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Simple Summary: Ovarian cancer is the most lethal type of gynecological cancer. The leading cause
of ovarian cancer patients’ death is late diagnosis, disease progression, and metastasis, defined by the
spread of invasive cancer cells. About 80% of ovarian cancer patients have disseminated disease at
the time of diagnosis. Ovarian cancer metastasis can occur via the transcoelomic, hematogenous, or
lymphatic route. Understanding the mechanisms that drive the process of cancer cell dissemination is
the key to the development and successful implementation of new diagnostic and treatment methods,
particularly drugs and/or therapies targeting metastasis. This review describes ovarian cancer cell
dissemination linked to circulating tumor cells (CTCs), with special emphasis on cell biology and
their clinical significance.

Abstract: Metastatic ovarian cancer is the main reason for treatment failures and consequent deaths.
Ovarian cancer is predisposed to intraperitoneal dissemination. In comparison to the transcoelomic
route, distant metastasis via lymph vessels and blood is less common. The mechanisms related to
these two modes of cancer spread are poorly understood. Nevertheless, the presence of tumor cells
circulating in the blood of OC patients is a well-established phenomenon confirming the significant
role of lymphatic and hematogenous metastasis. Thus, the detection of CTCs may provide a minimally
invasive tool for the identification of ovarian cancer, monitoring disease progression, and treatment
effectiveness. This review focuses on the biology of ovarian CTCs and the role they may play in
cancer diagnosis and therapy.
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1. Introduction

Despite the advance in diagnostic and treatment methods, ovarian cancer (OC) remains
the most lethal type among all gynecological cancers [1,2].

The leading causes of treatment failures and consequent deaths of ovarian cancer
patients are late diagnosis, disease progression, and metastasis, defined by the spread of
invasive cancer cells. Dissemination of ovarian cancer is one of its characteristic features;
about 80% of ovarian cancer patients have disseminated disease at the time of diagno-
sis [3]. Even though metastasis is the leading cause of ovarian cancer-related fatalities, our
understanding of the mechanisms that regulate the process remains limited.

Ovarian cancer cells can spread via three main routes: transcoelomic, hematogenous,
and lymphatic (Figure 1).
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Figure 1. Three main routes of cancer cell dissemination: transcoelomic, hematogenous, and lym-
phatic. Created with https:/ /biorender.com/, (accessed on 31 October 2022).

The most common and best known route of OC spread is the transcoelomic route.
It is associated with metastasis within the peritoneal cavity and affects the surrounding
peritoneal organs [4,5]. In this type of cancer, the dissemination of single cells, mul-
ticellular aggregates, and spheroids seed into the mesothelial layer and organs of the
peritoneal cavity [6].

Compared to the transcoelomic route, distant metastasis via lymph vessels and blood
is less common and the mechanisms related to these two modes of cancer dissemination
are poorly understood, and merit detailed investigations.

However, numerous studies confirm that lymphatic and haematogenous spread of
ovarian cancer is associated with the presence of cells that can detach from the tumor mass
and persist in biological fluids, mainly in blood [7-17]. These cells are known as circulating
tumor cells—CTCs.

CTCs, believed to be responsible for the spread of the cancer to lymph nodes and
distant organs, can be detected at all stages of ovarian cancer and are known to play a
significant role in the disease progression. This review focuses on the biology of circulating
tumor cells and the role they play in the hematogenous metastasis of ovarian cancer.

2. Biology of Circulating Tumor Cells

Tumor cells circulating in the bloodstream of cancer patients are thought to have the
potential to reach and settle in new niches and develop metastasis [11,18]. Thus, their
presence, which shows tumor dissemination from the primary site to distant organs, might
be an indicator of the disease progression.

The significance of CTCs and hematogenous spread in ovarian cancer is just starting
to be recognized. One reason for such negligence is the lack of easily available models
of vascular ovarian cancer metastasis. The mechanisms of haematogenous metastasis are
studied using a few animal models, including the parabiosis model, traditional murine
xenograft models, genetically modified mouse models, as well as in vitro experiments: 3D
spheroids, and organoids [13,19]. However, a growing body of research suggests that CTCs
play an important role in ovarian cancer metastasis [7-17].

The results of CTCs studies rely on the accessibility of CTCs detection methods.
The difficulty in detecting and isolating rare and heterogeneous CTCs in ovarian cancer
therefore remains the main limitation. In fact, depending on the techniques used for the
CTCs detection, the positivity rates documented in different studies varied from 12% to
90%. The detection rate might be even higher and reach 95%, as it was recently presented
using the subtraction enrichment of the cells followed by immunostaining and fluorescence
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in situ hybridization [20]. It points to the importance of proper isolation methods allowing
successful evaluation of ovarian CTCs.

CTCs detection and identification in blood of OC patients is usually based on cell
population enrichment using different biomarkers, followed by CTCs molecular profiling.
The most popular approaches include: (i) PCR-based methods analyzing tumor-specific
transcripts, (ii) immunological assays using monoclonal antibodies specific for tumor
(usually epithelial) markers, (iii) isolation by the size of the tumor cells [21].

