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ABSTRACT

Primary cancer resections and in selected cases surgical metastasectomies significantly improve survival,
however many patients develop recurrences. Circulating tumor cells (CTCs) function as an independent marker
that could be used in the prognostication of different cancers. Sampling of blood and bone marrow
compartments during cancer resections is a unique opportunity to increase individual tumor cell capture
efficiency. This review will address the diagnostic and therapeutic potentials of perioperative tumor isolation and
highlight the focus of future studies on characterization of single disseminated cancer cells to identify targets for

molecular therapy and immune escape mechanisms.

Introduction

There have been very different and often spiritual theories since
antique times about the development and spread of cancers. In
1889, the British surgeon Stephen Paget suggested the seed and
soil' theory of metastasis of cancer allowing tumor cells to seed
via the bloodstream into distant organs (the 50ils).}® This con-
cept has been widely accepted until the 21* century. The Amer-
ican surgeon William Halsted (born 1852) extended this theory
to the lymphatic system and integrated it into his practice of
breast cancer by performing resections of axillary lymph
nodes.”

The initial morphological description of circulating tumor
cells (CTCs) goes back to 1869 when the Australian physician
Thomas Ashworth identified cancer cells similar to the ones of
the primary tumor in the blood vessels of autopsied cancer
patients.” Since then a number of techniques have been devel-
oped for the isolation of CTCs in peripheral blood, including
reverse transcriptase polymerase chain reaction (rt-PCR),
immunocytochemistry, flow cytometry, microchips, and size-
based filtration methods.® Enrichment and detection of CTC in
the blood has been one of the most active areas in translational
cancer research. More than 50 detection assays have been
established with more than 200 clinical trials being incorpo-
rated CTC.”

Most trials have incorporated patients with advanced
stage IV disease since these patients are harboring higher
numbers of CTCs than patients at the early stages.*'® Sur-
gical candidates with localized, resectable cancers and lim-
ited tumor burden are a specific set of potentially curable
patients. These patients integrating with additional systemic
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treatments before or after surgical resection could further
improve survival rates. But in patients with limited metasta-
ses that usually have low baseline CTC numbers periopera-
tive CTC isolation is a unique opportunity to increase CTC
yield.'"" Intraoperative CTC isolation is an exceptional
opportunity to isolate more CTCs as it allows access to
blood in proximity to the tumor outflow. The major advan-
tage for surgeons is that they often have access to compart-
ments that other disciplines do not have, e. g. tumor blood
outflow and inflow in proximity to the tumor. CTC dissem-
ination can also be studied right before and after resection
at any time point. Moreover, the surgical technique and
extent of manipulation may impact CTC shedding, recur-
rence rates and eventually the outcome of a cancer patient.
Individual cancer cells that have spread to other organ sites,
such as the bone marrow (BM), are called disseminated
tumor cells (DTCs). Although DTCs are present in other
compartments including the lymphatic system, BM might
serve as a special reservoir for DTCs, where they can home
and survive and then recirculate to invade other distant
organs such as liver or lungs, which might offer more favor-
able growth conditions. The bone marrow might be a reser-
voir for blood-borne DTCs.

Clinically, development of objective criteria for surgery
selection, prognosis and multidisciplinary treatments in cancer
patients has been a challenging task. The ability to isolate CTCs
provides a powerful tool to monitor the response to treatment,
improve early detection and personalize prognosis for our
patients. '> Detection and characterization of CTCs could pro-
vide valuable insight toward improving treatment and identify-
ing novel biologic targets.
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Perioperative detection of circulating tumor cells
CTC detection techniques

