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Abstract

Circulating tumor cells (CTCs) are malignant cells separate from primary tumors, which can
migrate through the peripheral blood, colonize other tissues, and lead to the formation of
metastases. The first description of CTCs dates back to 1869 when Thomas Ashworth recognized
malignant cells similar to the ones of the primary tumor in the blood vessels of an autopsied
patient with metastatic cancer. Currently, CTCs have been identified in various types of cancer
and have been recognized for their clinical value in the prediction of prognosis, diagnosis of
minimal residual diseases, assessment of tumor sensitivity to anticancer drugs, and personalization
of therapies.

However, research about these topics has several limitations, principally the rarity of CTCs in
bloodstream and their heterogeneous characteristics, which makes detection and isolation difficult.
As a result of these limitations, current studies are focused on improvement of isolation and
characterization techniques to achieve better sensitivity in clinical applications. This review covers
the methods of CTC isolation and detection and current research progression on CTC in different
cancer types. The clinical applications, limitations, and perspectives of CTCs are also discussed.
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Introduction

Mechanisms of cancer progression and spreading have been a focus of surgeons and
researchers for more than 100 years. These investigations have formed the basis that made
possible the recent insights gained in these processes. Circulating tumor cells (CTCs)

are malignant cells that disseminate from the primary tumor, circulate in the peripheral
blood, and have the potential of colonizing other tissues, eventually leading to metastasis.
Metastasis is the principal cause of cancer-related death, and it is accepted that it occurs
when the microenvironment shows appropriate conditions for implantation and growth of
CTCs in secondary sites, forming tumors in distant organs [1].

CTCs have been isolated from patients with various types of cancer and are recognized
to be useful in increasing our understanding of tumor progression and metastasis,
besides prognosis, monitoring of recurrences, therapeutic responses, and drug resistance
mechanisms. Although clinical applications are limited by poor detection of CTCs using
current isolation processes, frequently caused by the heterogeneous immunophenotypic
features of CTCs, promising steps are being taken in the use of CTCs for personalized
anticancer therapies [2].

9.2 Historical Background

The first morphological description of CTCs dates back to 1869 when the Australian
physician Thomas Ashworth recognized malignant cells similar to the ones of the primary
tumor in the blood vessels of an autopsied patient with metastatic cancer [3]. Later, the
American surgeon William Halsted extended this theory to the lymphatic system and
incorporated it into his practice by performing resections of axillary lymph nodes in breast
cancer surgeries [4].

In 1889, the British surgeon Stephen Paget proposed the “seed and soil” theory of metastasis
in which he compared selected tumoral cells with a seed that dislocates via the bloodstream
and reaches specific distant organs that form the soils for sowing [5]. Paget examined more
than 900 autopsy records of patients with several types of cancer. He observed discrepancies
between the relative blood supply and the frequency of metastases in certain organs, and

he also found that visceral and bone metastasis did not occur randomly, but followed
distinct patterns. This discarded the belief of that time that metastasis was an outcome of
fortuity, and he concluded that certain tumor cells (the “seeds™) have specific affinity for the
environment of certain organs (the “soil”), and metastases arise only when the seed and soil
are compatible. Paget’s observations still hold true today.

During the twentieth century, James Ewing suggested that mechanical factors prompted
metastatic dissemination as a result of the anatomical disposition of the vascular system

[6]. Subsequently, Weiss observed some differences between regional metastasis and organ
distant metastases, as the clinical data were reviewed on site prevalence of metastases of
diverse human malignancies [7]. The regional involvement could be related to anatomical or
mechanical factors, such as the efferent venous circulation or lymphatic drainage to regional
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lymph nodes. In contrast, metastases to distant organs of several types of cancers were more
site specific [8].