Markers used in the identification of CTCs include epithelial antigens (EpCAM, WT1,
MUC16, MUC1, KRT7, KRT18, and KRT19), mesenchymal and EMT-related factors (vi-
mentin, N-cadherin, Snai2, CD117, CD146, and PI3K«, Akt-2, TIMP1, CXCR4, and Twist)
as well as stem cell markers (CD44, ALDH1A1, Oct4, and Nanog) [22-24]. Recently, the
clinical significance of tumor-specific markers, such as CEA, CA125, and HE4 (better than
epithelial-specific markers: EPCAM and MUC1) for CTCs isolation before and after ad-
juvant chemotherapy was shown [25]. Confirming the presence of CTCs in the blood of
cancer patients and determining the cells” phenotype have been indicated to be of diagnostic
importance [7-9,11-16,18,24,26].

Combining CTCs profiling with other biomarkers assessment currently used for
diagnosis and monitoring of OC patients may help find new combinations of markers with
improved sensitivity and specificity.

However, it needs to be emphasized that none of the markers is specific and sensitive
enough to identify all types of CTCs, especially in ovarian cancer patients, where CTCs
number is rather low and the cells present with high heterogeneity. In fact, the only
FDA-approved CTCs detection platform—CellSearch, detects epithelial CTCs, expressing
both epithelial cell adhesion molecule (EpCAM) and cytokeratin, and might miss CTCs
undergoing epithelial-to-mesenchymal transition.

Thus, only sensitive diagnostic techniques based on detailed analysis of CTCs-specific
genetic profiles might allow the identification and isolation of the cells. This in turn, should
increase the chances of metastasis detection.

2.1. The Ever-Changing Phenotype of CICs

It has been demonstrated that even tumors without clinically confirmed metastasis
can shed CTCs into the vascular or lymphatic system [12]. Still, a significant number of
CTCs die before they reach a new niche. To increase their chances of survival and protect
themselves from cell death CTCs may use different strategies. This includes changing
their phenotype from epithelial to mesenchymal, clustering and/or acquiring cancer stem
cell (CSC) features (Figure 2). CTCs are heterogeneous in nature. They consist of cell
populations with different morphology, molecular characteristics, metastatic potential, and
ability to survive chemotherapy. CTCs able to form metastases are known as invasive CTCs
(iCTC) [11,19,21,22,25,27,28].

CTCs are believed to disseminate to distant sites thanks to epithelial-mesenchymal
transition. This process includes a series of molecular, morphological, functional, and
consequently, phenotypical changes of cells leading to the transition of polarized epithelial
cells into mobile mesenchymal cells. Epithelial-mesenchymal transition may also generate
hybrid phenotypes with an increased ability to survive in the circulation and adapt to
various microenvironments [27].

A growing body of evidence demonstrates that EMT allows ovarian cancer cells
to adapt to adverse conditions, such as hypoxia and nutrient deficiency, and promote
chemotherapy resistance to therapeutic agents as well as activate the stemness of ovarian
cancer cells [28]. Sharing some common features with cancer stem cells permits CTCs to
increase their tumorigenicity and resist anoikis, chemo- and radiotherapy [29].
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Figure 2. The ever-changing phenotype of CTCs. To increase their chances of survival, CTCs may
change their phenotype from epithelial to mesenchymal, by clustering and/or acquiring cancer stem
cell (CSC) properties. Created with https://biorender.com/, (accessed on 31 October 2022).

All this increases the heterogeneity of ovarian CTCs population and points to the
significance of detailed molecular analysis of the cells” expression profiles, especially in
terms of their detection and clinical utility.

2.2. CTCs Clusters

Strong evidence suggests that CTCs can be organized in clusters. CTCs clusters may
have up to 100-fold increased metastatic potential in comparison with the same number of
isolated single CTCs. Clustering supports the collective migration of cells increasing their
chances of survival, but also promotes specific changes such as stemness, drug resistance,
and metastasis [29-31].

It has recently been proved that stemness and metastasis are promoted by specific
changes in DNA methylation induced by the cells’ clustering. CTCs clustering leads to
hypomethylation of binding sites for stemness and proliferation regulators, including
OCT4, NANOG, SOX2, and SIN3A, and hypermethylation of Polycomb target genes [32].

Most cancers manifesting the presence of CTCs clusters are solid cancers and the
clusters were detected in 16% to 75% of patients [31]. A higher number of clusters in
patients’ blood was confirmed to be associated with shorter progression-free survival (PFS).
This points to a possible link between CTCs clusters presence in peripheral blood and
metastatic disease [15,31].

In ovarian cancer, CTCs clusters and their clinical relevance have not been extensively
studied. Only a few studies demonstrate the presence of CTCs clusters in blood of OC
patients and only a single research group provides information about their clinical signifi-
cance [15,17,33]. This study describes CTCs clusters consisting of 2-30 cells. Such clusters
are associated with platinum resistance, shorter time to progression (TTP), and PFS. Out
of 24 OC patients with the primary disease and 30 patients with recurrences, CTCs were
detected in 98.1%. Nevertheless, in women with the primary disease median counts of
single CTCs and CTCs clusters were 4 and 1, and in those patients with recurrences, median
counts were 3 and 1, respectively. Even though CTCs presence did not correlate with tumor
stage and serum CA125 level, still CTCs counts >3 as well as CTCs clusters positivity cor-
related with platinum resistance and shortened overall survival in patients with recurrent
disease. In the case of two patients CTCs isolation was followed by a successful in vitro
culture. The results of ex vivo experiments indicated that CTCs can be more sensitive to
anticancer drugs and proliferated more rapidly than established cell lines [15].

