistance [66–68]. The idea is that the cargo of biomolecules
contained in the EVs makes these membranous structures representative of the cell of origin,
constituting a sort of molecular fingerprint that can be used to monitor disease progression
and response to therapy. With this aim, in the last years, the scientific community has
explored the possible role of EVs as a potential biomarker for EOC. In 2018, in a cohort
of 106 EOC patients, Pan and colleagues identified in EVs a significant enrichment in
miR-21, miR-100, miR-200-b, miR-320 and a downregulation of other miRNAs, such as
miR-16, miR-93, miR-126, miR-223, in comparison to healthy controls [50]. However, the
low number of healthy cases (n = 29) and the lack of evaluation of the clinical significance of
the combined 10 miRNAs makes this study very preliminary. In the same year, Yoshimura
et al. from sera of 62 EOC patients identified the overexpression of miR-99a-5p in EVs
compared to healthy women [69].

Not only miRNAs, but also EVs-associated proteins, suggest a possible application
of EVs in the clinical management of EOC. For example, in 2019, Zhang et al. showed the
role of four exosomal proteins—Lypopolysaccharide Binding Protein (LPB), Fibrinogen
Gamma Chain (FGG), Fibrinogen Alpha Chain (FGA) and Gelsolin (GSN)—as diagnostic
biomarkers in 40 EOC patients versus 40 non-cancerous control women. The same study
shows that FGG and LBP provide information about patients’ prognosis (FGG; HR 0.97
for OS and 0.77 for PFS, CI 95%. LBP; HR 0.81 for OS and 0.77 for PFS, CI 95%) [51].
Another interesting study by Schwich and colleagues, in 78 EOC patients and 30 healthy
female controls demonstrated a seven-fold increase in HLA-G levels in plasma circulating
exosomes of EOC patients (mean 14.3 ng/mL) compared to healthy controls (1.9 ng/mL)
(p < 0.0001) [52].
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EVs, carrying different kind of tumor-derived components, could represent a sort
of all-in-one biomarker, from whom several biological information regarding both tumor
features and tumor-microenvironment interactions can be obtained. However, the absence
of a standardized approach for EVs isolation and the limited sample size of the available
studies make it impossible to reach definitive conclusions and further validations in a
larger cohort of patients are needed.

MicroRNAs (miRNAs) are small regulator molecules of 21–25 nucleotides whose
dysregulation in their expression levels lead to different pathological conditions, including
cancer [70]. As miRNA are released from both tumor and stromal cells, they have the
advantage to recapitulate the dynamic cross-talk between tumor and its microenvironment,
thus making them suitable candidate biomarkers. The encapsulation in EVs mentioned
above represents one of the two ways through which miRNAs can circulate into the
bloodstream, as they can also be released in a cell-free mode bound to specific RNA-
binding proteins (cfmiRNAs).

One of the first study by Resnick et al. in 2008 showed the potential role of eight miR-
NAs such as miR-21, miR-92, miR-93, miR-126, miR-29a, miR-155, miR-127 and miR-99b-
isolated from serum in discriminating EOC patients from healthy controls (p < 0.01), thus
proving the feasibility of using cfmiRNAs for EOC detection [53]. In 2017 Todeschini et al.
in two independent cohorts of HGS-EOC patients (n = 168) and healthy controls (n = 65)
demonstrated the clinical relevance of miR-1246 as prognostic biomarker for HGS-EOC
(AUC = 0.89). In particular, using a novel approach for microarray data analysis and
normalization, authors demonstrated a significant increase in the expression levels of
miR-1246 in sera of HGS-EOC compared to healthy individuals with a sensitivity of 87%,
a specificity of 77% and accuracy of 84% [54]. Many other studies highlight the key di-
agnostic and prognostic role of cfmiRNAs belonging to the miR-200 family, in particular
miR-200a, miR-200b and miR-200c [71–74]. The elements of the miR-200c family are key
regulators of the Epithelial to Mesenchymal Transition (EMT) process, which is well known
to be involved in drug resistance and tumor progression in EOC [75]. The obtained results
confirm the key biological role of this class of miRNAs and stimulate further research in
larger cohorts of patients.

The great number of studies and the poor consistency of the results prompted
Wang et al. to undertake a meta-analysis to estimate the accuracy of cfmiRNAs in de-
tecting EOC. Considering 13 studies published in the literature since 2017, the authors
evidenced a sensitivity of 89% and a specificity of 68%, thus suggesting a moderate diag-
nostic accuracy of cfmiRNAs to identify EOC. cfmiRNA signatures were found to have a
higher potential diagnostic value than a single cfmiRNA biomarker to detect EOC [76].