One of the major limitations in CTC detection is rare CTC
quantity in the peripheral blood.'»'* One milliliter of human
blood carries approximately one billion red blood cells, 7 mil-
lion white blood cells and 300 million platelets, but only about
1-10 CTCs."> The most effective CTC detection test would
have an optimal (100%) sensitivity, specificity, positive/nega-
tive predictive value and overall accuracy. The detected CTCs
should be the ones that have the potential to grow to a solid
metastasis and could be replicated in culture so that features
of malignancy and therapeutic chemosensitivity testing can be
reliably done. There have been different types of CTCs
described. The traditional CTC has been described to be large
with rather irregular shape and subcellular morphology with
an intact, viable nucleus, expressing cytokeratins (CK) con-
firming the epithelial origin and does not express CD45
excluding a haematopoietic origin.'"® However, there have
been CK negative (CK-) CTCs described that might be the
ones of highest relevance that express mesenchymal and stem
cell markers.'” There are also apoptotic CTCs with features of
cells undergoing cell death. Yet, small CTCs that are CK+
and CD45- resembling rather white blood cells could also be

of high relevance, in particular since small cell cancers are
highly aggressive and dedifferentiated tumors. Finally, clusters
of 2 or more CTCs that are adherent to each other are a quite
often noted and interesting phenomenon that have been asso-
ciated with poor prognosis.'®"’

Only a few (1/1000) CTCs have the potential to eventually
initiate metastatic growth.'>'* Most CTCs are non-proliferating
(Ki-67 negative) and resistant to chemotherapy, and some sub-
sets may just have a promotor role for other cancer cells.** Mul-
tiple techniques for CTC enrichment and detection have been
developed.® Quite many CTC capturing method are based
upon immuno-affinity relying on the expression of epithelial
cell surface markers such as EpCAM-1. Other methods depend
on on biophysical characteristics that distinguish cancer cells
from normal cells. As outlined in Table 1, direct CTC detection
methods are also based on cell size (e. g., ISET®, FSMA/micro-
filters), deformability, bioelectric properties, or immune-affin-
ity (magnetic cell sorting (MACS), immunomagnetic
enrichment techniques (e. g., CellSearch®)).?! Gradient separa-
tion centrifugation with Ficoll-Paque or OncoQuick® has been
used to separate CTCs in high yield based on their Bouyant
density. In addition, cell adhesion matrix platforms, enzymatic
(EPISPOT), electrophoresis, or microscopic features have also
been reported.”!

Table 1. Examples of detection technologies for CTCs in peripheral blood and DTCs in bone marrow.

Secondary CTC/DTC detection

Enrichment technique and identification
approach Technology Source Primary enrichment markers Comments
Immunological CellSearch® by Veridex Blood (7.5 ml) EpCAM-labeled ferrofluids Immunocytochemistry: CK (8/ Semiautomated system; FDA-
18/19), CD45, DAPI (nuclear approved for stage IV
staining) breast, colon and prostate
cancers

AdnaTest® Blood (7 ml) Immunomagnetic (EpCAM, Multiplex PCR: Twist, Akt2, Detection of epithelial,

MUC-1, Her2) PI3Kor mesenchymal and stem cell
features

EPISPOT assay Blood, BM (10 ml) Immunomagnetic (depletion of ~ Culture & Detection of viable, secreting

CD45- cells) Immunocytochemistry: CK19, CTCs/DTCs
MUC1, Cath-D (breast); CK19
(colon); PSA (prostate); TG
(thyroid)
PowerMag® Blood (5 ml) Dextran-coated magnetic Immunocytochemistry: EpCAM  Detection technique is
nanoparticles: depletion of comparable to FDA-
CDA45+ cells approved CellSearch®
system
Size ISET® (Isolation by Size of Blood (5 ml) Filter Cytology & High sensitivity
Tumor cells) Immunocytochemistry:
haematoxylin, CK
FSMA (flexible spring Blood (7.5 ml) 3-dimensional microfilter Immunocytochemistry: CK High sensitivity, mesenchymal
microarray) and stem cell markers can
be stained, allows culturing
Density Oncoquick® Blood (15 ml) Density gradient centrifugation ~ Immunocytochemistry: CK Allows different additional
analysis
(immunocytochemistry, rt-
PCR, cell culture, cell
sorting)

Ficoll-Paque BM (15 ml) Density gradient centrifugation  Immunocytochemistry: CK Traditional technique for
purification of DTCs from
bone marrow

Electrophoresis ApoStream® Blood (7.5 ml) Dielectrophoretic forces Immunocytochemistry: EpCAM,  Cells can be cultured
K
Microscopy Epic Sciences® Blood (10 ml) RBC lysis, centrifugation Immunocytochemistry: CK Automated scanning system,

EpCAM-independent, CTCs
are identified on marker
expression and
morphology

BM: bone marrow; EpCAM: Epithelial cell adhesion molecule; CK: Cytokeratin; RBC: Red blood cell.
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Table 2. Different compartments that can be sampled for perioperative CTC and DTC isolation.