CTCs clusters in OC patients were also identified by Pearl et al. They demonstrated the
invasive CTCs (iCTCs) isolated by functional cell adhesion matrix (CAM) uptake followed
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by microscopy and flow cytometry analysis using antibodies against epithelial /tumor
antigens and negative selection with antibodies against hematopoietic lineage markers.
These iCTCs tended to be heterogeneous in size and exhibited solitary cells and clusters.
The changes in iCTCs and CA125 levels as well as changes in the intervals associated
with no evidence of disease were noted. Additionally, an increased number of iCTCs
(79.5%) was showed to be more sensitive than the increased CA125 level (67.6%) when it
comes to predicting progressive disease (PD) or relapse. Finally iCTCs, but not CA125,
preceded changes in the clinical status from PD to no evidence of disease during and after
chemotherapy [17]. Thus, iCTCs in OC patients may help to predict the disease outcome
and therapeutic responsiveness.

The presence of CTCs clusters isolated with the ALS CellCelector™ in ovarian can-
cers was also confirmed with liquid biopsy [33]. However, the authors of this study do
not provide any information regarding the biology and/or clinical relevance of detected
CTCs clusters.

Therefore, the development of efficient and reliable methods of CTCs clusters identifi-
cation, together with cohort studies are needed to determine their suitability for clinical use.

2.3. CTCs and Cancer Stem Cells

In ovarian cancer, tumor cells are known to display cancer stem cells (CSCs) features
such as self-renewal, differentiation, and tumorigenicity. CSCs are believed to support
tumor growth and metastasis [29]. Due to the fact that they are also resistant to anoikis,
CSCs may easily spread and survive within the lymphatic and vascular systems where
they are considered to be stem CTCs [34-38].

Ovarian CSCs are characterized by the expression of specific markers. The best
described include: CD44, CD133, CD24, CD117, Nestin, Nanog, and Oct3/4, as well as
ALDHI1A1 and ABC transporters. These markers allow CSCs detection and indicate tumor
invasiveness, chemoresistance, and poor prognosis [29,33,38—44].

Some ovarian CSCs markers were reported to correlate with distinct metastasis via
the haematogenous route. Recently, CD44 variant 6 was demonstrated to be a central
player in the development of distant metastasis in parenchymal organs. A high number of
CD44v6-positive ovarian cancer cells was associated with a high rate of distant metastasis
at the time of diagnosis and distant metastasis-free survival varied significantly between
CD44v6-high and -low patients [45]. Distant metastasis was also linked with the stem
cell regulatory factor—EGFL6. EGFL6 induces cell division and migration of ALDH-
positive ovarian CSCs, consequently promoting tumor growth and metastasis. Silencing
of EGFL6 expression proved effective in reducing the haematogenous spread of ovarian
cancer cells [46]. Thus, both CD44v6 and EGFL6 are involved in distant metastatic relapse
and could be predictive biomarkers for distant parenchymal metastasis as well as a novel
therapeutic target [45,46]. Their inhibition, in a similar way to blocking signal transduction
pathways active in ovarian CSCs (e.g. Wnt, Hedgehog Notch, PI3K/PTEN/AKT) [47-50],
seems to be a promising treatment alternative that should help overcome therapy resistance
and reduce the mortality of ovarian cancer patients.

3. The Role of CTCs in Haematogenous Metastasis of Ovarian Cancer

In the 1980s, a series of studies documented that peritoneovenous shunting — a proce-
dure that allows the peritoneal fluid to be returned from the peritoneal cavity into veins,
does not significantly increase distant metastasis [10]. Conclusions based on those findings
seem however far-fetched, as they did not take into consideration the overall well-being of
patients who in most cases died within the next few months.

The first well-designed experiment proving the spread of OC via the bloodstream
was performed by Pradeep and coworkers. Using a parabiosis model, where the skin
of mice was fused surgically from the shoulder to the hip joint, they demonstrated that
tumor cells can scatter in the bloodstream but eventually exit the circulatory system and
enter the omentum [51].
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Metastatic tumor cells are believed to seed to sites of favorable local microenvironment.
Only CTCs that survived and crossed the physical barrier of the endothelium may seed
the distant organ. At the molecular level, CTCs adhesion is a complex process, including
cell-cell interactions between receptors located on CTCs and specific ligands located on
the surface of endothelial membranes of organs. Inflammatory chemokines released by
cells found in the pre-metastatic microenvironment interact with chemokine receptors
expressed by CTCs and allow their targeted migration. In addition, chemokines may exert
other functions, such as promoting tumor cell proliferation, angiogenesis, and immune
system suppression [52].

Ovarian cancer CTCs may interact with the omentum via the HER3 receptor, whose
presence is reported in 41-67.5% of ovarian cancer cases [53]. HER3 signaling plays an
important role both in the development of ovarian cancer and its chemoresistance. Since the
receptor’s expression can be upregulated by chemotherapy, HER3 is said to be associated
with shorter survival time [54]. This, in turn, makes it a suitable biomarker candidate with
therapeutic potential to stop ovarian cancer progression.

One other study points to the role of the chemokine receptor type 4 (CXCR4), which
seems to determine the pro-invasive features of ovarian tumor cells [55]. Blocking the
receptor with its antagonist—AMD3100 or specific anti-CXCR4 shRNNA has caused inhi-
bition of metastasis in animal models. Such response was the result of reduced levels of
active Src, ERKs, inhibition of epithelial-mesenchymal transition (EMT), and blocking
of hematogenous ovarian cancer dissemination by decreasing the number of circulating
tumor cells [55].