While the diagnostic and prognostic role of cfmiRNAs is suggested, the overall results
are not sufficiently robust for a clinical application. From a technical point of view, the
different experimental procedures used for cfmiRNAs isolation, the non-standardized
normalization process and data analysis and the low statistical power of many studies
certainly have contributed to generate controversial results in this field of research. To
overcome these limits and to generate robust and reproducible results, further research
is needed.

5. Circulating-Free and Circulating Tumor DNA

Analysis of ctDNA is currently the most promising circulating biomarker with ex-
pected clinical utility in the near future. The development of more and more accurate and
sensitive high-throughput sequencing technologies and the implementation of bioinformat-
ics tools, have made it possible to detect tumor related aberrations in cfDNA related to the
presence of the disease and to identify genetic alterations associated with drug response.

The discovery of cell free-DNA (cfDNA) in the plasma of both healthy and sick
subjects was described at first by Mandel and Metais in 1948 [77]. Under physiological
conditions, the amount of cfDNA in the blood can range considerably (from 1 to 100 ng/mL
of plasma) and the amount can increase after physical exercise or during pregnancy [78–82].
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Approximately four decades ago, it was described for the first time that cfDNA plasma
levels also dramatically increase under pathological conditions such as acute trauma, stroke,
end-stage renal failure and cancer [83–88].

The discovery in 1977 that cfDNA plasma levels raise in cancer patients and in
particular that this increase is due to the amount of DNA released from tumor cells -ctDNA-
has dramatically highlighted the interest in this field, bringing out cfDNA as a potential
source of material to better understand tumor biology and its dynamic evolution [89,90].

In physiological conditions, the majority of cfDNA in the bloodstream is mainly
derived from hematopoietic cells, i.e., white blood cells and erythrocyte progenitors [91].
In cancer patients’ bloodstream, the fraction of ctDNA generally represents a very small
percentage, it is variable and can range from 0.1% to 89% [20,92]. This variability depends
on different clinical, biological and anatomical factors, such as the cellular growth-rate, the
stage of the disease, the tumor localization and proximity to blood vessels [93]. While the
biological mechanisms by which ctDNA is released in the bloodstream are not fully clarified
yet, the evidence suggests that apoptosis could be one of these. In physiologic conditions,
the apoptotic leftovers are generally cleared by infiltrating phagocytes; however, with the
increasing of tumor mass they cannot be efficiently removed causing their accumulation
and consequent release in the bloodstream [17]. In support of this proposed mechanism
of ctDNA release, there is evidence that ctDNA has a fragment length comparable to the
classic apoptotic frangment length pattern, corresponding to 167 bp (range 145–180 bp)
and its multiples [88,94]. Interestingly, analyzing cfDNA derived from cancer patients,
Mouliere and colleagues evidenced a different size distribution in cfDNA versus ctDNA
fragments’ length; in particular, they demonstrated an enrichment in fragments size <
150bp in mutant ctDNA (41%) versus non-mutant cfDNA (21%), thus demonstrating the
highly fragmented profile of ctDNA in comparison with cfDNA [95].

Once in the bloodstream, cfDNA becomes the target of circulating enzymes such as
DNAse I, which lead to a rapid cfDNA degradation and a subsequent elimination through
the liver, spleen and kidney [96,97].

While, to our knowledge, no studies estimated the half-life of cfDNA/ctDNA in
the bloodstream in a rigorous way, it is largely accepted that its half-life in circulation
can vary approximately from 15 min to 2.5 h. Despite this short half-life, ctDNA can be
detected in plasma because its release into the bloodstream is supposed to be a continuum
event. This rapid cfDNA turnover, associated with the possibility to detect and analyze its
tumor-derived content, has allowed to real-time monitor the disease, thus overcoming the
static picture of the disease provided by the single solid biopsy [98]. Moreover, the analysis
of ctDNA released in the bloodstream by lesions present in different anatomical regions
allows us to have a complete view of the overall biological features that characterize the
disease, thus overcoming the issue of spatial heterogeneity.