In 1980, lan Hart and Isaiah Fidler supported the “seed and soil” hypothesis to explain

the non-random pattern of cancer metastasis, when they documented the selective nature of
metastasis in an assay of experimental metastasis of B16 melanoma in syngeneic mice [9].
The results showed that despite some occurrence of mechanical arrest of tumor cells in the
capillary niche of distant organs, subsequent proliferation and growth into metastatic lesions
were defined by specific organ cells (Fig. 9.1).

9.3 Detection Methods

The first methods for detection of CTCs in peripheral blood of patients with cancer

were reported in the twentieth century, using filtration and sedimentation techniques.

Using a filtration approach, Salgado et al. showed that tumor cells were commonly

present in peripheral blood and in blood drained from tumor sites at surgery [10]. The
protocol consisted of collecting blood samples in a syringe containing heparin followed by
centrifugation. After this, the cells were incubated with a hemolyzing agent (streptolysin O)
to destroy red blood cells and some white blood cells and then filtered through a Millipore
filter. Finally, the cells were fixed and stained by the Papanicolaou technique. On the other
hand, Alexander and Spriggs used a method to concentrate white cells by sedimentation
followed by searching for the tumor cells [11]. In this technique, patient blood was mixed
with a solution of dextran and heparin to sediment the erythrocytes and the fluid centrifuged
for 10 min and then spread on slides to allow May-Grunwald-Giemsa staining. After this,
the slides were examined under the microscope to detect unusual cells.

Today, almost a century later since the report of CTCs by Ashworth [3], numerous specific
and sensitive technologies have emerged to detect CTCs in the bloodstream. However,

the current methods used are an improvement over the first methods described. Detection
techniques can be classified into two main groups according to the CTC properties based on
biological or physical properties (Fig. 9.2).

9.3.1 Biological Properties

9.3.1.1 Density Gradient Centrifugation—The low density of CTCs (<1.077 g/mL)
allows them to be distinguished from erythrocytes, leukocytes, and platelets. Centrifugation
of blood samples allows separation in the pellet with normal blood cells and CTCs gathering
at the interphase on differential step density gradients. Additional analyses can be performed
in these CTCs by integrated cell culture (ICC) and polymerase chain reaction (PCR) [12].

9.3.1.2 Filtration—In 2000, Vona et al. [13] presented a new technique called
“isolation by size of epithelial tumor cells ASET)” in order to detect and count CTCs

in peripheral blood samples of patients with carcinomas. In addition, this technique

allows the immunocytological and molecular characterization of the cellular population.
The method consists of diluting peripheral blood with a mixture of substances (saponin,
paraformaldehyde, ethylenediamine tetraacetic acid (EDTA), and bovine serum albumin) to
be subsequently filtered by gentle aspiration under vacuum, using a module of filtration
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and a calibrated polycarbonate mem-brane with 8-um-diameter cylindrical pores. Soon
after, the isolated cells can be stained with hematoxylin and eosin (H&E) or May-Grunwald-
Giemsa and studied by immunostaining, laser microdissection, and/or fluorescence in situ
hybridization (FISH).

9.3.2 Physical Properties

The first immunomagnetic separation of CTCs was developed by Racila et al. [14]. At
present, it is the most used technique due to its effectiveness for both detection and
isolation. Also, it is the only method approved by the Food and Drug Administration (FDA)
for this purpose. The assay combines immunomagnetic enrichment with flow cytometry
and immunohistochemistry, using magnetic beads labeled with antibodies against specific
target cell antigens, which can be used to identify the cells via a magnetic field. For the
immunomagnetic separation phase, two approaches are available, although both selection
procedures can be combined [15].

9.3.2.1 Negative Selection—This approach involves depletion of leukocytes using
anti-CD45-labeled magnetic beads, with the CTCs being the non-selected cells.

9.3.2.2 Positive Selection—In this approach, the isolation of CTCs is achieved using
magnetic beads labeled with antibodies against CTC surface proteins such as epithelial
cell adhesion molecule (EpCAM), epithelial specific antigen (HEA), and anti-cytokeratin
peptides.