Metastasis of OC may also be driven by signaling based on other receptor-ligand
axes. Latest research implies the involvement of CCL5 and its receptors (CCR1, CCR3,
and CCRS5) as well as CCL20-CCR6, CCL25-CCR9, and CCL18. Pathways involving these
signaling agents were previously reported to regulate ovarian cancer cells proliferation,
mobility, epithelial-mesenchymal transition, and stem cell properties [52,56-62]. However,
the role of these chemokines in CTCs invasion and its downstream-signaling pathways
remain elusive.

Hematogenous metastasis is also likely to be associated with the activation of the
P90RSK family of serine/threonine kinases acting downstream of the RAS-ERK/MAPK
pathway. Silencing of RSK1 and RSK2 isoforms abolished metastatic engraftment of
ovarian cancer cells in the peritoneum and inhibited lung colonization after intravenous
injection of cancer cells and hematogenous metastasis from subcutaneous xenografts. Both
isoforms direct ovarian cancer cells in metastatic sites by regulating cell adhesion and
invasion, probably through the activation of transcription and translation of factor YB-1,
transcription of the FN1 gene, and translation of the TGF-$1 mRNA [63].

Ovarian CTCs may attach to the omentum or move on and establish metastases
elsewhere (Figure 3). The metastatic pattern and organ-specificity of ovarian cancer have
been documented by Coffman et al. [64]. They proved that intravenous injection of high-
grade serous ovarian cancer cells resulted in the formation of intra-ovarian metastatic
disease in mice. However, ovarian cancer cells were driven to the omentum only in
the presence of the ovaries; this unique tropism for the peritoneal cavity is lost with
oophorectomy. Moreover, the rate of metastasis to an otherwise healthy ovary was similar
to rates of metastasis to the liver and lungs, even though these last two organs filter high
volumes of intravenous cells during circulation and thus are exposed to many more tumor
cells. This clearly points to a tropism of OC cells toward the ovary and its potential to grow
within this organ [64].
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Figure 3. Ovarian CTCs may attach to the omentum or cause metastasis elsewhere. Pro-invasive
features of ovarian tumor cells are determined via specific receptors, such as CXCR4 and p90RSK.
Blocking of these targets may inhibit ovarian cancer metastasis. Created with https:/ /biorender.com/,
(accessed on 31 October 2022).

Still, in OC patients, there are several other distant metastatic sites reported by
oncologists. They include pleura and lymph nodes and, in rare cases, CNS, eye, skin,
breast, bones, heart, central airways, rare intra-abdominal tissues, placenta, and specific
lymph nodes [65].

In the hematogenous route of OC metastasis, cancer cells first invade the lympho-
vascular space (LVSI—lymphovascular space invasion) and then transit in blood or lym-
phatic vessels. Molecular profiling allows identifying some important molecules involved
in this route. The analysis of different miRNAs expression between LVSI-positive and
LVSI-negative ovarian cancer tissues and their association with bevacizumab response
revealed that miR-25 expression correlates with a better PFS and OS in ovarian cancer.
Thus, patients with low miR-25 expression and high miR-142 expression could benefit from
bevacizumab treatment [66].

Furthermore, the analysis of OC transcriptome profiles with available information
on LVSI status showed that primary tumors with increased risk of hematogenous and
lymphatic metastasis highly express genes such as POSTN, LUM, THBS2, COL3A1, COL5A1,
COL5A2, FAP1, and FBN1. All these genes are related to the extracellular matrix and
extensive stromal activation [67].

Ovarian cancer cells may also enter the vasculature through the pelvic lymph nodes
and via the left subclavian vein. This route of entry might contribute to the number of
tumor cells found in the bloodstream of ovarian cancer patients at diagnosis [68].

4. Clinical Relevance of CTCs in Ovarian Cancer

Haematogenous spread of cancer cells in ovarian carcinomas is believed to be a rather
rare event. Still, this phenomenon is well documented [7-9,11-21,23,24,26,32,43,50,69-71],
and the presence of CTCs in blood was recently shown to correlate with tumor stage, pres-
ence of ascites, tumor debulking, disease recurrence, shorter OS and PFS [7,18,23,24,43,50,69].

The clinical significance of CTCs in ovarian cancer is presented in Table 1.
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Table 1. Detection methods of ovarian CTCs and their clinical significance.