A large number of studies report the importance of real-time tracking ctDNA for
early tumor diagnosis in order to detect minimal residual disease (MRD) after surgery or
pharmacological therapy and to monitor tumor clonal evolution and emerging molecular
mechanisms of drug resistance, underlying the great potential of this approach in various
types of cancer, including HGS-EOC.

6. ctDNA Analysis: The State of the Art for Ovarian Cancer

Initial studies evaluated the total cfDNA amount (Genome Equivalent, GE/ ml plasma)
in patients with EOC in comparison to healthy controls and patients with benign ovarian
tumors. An increase in the total amount of cfDNA was found in plasma of cancer patients.
In addition, a significant difference between early and late stages of the disease was
reported [93,99–101]. During the last years, the implementation of the next generation
sequencing technologies and the development of new bioinformatic tools allowed us to
improve the sensitivity of ctDNA analysis, despite the short ctDNA fragment length,
making it feasible to monitor the most important genomic features of HGS-EOC, including
the clonal pathogenic TP53 mutation, other genes, e.g., BRCA1 and BRCA2, involved in
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treatment response, and the chromosomal abnormalities that characterized HGS-EOC
(Figure 2) [37,95,102–104].

Figure 2. Circulating tumor DNA (ctDNA) in liquid biopsy. (A) Schematic representation of ctDNA
isolation and genomic characteristic that distinguish ctDNA from cfDNA, providing information of
the aberrations that characterize tumor masses. P, plasma; BC, buffy coat; E, erythrocytes. (B) Ap-
plications of ctDNA analysis in HGS-EOC. The information obtainable by target sequencing and
shallow whole-genome sequencing (sWGS) are illustrated. MDR, minimal residual disease.

To date, only a handful of observational studies focusing on the comparison between
the CA-125/CT scan and ctDNA in predicting therapy response and anticipating disease
recurrence in EOC are reported in the ClinicalTrials.gov website. Two phase 2 clinical
trials are also registered. The first one, named CLIO trial (ClinicalTrials.gov Identifier:
NCT02822157), is focused on the analysis of ctDNA to guide PARPi (Olaparib) treatment
in recurrent epithelial carcinoma of the ovary, fallopian tubes, primary peritoneum cancers,
while the second one (ClinicalTrials.gov Identifier: NCT04175470) has the goal to evaluate
the variations of methylated HOXA9 ctDNA levels in pt-resistant EOC patients receiving
bevacizumab. The results of these ongoing studies will be available, starting from 2023.

6.1. Somatic Mutation Detection

As a clonal driver pathogenic lesion, mutations in TP53 gene are present in all tumor
cells of the primary tumor mass, synchronous and metachronous lesions, thus representing
a suitable biomarker to monitor the disease. The first studies that investigated the pos-
sibility to sequence cfDNA fragments to identify the presence of tumor-associated TP53
mutation were published more than 15 years ago, and demonstrated the feasibility of this
approach [55,56]. With the development of NGS technology, in 2016, Parkinson and col-
leagues used the clonal pathogenic TP53 mutation identified in primary tumor samples to
follow the mutant allelic fraction of the same mutation (TP53MAF) in matched longitudinal
plasma samples by creating a digital PCR patients’ specific assay [57]. Applying this per-
sonalized approach, they first evidenced, in pre-treated HGS-EOC, a significant correlation
between TP53MAF and tumor volume (Pearson r2 = 0.82), not evidenced for the standard
HGS-EOC tumor biomarker CA-125 (Pearson r2 = 0.22). Interestingly in this work they
demonstrated in multivariate analysis that a reduction > 60% in TP53MAF after the first
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cycle of front-line chemotherapy is associated with an increase in time to progression (TTP)
of disease (HR 0.22, 95% CI 0.07–0.67, p = 0.008). On the contrary a reduction of <60% in
TP53MAF was associated with a shorter TTP. Moreover, Parkinson et al. provided evidence
of a faster dynamic increase of TP53MAF than CA-125 in predicting the progression of
disease (median time to nadir 37 days IQR 28-54 for TP53MAF versus 84 days IQR 42-116
for CA-125). While with a limited number of patients, this study represents one of the first
evidence of the great value of ctDNA analysis to monitor tumor burden and predict TTP
compared favorably to the conventional CA-125 HGS-EOC tumor biomarker. Recently,
Kim and colleagues have investigated the association between the mutant TP53 allelic
fraction identified in ctDNA collected after three months from the end of chemotherapy
and prognostic parameters. Subdividing HGS-EOC patients on the basis of their mutant
TP53 allele count (TP53MAC) (cut-off: 0.2 copies/µL) they evidenced differences in TTP
between the two groups (p = 0.038), thus confirming the significant prognostic utility of
ctDNA compared to CA125 for HGS-EOC [58].