In order to obtain more accurate results, modifications to this technique have been described
by several authors; an example is the microchip technology developed by Nagrath et al. in
the USA [16]. This method has the advantages of high-throughput processing, low shear,
and efficient isolation with no requirement of pre-labeling or processing of the samples [17].
This technology consists of the interaction of target CTCs with antibody (EpCAM)-coated
microposts under precisely controlled laminar flow conditions [16]. Additionally, Deng et
al. showed that the use of anti-cytokeratin antibodies in combination with the anti-EpCAM
antibodies enhances assay sensitivity significantly [18].

9.4 Research of Circulating Tumor Cells in Several Types of Cancers

Research in cancer is focused in the development of therapeutic targets and early
identification of metastases to reduce mortality rates [19] In this case, the identification
of CTCs was a big scientific breakthrough that has been studied in several types of cancer
[2]. The principal studies performed are summarized in Table 9.1.

9.4.1 Breast Cancer

The first clinical study using the CellSearch System to identify and determine the prognostic
significance of CTCs was performed in women with metastatic breast cancer (MBC).
Patients (r7=117) were separated in two groups according to the number of CTCs before
the chemotherapeutic treatment: (1) fewer than 5 CTCs/7.5 mL of whole blood and (2)
higher than 5 CTCs/7.5 mL of whole blood. The results showed that the number of CTCs in
patients with MBC is an independent survival predictor, due to subjects with higher counts
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of CTCs having shorter progression-free survival and overall survival rates than the patients
with fewer CTCs [20].

9.4.2 Colorectal Cancer

Colorectal malignant neoplasms are the second cause of cancer-related deaths. Development
of chemotherapeutic agents for specific targets has been investigated with the identification
of CTCs [21]. Cohen et al. used EpCAM isolated magnetically to characterize CTCs from
patients with metastatic colorectal cancer and later analyzed their prognostic significance
[22]. The authors classified the patients into two groups based on CTC levels (€3 CTCs /7.5
mL of blood and >3 CTCs/7.5 mL of blood) and showed that patients with more than 3
CTCs had shorter median progression-free survival and overall survival, than those patients
with lower CTC counts.

9.4.3 Lung Cancer

In 2011, the American Association for Cancer Research published a study that identified
CTCs in approximately half of patients with resectable lung cancer (n7=208). This used

the ISET method associated with cytologic analyses and correlated the presence and number
of CTCs with clinicopathological features and survival. Patients showing 50 or more CTCs
in blood had worse overall and disease-free-survival (DSF), independently of clinical stage,
and presented higher risk of recurrence and cancer-related death. The number of CTCs was
a significant and independent prognostic factor of overall survival, and it was proposed as a
new prognostic biomarker [23].

9.4.4 Prostate Cancer

The relationship between CTCs and survival in patients affected by prostate cancer was
studied initially by De Bono et al. in 2008 [24]. The prospective research employed

the CellSearch System to detect and count CTCs in blood samples of subjects with
progressive disease in different stages: (1) before treatment, (2) at the start of a new line

of chemotherapy, and (3) monthly thereafter. The assay patients were categorized into either
unfavorable or favorable groups according to the number of CTCs: >5 CTCs/7.5 mL or

<5 CTCs/7.5 mL, respectively. The analysis showed that the CTC count was an accurate
predictor of prognosis, given that patients with unfavorable counts before and after treatment
had shorter overall survival rates than those with favorable counts.