Al(l)tfht(l);a;i;{;ar ;?L‘:g:; A]fxl:())?:rllt CTCs Detection Method CTCs Clinical Significance
Microbeads coated with CTCs were detected in 12%
Marth C. etal., 90 40 mL MOC-31 antibody. of patients.
2002 [50] Enrichment with magnetic beads CTCs rate varied between 10 and
coupled with EGP-2 antibody. 150 tumor cells per 106 MNC.
Ficoll density gradient CTCs were detfected in 60.6%
centrifugation followed by cell o ,Of patients.
Fanetal, 66 5-20 mL invasion assay that enriches and -10% OOm, the early stage;
2009 [69] identifies tumor cells with a cell '7,3'1 / ° in the late stage. .
adhesion matrix (Vita-Assay™). CTCs s1gn1f1c'amtly correlated with
decreased disease-free survival.
gﬂ%ﬁ;ﬁgg;?uﬁxfzﬁitgf Before surgery, CTCs were detected
73.3 and anti-MUC1 antibodies). in 19% of patients.
Aktas B. et al.,, 129 10 mL After chemotherapy CTCs were
2011 [43] Analysis of tumor-associated mRNA detected in 27% of patients.
performed by multiplex PCR for:  CTCs positivity significantly correlated
HER2, MUC1, and GA 733-2. with shorter overall survival before
surgery and after chemotherapy.
CTCs were detected in 51.4%
CellSearch system. of patients.
Prior to the start of therapy, > 2 CTCs
Poveda A. ot al were identified in 14.4% of patients.
oveda A. etal,, i i i
2011 [16] 216 10 mL CTCs identified as EpCAM+, t}f atlentivélth .22 (ij Cstfn}(l).r t;)
cytokeratin+, CD45—, and positive erapy nac a sigruicanty vener
/ iy risk for progression and death.
for the nuclear stain. Patients with elevated baseline CTCs
had a significantly higher risk of
progression and death, respectively.
Cell adhesion matrix (CAM)-based 12% sensitivi't}'/, 95.1% P ?Ciﬁdty’
functional cell enrichment and and 77'8% positive pred}ctlve va lue
identification platform. (P.PV) of iCTCs in detecting Patlents
Pearl ot al with stage I and II EOC malignancy.
2014 [17]" 129 2-20 mL iCTCs identified as epithelial
(Epi+)-positive and hematopoietic 83% sensitivity and 97.3% PPV of
lineage (HL-)-negative when iCTCs in detecting all stages of
analyzed by flow cytometry and EOC malignancy.
fluorescent microscopy imaging.
Cell adhesion matrix (CAM)-based iCTCs Xvere det.ected m
platform to isolate invasive . 85.3% ° Of, patients.
CTCs (iCTCs). -Positive Predlctlve value (PPV) of
Pearl M. et al. 123 2-20 mL Negati ICTC; cive 900/10’ (NPV)
20 m . . e I -Negative predictive values
2015 [9] iCTCs identified as epithelial of ICTCs was 80.6%.

(Epi+)-positive and hematopoietic
lineage (HL-)-negative when
analyzed by flow cytometry and
fluorescent microscopy imaging,

Increases in iCTCs (79.5%) were
more sensitive than increases in
CA125 (67.6%) to predict
progressive disease or relapse.




Cancers 2022, 14, 6030

90f18

Table 1. Cont.

Al(l)tfht(l);a;i;{;ar ;?L‘:g:; A]fxl:())?:rllt CTCs Detection Method CTCs Clinical Significance
MetaCell: size-based enrichment CTCs were detected in 65.2%
based on filtration. of patients.
CTCs identified as cells with: (i)
Kolostova K. et al., 118 8 mL nuclear size >10 pm), (ii) irregular
2015 [22] m nuclear contour, (iii) visible CTCs correlated with the presence
cytoplasm, (iv) prominent nucleoli,  of ascites, peritoneal carcinomatosis,
(v) high nuclear-cytoplasmic ratio, and residual disease.
(vi) proliferating, (vii) growing
in 3D layers.
AdnaTest OvarianCancerSelect. CICs presence correlatesi with
decreased overall survival.
Blassl et al., CTCs with
2016 [24] 10 5mL epithelial-mesenchymal-transition
AdnaTest EMT-1/StemCellDetect. (EMT) or stem-like traits were
pointed to be involved in metastatic
progression and recurrence.
. Detection rate for epithelial
AdnaTest OvarianCancer Detect. CTCs was 18%.
Detection rate for EMT-like
AdnaTest EMT-1 Detect. CTCs was 30%.
Chebouti et al PI3K+ EMT-like CTCs, in
oty [1?3] A 91 5mL combination with epithelial CTCs,
Analvsis of EbCAM. Muc-1. and indicated decreased OS for FIGO
C Al};5 and tEe EM"i"—associ’ate d I-III patients with residual tumor
o ) . burden after surgery.
transcripts: PI3K«, Akt-2, and Twist. Epithelial CTCs alone significantly
correlated with decreased
PFS and OS.
ERCC1*CTCs were detected in 15%
of patients at primary diagnosis and
. in 12% after chemotherapy.
Chebouti et al AdnaTest Ovarian Cancer. ERCC1*CTCs after chemotherapy
;0;)171 [1231 aks 65 10 mL correlated with platinum resistance
and reduced PFS and OS.
g;?:&asﬁ)é?fidaiznéilgg ERCC1*CTCs persistence indicated
ERCC1 was investigated by RT-PCR. poor post-therapeutic outcome.
. CTCs were detected in
Biotin-doped. 98.1% of cases.
. . Lo Newly diagnosed patients” median
Ppy-dep‘c/)vsiltt;leitilélctr:‘fligliilc system counts of single CTCs and CTC
P ’ clusters were 4 and 1, respectively.
Lee M. et al., 54 10 mL Antibodies mixture directed against: =~ In primary and recurrent disease,
2017 [15] m EpCAM, TROP-2, EGFR, vimentin, median counts of CTCs clusters

and N-cadherin.

CTCs identified as EpCAM-positive
and DAPI-positive, and
CD45-negative cells.

were 1 and 1, respectively.

In newly diagnosed patients with
CTCs counts > 3, PFS was
significantly shorter.