The analysis of TP53 mutations in ctDNA appeared to be promising to evaluate tumor
burden, to predict TTP and to monitor the disease overtime. However, TP53 mutational
analysis did not predict drug response thus suggesting the need of extending the analysis
to other genes—e.g., BRCA1 and BRCA2—whose mutations are associated with response
to pt-compounds and PARP inhibitors (PARPi) [105,106].

The presence of germline or somatic pathogenic mutations in BRCA genes that are
responsible for homologous recombination deficiency, is associated with increased re-
sponse to treatment with DNA damaging agents and PARPi; however, the acquisition
of new mutations that are able to restore the correct ORF is considered to be one of the
various mechanisms of acquired chemotherapy resistance to PARPi. As a consequence, the
tracking of BRCA mutations in ctDNA represents a possible strategy to monitor HGS-EOC
during PARPi therapy [107,108]. In a recent study, Lin and colleagues have analyzed 112
HGS-EOC patients with germline or somatic BRCA1\2 mutations enrolled in ARIEL2
trial (ClinicalTrials.gov Identifier: NCT01891344). cfDNA derived from plasma samples
collected before PARPi (rucaparib) treatment and after disease progression was full-exons
sequenced for BRCA genes to assess the presence of reverse BRCA mutations and eval-
uating their association with response to pt drugs and PARPi. They evidenced that, in
pre-treatment cfDNA, the absence of reverse BRCA mutation was associated with both
pt sensitivity (p = 0.049) and with a longer progression free-survival after rucaparib (HR
0.12; p < 0.0001). Moreover, in eight patients at the progression of the disease BRCA reverse
mutations not present in pre-treatment plasma were identified, thus underlying the utility
to follow the dynamic changes in BRCA mutational status to assess primary and acquired
resistance to PARPi [59].

To sum up, targeted sequencing methods are undoubtedly promising, but they still
suffer some technical limitations, including, but not limited to, the variable amount of
cfDNA, artifacts introduced by PCR and the limit of detection in sequencing (approximately
0.4% of allelic fraction with 40 million reads per sample) [109]. Moreover, identification
of low fraction variants requires very high coverage (>2000X, up to 20000X), leading high
costs of analysis. Data reported in literature show a high level of variability between tumor-
based and ctDNA-based mutations’ concordance, which could be explained by the nature
of the mutations considered and by the fraction of ctDNA. Focusing on clonal mutations,
the level of concordance is approximately 80%, but it decreases below 30% for sub-clonal
mutations [57,107,110]. In addition, the limit of detection used to analyse ctDNA can impact
on the concordance rate [110]. For these reasons, an untargeted whole-genome sequencing
approach, able to capture the great somatic genomic alterations that characterizing HGS-
EOC, using a low sequencing coverage, could represent a new cost-effective alternative to
longitudinally track and monitor tumor evolution.
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6.2. Structural Aberration Detection

The analysis of copy number alteration (CNA) profiling through a low-coverage
whole-genome sequencing (0.2X–0.5X) has emerged both in solid tumor and in cfDNA as
a suitable method to evaluate the chromosomal instability, thus allowing us to evaluate
therapy response and dynamic tumor evolution, as well as to accurately quantify the tumor
fraction in cfDNA without prior knowledge of solid tumor characteristics [111–116].

While this represents a promising approach, studies about its application on HGS-EOC
are limited.

In 2017, Vanderstichele and colleagues demonstrated that the chromosomal instability
quantification (genome-wide z-score) in cfDNA could be used to differentiate, at the
time of diagnosis, patients with borderline or invasive carcinoma from those with benign
adnexal masses. In particular, they showed the genome-wide CNA analysis on cfDNA
outperforming in malignancy detection serum CA-125 and ultrasounds assessment [60].