CTC sampling sites Compartment Sampling time points

Abdominal cancers Peripheral vein Outflow (posthepatic) Anytime
Portal/mesenteric vein Outflow (prehepatic) Surgery
Radial artery Inflow Surgery
Central venous line Outflow (posthepatic) Surgery
Mediport Outflow Anytimet

Lung cancer Peripheral vein Inflow Anytime
Central venous line Inflow Surgery
Mediport Inflow Anytime
Pulmonary vein Outflow (proximal) Surgery
Radial artery Outflow (distal)

Other cancers (e. g., breast, Peripheral vein Inflow Anytime

prostate, head and neck)

Radial artery Inflow Surgery
Central venous line Outflow Surgery
Mediport Outflow Anytime
DTC sampling sites

Lung cancer Sternum, ribs, iliac crest Bone marrow Surgery

All cancers lliac crest Bone marrow Surgery
Lymph nodes Outflow of lymphatic system/first Surgery

draining (sentinel) lymph node

The only technology approved by the US Food and Drug
Adminstration (FDA) is CellSearch® by Veridex. It utilizes sev-
eral molecular parameters to isolate CTCs: antibody-mediated
immunomagnetic enrichment with epithelial cell adhesion
molecule (EpCAM), nuclear staining with 4',6-diamidino-2-
phenylindole (DAPI), and immunofluorescence detection with
cytokeratins (CKs) and CD45.%* CellSearch® qualifies a cell as a
CTC if it is EpCAM+, CK+, has an evident nucleus visualized
by DAPI, and is negative for the pan-leucocyte marker CD45.
Due to its proven reliability and prognostic impact, it is the
only system approved by the FDA for the enumeration of
CTCs in metastatic colorectal, prostate, and breast cancers.”
Several studies have demonstrated the clinical significance of
CTC numbers as a prognostic marker in these tumors.>**2°

However, the CellSearch® technology does not detect CTCs
in many patients with widely metastatic disease, even some of
them have exceedingly high CTC numbers in the peripheral
blood.® Therefore, CTCs were also isolated by filtration from
the waste of CellSearch system, indicating that cells are missed
by the CellSearch® system.”” EpCAM-independent detection
techniques have a higher CTC capture efficiency than
CellSearch®." In most carcinomas, tumor progression impli-
cates a shift toward a mesenchymal phenotype, a process
referred to as the epithelial-mesenchymal transition (EMT)
and considered to be crucial for metastasis.”*>° EpCAM is not
expressed by all tumors and can be downregulated during
EMT.”" EpCAM-independent isolation techniques detect more
CTCs, even if the primary tumor or metastasis expresses
EpCAM at high levels.”'" These findings suggest that a subset
of CTCs may still down-regulate EpCAM and escape the
CellSearch® system, and that may explain why higher CTC
numbers could be detected with the EpCAM independent
methods.'" Size-based detection techniques have also been
developed since CTCs (12-25 pum) are larger than 95% of all
leukocytes (7-15 um) and much larger than erythrocytes (5-
7 um).'>** Filter devices can be microfabricated from poly-
mers.”> These devices allow isolation of CTCs using the
CellSearch® system’s definition of CTCs (Pan-CK"/CD45/

DAPI™), yet they are EpCAM-independent. Our previous stud-
ies have shown that a filter device has a higher CTC capture
efficiency than CellSearch®.'”** Microfiltration also allows
rapid bedside processing of blood and these devices have been
widely tested for cell enrichment.”>**>* Rapid enrichment is
desirable to minimize disruption to cells and to preserve cell
phenotypes. These and other techniques give option to add
additional, more specific markers and culture CTCs.1940