CTCs clusters positivity correlated
with platinum resistance.
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Author and Year Patients Blood . . . s e
of the Study Number Amount CTCs Detection Method CTCs Clinical Significance
Positive selectlpn with magnetic CTCs were detected in
beads conjugated to an 17.2% of patients
anti-EpCAM antibody. =l otp '
CTC enumeration with DAPI,
LouE. etal, 29 75 mL anti-CD45, and an anti-cytokeratin
2018 [11] 2 m cocktail ( CK8, CK18, and CK19).
CTCs identified as EpCAM-positive, ~ CTCs correlated with higher stage
CK-positive, DAPI-positive, and (FIGO stage III or IV) of tumor.
CD45-negative by the morphology
of a single intact carcinoma cell (no
cell clusters identified).
Magnetic separation with beads CTCSf werel dgt'ected indbloqd of _90%
coated with EpCAM, HER?2, and of newly diagnose patlen.ts.
MUCT antibodies. - Average CTCs number:
264 (range 0-1929);
- CTCs detected in 82%, 85%, 91%,
and 100% of cases at stages I, II, III,
and IV, respectively.
Zhang X. et al,, 109 5 mL CTCs were detected in 91% of
2018 [47] m patients after the treatment:
RT-PCR analysis of EpCAM, HER?, - Average CTCs number:
and MUCT expression 314 (range 0-1822).
' Expression of EpCAM and HER in
CTCs was correlated with resistance
to chemotherapy.
Expression of EpCAM in CTCs
before the treatment was correlated
with overall survival.
Tapered-slit filter (TSF) platform.
CTCs defined as (DAPI)-positive,
DA45)- t K 9-positi d
© E5) nesa 1ve,.C.Z 9-posi Ve, an Postoperative CTCs were more
. pCAM-positive, and using ) .
Kim M. et al., . o frequently detected in women with
30 5mL morphological criteria: higher .
2019 [42] . lymph node involvement:
nucleus-to-cytoplasm ratio, larger
. . 100% vs. 30.0%.
size, and higher degree of
irregularity than observed in the
background blood cell.
CellSearch™ system (magnetic Positive rate of CTCs: 27%.
. . CTCs status before the start of
Banys- separation with beads coated svstemic therapy correlated with
Paluchowski M. et al., 43 7.5 mL with EpCAM). y erapy
2020 [12] clinical outcome.
CTCs stained with
several antibodies.
Magnetic separation with beads Expression level of miR181 in CTCs
coated with EpCAM. was related to:
. - The stage of OC (in stages Il and
Zuo Li [Ztg?l" 2021 30 7 mL IV significantly higher than in

miR181a expression determined
by RT-PCR.

stages I and II);
- The presence of
lymphatic metastasis.
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Table 1. Cont.

mesenchymal molecules (Vimentin

Al(l)tfht(l);a;i;{;ar ;?L‘:g:; A]fxl:())?:rllt CTCs Detection Method CTCs Clinical Significance
CTCs were detected in 24.5% of
patients before the treatment. CTCs
Gradient centrifugation. were detected in 20.4% of the
patients after adjuvant treatment
(follow-up patients).
CTCs in follow-up patients were
correlated with:
- Age;
- Resistance to
platinum-based chemotherapy;
Obermayr E. et al,, - FIGO stage at
2021 [7] 105 25 mL borderline significance.
Patients with PPIC-positive CTCs
PRIC spresin deeminediy 7 g eried sty
and RT-PCR, PPIC-negative patients (median PFS
11 vs. 21 months) and shorter
overall survival.
Presence of CTCs in patients after
chemotherapy was associated with:
- Increased mortality;
- Higher risk of recurrence;
- Increased mortality after 5
survived years.
CTC counts: 8.70 & 5.69
Nanofiltration technology. - M-CTC/total CTCs percentage:
0.24 £+ 0.19;
- E-CTC/total CTCs percentage:
Yang J. et al Epithelial E-CTCs (EpCAM, 0.57 £ 0.25;
202 1'[ 19] v 181 5mL CK8/18/19), mesenchymal M-CTCs - Hybrids/total CTCs percentage:
(vimentin, Twist), and 0.19 £ 0.11.
epithelial /mesenchymal hybrid Increase in recurrence rate:
CTCs identified by RNA-In Situ - CTCs > 5-1.98-fold increase;
hybridization (RNA-ISH) method. - CTCs < 5-1.24-fold increase;
- M-CTC < 0.1-1.43-fold increase.
Negatlye ‘.selectlon of leukpcytes CTCs were detected in
with immunomagnetic 95.0% of patients
Cheng H. et al,, 20 5 mL beads (anti-CD45). ’ )
2021 [20] The cell size, quantified
immunostaining intensity of CA125 Total number of CTCs: 8.5 cells.
and HE4, and ploidy of Chr8.
Can Patrol™ technique followed by
RNA-ISH with probes for CTC counts and M-CTC percentage
Ma et al.,
2021 [44] 156 5mL

and Twist) and epithelial cell
adhesion molecules (CK8/18/19
and EpCAM).

provided significantly great
prediction values for clinical stages,
platinum resistance, and survival.
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Table 1. Cont.
Author and Year Patients Blood . .. . g
of the Study Number Amount CTCs Detection Method CTCs Clinical Significance
Specificity of the CTCs detection
was significantly higher than CA125
(92.2% vs. 82.2%).
Detection rate of CTCs was higher
than the positive rate of CA125
(74.5% vs. 58.2%) in
. . early—stage patients.
Immunomagnehc beads targetmg CTCs detection rate was
Wang et al epithelial cell surface antigens significantly higher in patients with
& 7 160 5ml (EpCAM and MUC1) and RT-PCR s
2022 [71] (detecting EpCAM, MUC1 ascitic volume >500 mL.
etectms &p ! ! The detection rate of CTCs EpCAM+
and WT1).

and CTCs MUC1+ was significantly
higher in chemo-resistant patients
(26.3% vs. 11.9%; 26.4% vs. 13.4%).
The median progression-free
survival time for CTCs MUC1+
patients trended to be longer than
CTCs MUC1 — patients and overall
survival was shorter in CTCs
MUC1+ patients.