A more extensive application of the low-pass whole-genome sequencing on cfDNA
of HGS-EOC patients was proposed by Paracchini et al. who recently calculated the per-
centages of tumor fraction (TF) in cfDNA plasma samples collected at time of diagnosis
and in longitudinal temporal windows and correlated them with clinical information. In
particular, at time of diagnosis, TF was found to be an independent prognostic parameter
(PFS HR= 3.31 CI 95% 1.33–9.13 p = 0.011). In longitudinal monitoring, Paracchini et al.
demonstrated that the increase in TF outperformed CA-125 in predicting the disease pro-
gression. In particular, a significant increase in TF, arbitrary defined as an increase of >20%
over TF baseline, was found to predict the radiological recurrence more accurately than
CA-125 values, anticipating clinical and radiological progression with an average of eight
months prior to its recurrence (range: 1–16). Interestingly, the tumor clonal evolution was
tracked over time, showing the selective pressure induces by pt chemotherapy. The ge-
nomic heterogeneity of relapse disease was reduced after pt treatment, with the emergence
of newly frequent cytobands that could be involved in t resistance. While this represents
a proof-of-principle study performed in a small cohort of patients (n = 46) and lack of
an independent clinical validation set, it provides evidence that the low-pass shallow
whole-genome sequencing in cfDNA is an inexpensive and useful tool to monitor disease
evolution and to anticipate relapse better than the routine clinical biomarkers [61].

The limitation of the low-pass whole genome sequencing approach, such as the lower
sensitivity in detecting alterations involving <1 Mbp regions, is counterbalanced by its
high-throughput nature, the speed of the analysis and the limited costs [104]. Moreover,
considering the specific biological nature of HGS-EOC characterized by marked large
chromosomal aberrations, it seems to be the most appropriate method to monitor and
dissect the tumor evolution of the disease.

7. Conclusion and Future Directions

The development of liquid biopsy has been followed with great enthusiasm in the
last decade. The development of a sensitive, specific and non-invasive approach to answer
important clinical questions in terms of early diagnosis, prognosis, therapy response and
disease monitoring has risen up great hopes, in particular for those cancers characterized by
marked heterogeneity, such as the HGS-EOC. The present article overviews the main recent
studies regarding the applications of liquid biopsy in HGS-EOC, and highlights the open
questions that still remain to be answered. While some studies indicate that the approaches
based on the measurement and characterization of CTCs, cfmiRNAs and EVs provide some
important information on the biological features of EOC, the published results are not
consistent enough to draw any firm conclusion on their practical clinical application. In
our opinion, in the near future, the analysis of ctDNA seems to represent the most suitable
and promising tool, particular for HGS-EOC. In fact, HGS-EOC is mainly characterized by
two main genomic peculiarities: (i) the presence of an early clonal pathogenic mutation
in the TP53 gene, which is maintained both in space and over time; and (ii) the wide,
genome scale, aspecific genomic structural alterations. In particular, two different technical
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approaches can be applied on cfDNA: the first one is a targeted approach focused on high
deep analysis of a few driving lesions—TP53 gene and other genes, e.g., BRCA1 and BRCA2,
which is helpful to guide PARPi therapy decisions—while the second one is represented
by an untargeted approach such as sWGS, which is able to capture the great genomic
aberrations, estimate the cfDNA TF and to capture the biological tumor evolution.

Data regarding the integration of the two approaches are still missing. It is reasonable
to suppose that the longitudinal evaluation of MAFTP53, combined with the calculation of
TF in cfDNA plasma samples, could further increase the sensitivity in detecting and longi-
tudinal monitor HGS-EOC, thus increasing the potential of ctDNA analysis in anticipating
disease recurrence in comparison to the current clinical biomarker CA-125. However,
before applying liquid biopsy in clinical practice, it is important to set up precise guidelines
to standardize all the pre-analytical and analytical variables in order to make the different
platforms and the bioinformatics pipelines comparable for the correct variant calling. For
example, the identification of mutations in TP53 at very low allele frequency is very chal-
lenging due to various factors that impact the reliability of this analysis, including the low
amount of cfDNA, as well as the presence of TP53 mutations related to the physiological
cellular turn-over or aberrant hematopoiesis processes. Besides these technical challenges,
many other biological aspects that could impact on the final results need to be investigated
with targeted studies. For example, precise studies aimed at evaluating the half-life and
the clearance of cfDNA in the bloodstream of cancer patients, as well as the contribution
in total cfDNA amount of the different metastasis, in relation to their localization and
vascularization are required.

In conclusion, the use of liquid biopsy in an HGS-EOC setting appears to be feasible
and useful. Therefore, it is time to insert this innovative approach in HGS-EOC clinical
trials, and to test if its application will have a positive impact on the efficacy of treatment
and HGS-EOC patients’ survival.
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