9.4.5 Melanoma

In 2010, the first study of CTC identification was published concerning 87 patients

with cutaneous melanoma by ISET method, followed by CTC characterization by
immunohistochemistry (S-100, melanosome (HMB45), MART-1/Melan-A) and reverse
transcription polymerase chain reaction (RT-PCR). The methodology included a control
group of healthy volunteers with melanocytic nevi and non-melanoma skin lesions. CTCs
were identified in 29% of patients with primary melanoma and in 62.5% of metastatic
melanoma patients, while in the control group CTCs were not detected [25].
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9.4.6 Sarcomas

Recently Chinen et al. performed for the first time the isolation, identification, and
characterization of CTCs in sarcoma patients [26]. The study included blood samples from
11 patients with high-grade and metastatic sarcoma isolated by ISET. CTCs were identified
in all of the cases by cytomorphology and characterized by double immunostaining with
vimentin or pan-cytokeratin and CD45 antibodies. The number of CTCs identified varied
from 2 to 48/8 mL of blood, with the highest number of cells found in the case of an
epithelioid sarcoma and the lowest in an osteoblastic osteosarcoma. The ISET technique
was limited to study epithelial malignancies, and thus this research showed the sensitivity of
this method applied to sarcomas, a group of neoplasms with frequent metastasis and poor
prognosis.

9.4.7 Head and Neck Cancer

A prospective study evaluating 83 patients affected by head and neck cancer demonstrated
the prognostic role of CTCs in this malignancy through the ISET method. The study
evaluated blood samples of patients diagnosed with non-metastatic locally advanced head
and neck squamous cell carcinoma, treated with curative surgical resection plus adjuvant
radiotherapy, or by a non-surgical strategy (radiotherapy and/or chemotherapy). Patients
were sorted according to the count of CTCs at baseline (<6.5/mL versus =6.5/mL). CTCs
were detected in 94% of the patients (n7= 78) and significantly correlated with prognosis
and response to treatment. The 2-year overall survival was 85.6% versus 22.9% (HR, 0.18;
95%Cl, 0.06-0.49; A< 0.0001), revealing the prognostic potential of CTCs in head and neck
cancer [27].

9.5 Clinical Applications and Limitations

Cancer-related death is usually provoked by dissemination, resulting in regional and distant
metastases that could develop years after the removal of the primary tumor, despite the fact
that tumor spread may not be evident at the time of the primary diagnosis. For example,
many patients affected by breast cancer with negative axillary lymph nodes develop local or
distant metastases. This could be explained by the presence of CTCs, which would represent
the hematogenous phase of metastasis [28, 29].

Imaging has been the gold standard for disease monitoring in cancer. Combined with these
traditional methods, CTC quantification must represent an alternative approach that could
reveal micrometastases earlier than is currently possible, thereby improving the monitoring
of disease status [30]. In this regard, Bud et al. compared CTC quantification to traditional
radiologic assessment and suggested that CTC calculation is a reproducible tool that could
be used earlier in the course of disease compared to imaging evaluation [31]. It has

been proposed that CTCs play a crucial role for developing metastases. For this reason,
monitoring CTCs may provide valuable information for treatment and, in the future, could
be used as a real-time “liquid biopsy” [32, 33].

Until now, most of the studies of CTCs and prognosis using the CellSearch System (https://
www.cellsearchctc.com/) for quantification have applied a cutoff value =5 CTCs/7.5 mL for
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categorization, as proposed by Cristofanilli et al. [20]. Prognostic correlations have been
observed such that those few patients with very high levels of CTCs had a markedly short
survival time. In one-third of MBC patients, CTCs were not detected, which constitutes a
positive prognostic factor relative to patients with =1 CTCs/7.5 mL at baseline and during
treatment [34]. In MBC, the prognostic properties of CTCs were shown to be robust during
therapy by Hayes and colleagues [35].

Further than quantification, the evaluation of CTCs represents an accessible source
of molecular information about the tumor, through the presence of treatment-relevant
biomarkers (e.g., multidrug resistance proteins) [36].