Changes in CTCs counts have been associated with the response to treatment. CTCs
numbers correlate with overall tumor severity, and their status assessed before the start of
systemic therapy is linked to clinical outcomes, such as shorter PFS and OS [12,14,15].

Banys-Paluchowski et al. provide data on the matter by showing that CTCs status
evaluated prior to the start of systemic therapy correlates with the clinical outcomes
predicting shorter OS and PFS [12]. However, another research group reports that CTCs
counts do not correlate with the PFS of newly diagnosed EOC patients. Instead, they
point to a correlation between CTCs cluster positivity and diminished OS of patients with
recurrent disease and chemoresistance. Yet, this study was a proof of concept regarding a
novel CTCs identification method with a limited number of patients [15].

Furthermore, Poveda et al. demonstrated the correlation of CTCs rate and PFS and OS
of patients taking part in a phase III study of doxorubicin with trabectedin vs. doxorubicin
alone in relapsed ovarian cancer. The results again confirm that elevated levels of CTCs
prior to treatment increase the risk of progression and death of ovarian cancer patients.
Specifically, the presence of CTCs (2 or more per blood sample) may be related to an
unfavorable prognosis in recurrent ovarian cancer [16].

Positive CTCs status, independent of the time point of blood sampling, was also
noted to be linked with shorter OS. The patients with persistent elevated CTCs counts
>2 at baseline, and follow-up had shorter PFS and OS compared with patients with
<2 CTCs [16,26]. Similarly, previously untreated patients with advanced OC and high CTCs
counts >3 prior to chemotherapy had a significantly shorter PFS compared with patients
with <3 CTCs. In turn, postoperative CTCs were more frequently detected in patients
with lymph node involvement than in patients without it (100% vs. 30.0%). The cells’
presence seems to be associated with lower PFS rates in women with advanced stages of
ovarian cancer [42].

A number of studies have also evaluated the utility of CTCs as a biomarker of
chemotherapy response in OC [7,11,12,18,43,69,71]. It has been demonstrated that chemother-
apy leads to a rapid decline in CTCs count. The overall CTCs number may decrease over
time at a linear rate of 0.1 cells per month during the treatment [15].

In contrast, platinum-resistant OC patients were characterized by significantly higher
CTCs counts compared to platinum-sensitive patients [7,17]. CTCs evaluation at primary
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diagnosis and after platinum-based chemotherapy showed that CTCs can be detected in
19% of patients before and in 27% after the treatment. CTCs counts were confirmed to be
positively correlated with a shorter OS before surgery and after chemotherapy [7,43]. In
addition, during the follow-up studies, the increase in CTCs number was more informative
in predicting the disease progression or relapse than CA125 [9,17].

An important aspect of CTCs utility in terms of monitoring the disease is the changing
phenotype of the circulating cells. Platinum-based chemotherapy may be followed by an
increase in the incidence of epithelial-to-mesenchymal transition, which suggests that it
promotes EMT-like phenotype formation. It is thus concluded that the occurrence of this
particular subpopulation of EMT-like CTCs, rather than epithelial CTCs, might serve as
a biomarker to identify patients at high risk of an unfavorable disease outcome. Therapy
resistance, in this case, is suggested to be the consequence of clonal tumor evolution [18].

This hypothesis is supported by results published by Yang et al. In the study, CTCs
counts, including those undergoing EMT, and clinical data were used to develop a pre-
dictive nomogram, which evaluates the risk triage of ovarian cancer recurrence. The
group claims that routinely performed CTCs counts fitted to the nomogram model may
also aid clinical decision making, especially in terms of early interventions for ovarian
cancer patients [49].

Recently the percentage of the mesenchymal CTCs subgroup (M-CTC) has been proven
to have better predictive value than both CA125 and other biomarkers of OC, including
CA199, AFP, CEA, and HE4 [44]. They demonstrated that the cut-off value for a positive
test was 5 for CTCs and 0.3 for mesenchymal CTCs. PFS and OC survival curves were
significantly different when stratified by CTCs counts and M-CTCs percentage. Thus, the
evaluation of CTCs populations may have a great prediction value for ovarian cancer
prognosis, including chemoresistance and survival [44].

Other research groups, who attempted to examine the potential of CTCs to monitor
EOC patients’ treatment, confirm the hypothesis that a well-designed CTCs assay has
greater sensitivity than a standard serum CA125 measurement. What is more, for a number
of patients undergoing standard taxol/carboplatin therapy, serial CTCs counts demonstrate
better treatment responsiveness predictive ability than CA125 analysis. It is also claimed
that especially the detection of iCTCs, along with a standard clinical evaluation, has the
potential to provide better prognostic information on cancer metastasis in the early stages
of the disease [9,17].