Perioperative CTC detection

A significant advantage of CTC isolation in a surgical setting is
the access to compartments that are usually not accessible, e. g.
tumor blood outflow and inflow in proximity to a tumor
(Table 2). CTC dissemination can also be studied during, right
before and after resection or at any other time point. There have
been few studies published on perioperative detection of CTCs,
and most of these have involved low patient numbers. In addi-
tion to major and seminal studies on CTCs in advanced/stage
IV breast cancer, one study demonstrated presence of CTCs in
30% of patients with localized breast cancer both before and after
surgery, with a shift from positive to negative and vice versa in
40% of cases.”**" In colorectal cancer, the detection rate and
quantity of CTC is significantly increased intraoperatively during
colorectal cancer resection and is significantly higher in the sam-
pled portal vein compared to peripheral venous blood.** Less
CTC were also detected during minimally invasive laparoscopic
surgery compared to open approach, most likely as result of the
medial to lateral approach that ligated tumor supplying vessels
early.” In addition, studies have included liver resections for
colorectal cancer metastases.”> In one trial the peripheral vein,
an artery, the hepatic portal vein, and the hepatic vein were sam-
pled and the study demonstrated a significant higher number in
the portohepatic blood circulation and a significant CTC
decrease after cancer removal.*** Other studies with few
patients demonstrated that CTCs can be isolated more frequently
in tumor outflow than in the peripheral blood during surgery of
primary colorectal cancer.**** A recent trial revealed that CTCs
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are elevated in the outflow (mesenteric vein) of primary colorec-
tal cancer, and comparison with peripheral blood demonstrated
lower numbers of CTCs, suggesting that the liver captures CTCs
before they enter the peripheral circulation.*> Of note, the CTC
yield is much higher during colorectal cancer lung and liver
metastasectomy than preoperatively.'' But investigators have also
integrated the concept of perioperative cancer outflow CTC
detection in primary lung cancer. A lung lobe has a large and
single outflow vessel, the pulmonary vein that can be sampled
intraoperatively at low risk. Pulmonary vein sampling results in
significantly higher yields of CTCs in early-stage lung cancers."””
CTC detection rate has been demonstrated to be much higher
after surgical manipulation in particular in lung cancers with
lymphatic invasion.*® CTCs were seen in less higher numbers in
patients treated with minimally invasive, video-assisted (VATS)
lobectomy than in cases that underwent open thoracotomy.*’

To what extent the surgical technique and manipulation
may impact CTC shedding, recurrence rates and eventually the
outcome of cancer patients has still to be investigated. The
impact of ischemia (after ligation of supplying blood vessels)
on tumor cell dissemination during cancer surgery could also
be of high interest to the field. A study on transarterial chemo-
embolization (TACE) of hepatocellular cancer has been per-
formed and there were more CTCs in central right atrial than
in peripheral venous blood, yet the CTC quantity remained
unchanged after TACE at both sample sites.™

There are also other interesting areas that can be addressed
in future, such as studying responders undergoing neoadjuvant
treatment protocols. A critical issue is not only the compart-
ment, but also the time point for blood draws. In own studies
we chose the skin incision (baseline), resection phase (during
manipulation or before ligation of major tumor-supplying ves-
sels), shortly (e. g., 30 minutes) after removal of specimen and
postoperative day one."' During the resection phase CTC yield
is highest. Other time points in the long term for longitudinal
outcome studies after surgery might be very valuable, also to
test how long CTCs do persist in the blood and when systemic
treatments might be most appropriate to target these. Just to
mention, in the perioperative setting blood transfusions might
exclusion criteria for perioperative CTC analysis.