Despite promising findings of several studies, CTC assessment still has not provided
information on specific staging of disease, or in the guiding of adjuvant treatment. Pesta

et al. proposed that analysis of the CTCs should provide information useful for the
management of cancer patients, fulfilling the objectives of predictive, preventive, and
personalized medicine (PPPM) [30]. However, the diagnostic value of CTC analysis is still
not sufficient for clinical use. A three-step method to study CTCs was proposed to achieve
specific uses for clinical practice. The first step is monitoring of treatment efficacy of cancer
patients. The second one is to characterize the captured CTCs at the molecular level for the
targeted treatment. The third stage is the culture of CTCs for use in a chemosensitivity assay.
These steps would allow researchers to recognize and respond to changes in the phenotype
of cancer cells during disease progression and introduce PPPM assisted by CTC analysis,
into clinical practice.

While the clinical relevance of sequential CTC counts during treatment for use as
an early response evaluation marker has been clearly demonstrated, the value of CTC
characterization to guide treatment decisions in the clinic remains to be investigated [33].

There are three main limitations for CTC isolation. The first, and probably the most
significant, is the rarity of CTCs in the bloodstream, since approximately ~1-100 CTCs
per 109 blood cells are detected in cancer patients, and a significant quantity of normal
hematological cells, such as erythrocytes and leukocytes, have to be eliminated to obtain
pure CTCs. Secondly, there is an apparent absence of CTCs in some patients. Finally, there
are morphological and genetic heterogeneities of CTCs, even when they are disseminated
from the same primary tumor. This latter property may make the isolation of CTCs difficult
and the utility could be limited as the testing of drug response using such cells may differ
from that of the primary tumor [2, 37-39].

It has been proposed that these limitations may be linked [40]. Studies have found that the
lack or small number of CTCs in peripheral blood may actually be an issue of detection.

It is known that most of the time, tumor cells require epithelial-to-mesenchymal transition
(EMT) for major invasion and subsequent dissemination. When EMT occurs, CTCs suffer
phenotypic changes, such as loss of expression of epithelial markers, and they acquire more
mesenchymal-like phenotypes, which enables them to invade and survive in blood vessels
and to invade other organs [41, 42].
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Considering that CTCs are rare in peripheral blood and that CTCs with EMT may lose
expression of EpCAM, this would result in the missing of EpCAM-negative CTCs in
detection procedures based on use of the EpCAM antibody. In some cases, this could mean
missing all of the CTCs in patients. This is an important limitation of the more extended and
accepted technologies of CTC detection that are based in the presence of EpCAM in tumoral
cells [2, 43, 44].

Following this hypothesis of EpCAM expression heterogeneity in CTCs, Hyun et al. [45]
developed a model of EMT-induced MCF-7 breast cancer cells in order to study the
physical and molecular characters of these cells. They showed that EMT-induced breast
cancer cells have low levels of EpCAM expression. By RT-PCR and Western blotting, they
observed that EpCAM mRNA was substantially reduced in MCF-7 cells, which indicates
that EMT induction may result in decreased EpCAM expression levels. Also, they used a
novel EpCAM-independent isolation system that demonstrated efficient isolation of CTCs
regardless of heterogeneous EpCAM expression in breast cancer patient blood samples. This
approach is called parallel multi-orifice flow fractionation (p-MOFF), which is a chip for
high-throughput size-based CTC separation and was developed by the same research group
in 2013 [46].

Hamilton et al. studied cell lines of primary, metastatic, and CTCs of small cell lung
carcinoma (SCLC) and treated these in vitro with topotecan and epirubicin [37]. This
showed that the CTC cell lines presented considerably more chemosensitivity than
permanent SCLC cell lines, which suggests that response to second-line chemotherapy

in SCLC patients may overestimate the effect on resident SCLC lesions and metastases.
Chemosensitivity of CTCs compared to primary and metastatic tumors has been recently
studied since, in some malignancies like SCLC, a decline in the CTC count during or after
treatment could not reflect the response to chemotherapy of the permanent cells (from
primary and metastatic tumors). Consequently, the detection of CTCs may facilitate a
paradigm shift from treatment, based only on primary tumor features to a treatment that
considers the molecular characteristics of CTCs [2]. Development of new technologies that
overcome limitations of the more traditional techniques of CTC isolation will increase the
understanding of CTC biology and association with prognosis and treatments, which is
crucial in developing clinical applications. The principal clinical applications of circulating
tumor cells are summarized in Table 9.2.