In the aforementioned studies, the isolation of iCTCs relied on the use of the cell
adhesion matrix (CAM). Specifically, this enabled confirmation of the cells” presence in
85.3% of analyzed patients, even in the early stages of EOC. iCTCs counts were correlated
with tumor stage, debulking, and platinum sensitivity. Although the study includes a
limited number of patients, the results still prove that iCTCs have the potential to become a
suitable prognostic factor of metastasis [9,17].

Similar conclusions regarding CA125 were drawn by Kim et al., who assessed the
relationships between this antigen and CTCs and the clinical outcome of the disease. It was
reported that CTCs counts were better associated with treatment response and recurrence
than CA125 levels [42].

Another interesting case is a study that demonstrated patients who were CTC-positive
but did not show an increase in CA125 levels. This phenomenon was explained by the dis-
semination of cancer through the hematogenous route but not accompanied by peritoneal
spread [22]. Zhang et al. support this rationale by stating that, in contrast to the well-known
assumption that hematogenous metastasis occurs at a late stage of tumor development, this
type of ovarian cancer spread, in fact, may occur earlier than peritoneal metastasis. Such
conclusions were also drawn based on CTCs occurrence and evaluation of CA125 levels
found in EOC [47]. Moreover, the published data suggest that the prognostic value of CTCs
is independent of clinicopathological factors such as tumor type and grade, race, age, or
platinum therapy status. It is concluded that the evaluation of CTCs may offer clinicians a
more reliable method to predict cancer aggressiveness earlier [22].
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CTCs’ clinical utility seems to rely greatly on molecular profiling of the isolated
cells. For example, evaluation of gene expression followed by immunofluorescent staining
proved to be useful in identifying a novel CTCs biomarker—PPIC. Experiments of quantifi-
cation of PPIC expression in CTCs may help identify patients who are at risk of ovarian
cancer recurrence, and for whom therapeutic strategy may need to be adjusted [7].

Another recent study by Zuo et al. attempted to correlate the clinical features of
OC patients with the presence of CTCs and measurements of miR-181a. The results of
the experiments indicate that quantification of miR-181a expression in CTCs may be an
alternative method for early diagnosis and be of prognostic value [48].

Other researchers focus on the expression of markers, including EpCAM, MUC-1,
HER-2, and WT1, and claim that such CTCs’ gene expression profiling makes it possible
to predict the likelihood of chemotherapy resistance and evaluate prognosis as well as
the potential to develop novel molecular targets for specific biological therapies. Zhang
et al. also prove that using this methodology, CTCs may be detected in the blood of
patients in all stages of EOC disease, while Aktas et al. and Wang et al. document that the
occurrence of CTCs significantly correlates with shorter OS before surgery but also after
chemotherapy [43,47,71].

Other studies document that quantification of ERCC1 (excision repair cross-complemen-
tation group 1) or cyclophilin 3 expression in iCTCs might be used to monitor platinum
resistance and post-therapeutic outcome of ovarian cancer patients [7,23]. Those conclu-
sions were based on the fact that platinum-based chemotherapy potentially selects ERCC1-
and cyclophilin 3-positive CTCs [7,23].

Despite so many studies documenting the significance of circulating tumor cells in
cancer progression, some research groups still find it unlikely for CTCs to become a diag-
nostic biomarker in ovarian cancers. Doubts may be the consequence of either insufficient
support in the collected research data or simply the assumption that the nowadays avail-
able assays for cell enrichment are simply not suitable enough to become part of the
standard procedures [11,50].

Moreover, the available data documenting the clinical utility of CTCs is very diffi-
cult to interpret and compare. Studies show no consistency in the process of patients’
enrollment, the amount of blood analyzed, or a consensus on the type of methodology
applied for CTCs isolation and identification. Thus, much more effort should be made
to develop better validation and uniform methodology for CTCs detection. This process
also includes optimization of targeting CTCs surface markers to identify the cells more
accurately. Perhaps in the case of ovarian cancer, more attention should also be drawn to
CTCs clusters, which have been proven to be mediators of metastasis.

Most studies presented in the review indicate that CTCs detected in the blood of OC
patients may have clinical significance. Even though their use as markers for ovarian cancer
screening is still limited, CTCs can help in cancer diagnosis and evaluation of the disease
prognosis. Moreover, since blood sampling is minimally invasive and allows serial analysis,
CTCs provide a tool for therapy response monitoring and/or treatment modification,
especially in the context of minimal residual disease as well as disease relapse monitoring.

Taking everything into consideration, a standardized methodology for CTCs and CTCs
cluster detection and characterization should ensure high sensitivity and reproducibility
of an assay that could become a clinically reliable blood test for predicting outcomes of
women with ovarian cancer.

5. Conclusions

Identification of ovarian cancer cells and their dissemination is crucial for disease
detection, monitoring of its progression, and treatment. Metastasis is strongly dependent
on the molecular characteristics of invasive cancer cells. Thus, detailed analysis and
understanding of the mechanisms driving OC metastasis are needed to improve patients’
survival. These mechanisms may lead to the personalization of the treatment, particularly
the development of drugs and/or therapies blocking cancer cell dissemination.
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The data supporting the clinical utility of CTCs in metastatic OC is very difficult
to interpret and compare. The results of the up-to-date published research show no
consistency in the process of patients” enrollment, the amount of blood analyzed, or a
consensus on the type of methodology applied for CTCs isolation and identification. Thus,
much more effort should be made to develop better validation and uniform methodology
for cell detection. Even though CTCs use as markers for ovarian cancer screening is still
limited, they can support cancer diagnosis and evaluation of the disease prognosis.
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