How CTCs are shedded (constantly, pulsatile, randomly,
purely mechanical) is also unknown. Moreover, whether these
cells are viable, apoptotic or necrotic cancer cells has also to be
further tested. The efficiency of perioperative detection actually
raises a potential concern, since there are now a number of
reports which describe physical translocation of CTCs into the
circulation (blood or lymph) during surgical procedures.”’® In
some instances, their forced release appears to have prognostic
relevance for patients. For example, hematogenous dissemina-
tion of cancer cells during surgery for lung cancer has been
reported and was related to clinical prognosis, and similar
observations have been reported for hematogenous and lym-
phatic spread in esophageal, stomach and colorectal can-
cers.”**>* > On the other hand, in other cancers (e. g,
pancreatic) the forced mechanical dissemination does not affect
prognosis.”” There are also reports of direct physical seeding of
cancer cells during percutaneous biopsies.®"*> Of note is that
CTC clusters (consisting of 2 to up to 20 adherent cells) from
clinical blood samples have been described and that they can be

Table 3. Detection rates of CTCs in peripheral blood and DTCs in bone marrow of
patients without distant metastases (M0).

CTC detection  References  DTC detection
Cancer type rate rate References
Breast 25-40 % 41,94, 95 20-40 % 73,75
Colorectal 5-50 % 42,96 20-30 % 85,97, 98
Esophageal 20% 99 30-40 % 76, 100
Gastric 30-60 % 101, 102 35-60 % 103, 104
Head and neck 40-80 % 105, 106 20-30 % 107,108
Lung (NSCLC) 30-50 % 109, 110 40-60 % 111-113
Pancreatic 10-75 % 114,115 20-35% 97,116, 117
Prostate 10-98 % 118,119 20-50 % 120-122

preserved for analysis by gentle handling and processing of the
samples.'® Aggregate clusters of CTCs have been reported in
several cancer types, but their clinical significance is not fully
understood.”**®® Their exact biologic role in tumor spread
applying novel technologies has still to be investigated. Clotting
of perioperative blood samples can be problematic for investi-
gators. This could most likely be due to hypercoagulable states
in cancer patients and risk for thrombotic events is particularly
high during cancer surgery with challenging perioperative fluid
management.””’® Finally, it has been demonstrated in mice
that CTCs might relocate to the primary cancer organ site
(tumor self-seeding) and promote tumor progression.”' This
self-seeding of CTCs could explain local recurrences in the
original organ despite complete surgical excision.

Disseminated tumor cells (DTCs) in the bone marrow

Individual tumor cells migrating into the bone marrow (BM),
lymphatic system and other organs except the blood, are called
disseminated tumor cells (DTCs). DTCs can be consistently
detected in the BM in all solid tumor types that do not have dis-
tant metastases (MO) at a rate of 20 to 60% (Table 3).*
Although most data on the prognostic value of DTCs are for
breast cancer, studies from several independent institutions on
patients with colon, esophageal, lung and prostate cancer dem-
onstrate the association between presence of DTCs at primary
surgery for localized cancer with subsequent metastatic
relapse.”>”® Detection of residual disease by repeated BM sam-
pling is the standard of care in patients with leukemia or lym-
phoma, but invasive BM sampling is not yet accepted and
difficult to introduce in the clinical management of patients with
solid tumors, although BM sampling can be done without pain
or morbidity perioperatively when patients are under anesthesia
for tumor resections.”>”®

Although DTCs are present in other compartments includ-
ing the lymphatic system, BM might serve as a special reservoir
for DTCs. DTCs can home to the BM and survive and then
recirculate to invade other distant organs such as the liver or
lungs that might offer optimal growth environments. The BM
might even serve as a reservoir for CTCs in the peripheral
blood. Subsets of DTCs and CTCs share phenotypes with breast
cancer stem cells (e.g. CD44+ CD24-/low).”” DTCs could use
the BM stem-cell environment as a niche to survive and persist
in a dormant state over years or even decades. Understanding
the stage of dormancy and the initiators to allowing dormant
DTCs to get reactivated, grow or spread and to identify the
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Figure 1. Blood sampling access sites for perioperative CTC detection. During major surgeries, such as liver and lung resections, routinely placed access catheters in the
central venous system and radial artery can be used for blood draws at no additional risks. The tumor outflow of liver cancers are the hepatic veins followed by the inferior
vena cava and right atrium. Blood from the latter is accessible via the central venous line. The blood outflow of the lung as the oxygenating organ is the pulmonary vein
that can be punctured intraoperatively, but the radial artery represents it more distal and is accessible without additional intervention.

stem cell' of macrometastases are some of the most critical areas
of translational research on tumor cell dissemination and
biology.