9.6 Conclusion

Evidence shows that CTCs have an important clinical value in early diagnosis of metastasis,
as a predictor of prognosis, for monitoring of treatment and development of targeted
treatment approaches. However, there are several challenges ahead, principally the rarity

of CTCs in bloodstream, their heterogeneous characteristics, and cell loss during isolation
techniques. These factors make difficult the validation of a specific application of CTCs to
improve survival rates in patients. Additional studies are needed to clarify the knowledge
and to achieve better isolation techniques to pave the way for successful clinical applications
in cancer patients.
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Extended the theory to the lymphatic system
and incorporated it into his practice by
performing resections of axillary lymph
nodes in breast cancer surgeries.
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Suggested that merely mechanical factors
prompted metastatic dissemination as a
result of the anatomical disposition of the
vascular system,

Related that mechanical arrest of tumor
cells in the capillary niche of distant organs
could occur with subsequent proliferation
and growth into metastatic lesions were
defined by specific organ cells,

with metastatic cancer.

Described malignant cells
in the blood vessels

of an autopsied patient

Proposed the “seed and soil” theory, tumoral
cells are seed that dislocating via bloodstream
and reach specific distant organs that would be
the soils to sow.

Suggested that regional involvement could
be related to anatomical or mechanical
factors, and metastasis to distant organs
were more site specific

Fig. 9.1.
Timeline of the historical discovery of CTCs
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> Density gradient centrifugation

Centrifuged blood sample allows separation in the
pellet normal blood cells and CTCs gather in the
interphase by different density gradient medium.

- Filtration, Isolation by size of epithelial tumor
cells
Diluting peripheral blood with a mixture of
substances to be subsequently filtered by gentle
aspiration under a vacuum, using a module of
filtration and a membrane with cylindrical pores.

s Immunomagnetic separation

Antibodies  tethered to a magnetic
substance against specific biomarkers of the cells
to capture and identify these via a magnetic field

—— Negative: Depletion of leukocytes

—— Positive: Isolation of CTCs

Fig. 9.2.

Summary of detection methods of CTCs
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Table 9.1

Principal studies of CTCs in several types of cancer

Page 14

Method of CTC a
Reference | Type of cancer detection n Groups Main conclusion
[22] Metastatic, CellSearch n=109 <3 CTCs/7.5mL >3 Patients with less CTCs had shorter free and
colorectal system CTCs/7.5mL overall survival
[23] Resectable lung ISET method n=208 The number of CTCs was an independent
cancer prognostic factor for overall survival
[24] Metastatic, prostate | CellSearch n=231>5CTC/7.5mL <5 CTC count was the best predictor of prognosis;
system CTC/7.5mL patients with more CTCs had shorter overall
survival rates
[25] Melanoma n=287 CTCs were identified in 29% of patients with
primary melanoma and 62.5% with metastatic
melanoma patients
[26] Metastatic sarcoma | ISET method n=11 All patients showed CTCs
[27] Locally advanced ISET method n=283<6.5CTC/mL 26.5 CTCs were identified in 94% of patients and

head and neck
cancer

CTC/mL

higher counts were strongly correlated with
survival and response to treatment

CTCscirculating tumor cells, /SET isolation by size of epithelial tumor cells

a . . . . .
Some studies have categorized patients into high and low CTC count
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Table 9.2

Main clinical applications of detection and study of CTCs

* Monitoring disease status

« Detection of micrometastases

« Prognosis factor

« Pharmacological studies (e.g., drug resistance)

« Planning of personalized treatments
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