Cancer cells expressing chemokine receptors might get
attracted to the BM (or other organs) by specific chemokines
that are excreted from cells in metastatic target organs. The BM
homing receptor for lymphocytes is the chemokine receptor
CXCR4 (interacting with the chemokine SDF-1¢) that has
been shown to be associated with migration of cancer cells to
the BM in humans and mice.”*”®

Although BM analyses provide important information about
the biology of cancer metastasis, peripheral blood drawings are
more acceptable in the clinical management of carcinoma
patients than invasive BM aspirations. Most research groups
are, therefore, focusing on the clinical value of CTC analyses, in
particular for the real-time monitoring of the efficacy of sys-
temic therapies and the detection of molecular targets related
to drug sensitivity or resistance. Yet, the BM might be a critical
compartment site carrying a key role in cancer spread.

Phenotype and genotype analysis

Trial results from patients with advanced and metastatic cancers
reveal the value of CTC detection as a ‘liquid biopsy’, but studies
on cancer patients at earlier and resectable stages are not so
promising as they have low CTC counts.” Yet, these early stage
patients are clinically very interesting as they are potentially cur-
able and can develop recurrence at later time points suggesting
that they harbor disseminated cancer cells. Current CTC detec-
tion technologies based on EpCAM selection miss a substantial
number of CTCs and these CTCs might have an aggressive phe-
notype such as an immune cell or mesenchymal phenotype with
stem cell features. In most carcinomas, tumor progression impli-
cates an EMT shift considered to be crucial for metastasis.”*>’
Mesenchymal-like CTCs present in the blood of carcinoma
patients are likely to be missed with CellSearch® as CTC detec-
tion depends on EpCAM expression. However, CTCs without

EpCAM expression may have a significant role in developing
distant metastasis.”**’ In previous studies we and other investiga-
tors were able to isolate CTCs from cancer patients with a mes-
enchymal phenotype expressing vimentin.*' It has been observed
that CTCs often stained positively for both epithelial markers
(CKs) and the mesenchymal cell marker vimentin (CK+/
vimentin+/CD45-)."” Expression of vimentin intermediate fila-
ments and downregulation of epithelial cell markers is implicated
in EMT, which is considered a pre-requisite for CTC dissemina-
tion.”***®** Other molecules involved in cell adhesion, migration
and chemotaxis have also been described to have prognostic
impact and potential key roles in metastatic dissemination of sin-
gle cancer cells to the lymph nodes and bone marrow.”**

It will be critical to identify markers for CTCs with an EMT
phenotype that can distinguish epithelial tumor cells from nor-
mal mesenchymal blood cells. Moreover, robust multiplex tech-
nologies for detailed molecular analyses of CTCs need to be
developed and validated in clinical trials. Finally, the identifica-
tion of the metastatic founder cells among CTCs might require
xenotransplantation studies in immunodeficient mice. Geno-
mic and protein or mRNA analysis can be done by single-cell
gene amplification, FISH or immunocytochemistry. Molecular
characterization of single CTCs in the same patient demon-
strated heterogeneity of EGFR expression and genetic altera-
tions in EGFR, KRAS, and PIK3CA, possibly explaining the
variable response rates to EGFR inhibition in patients with
colorectal cancer.*>® Moreover, genetic testing of CTCs will
also gather more understanding on cancer biology. Several spe-
cific and activating gene mutations (e. g., EGFR) or gene ampli-
fications (e. g., HER2) can be used to individualize treatments
in lung or breast cancer with innovative humanized antibody
treatments.*®

Culturing, chemosensitivity testing, mouse models

Culturing of CTCs from the peripheral blood can yield most
important information on the biology of replicating cancer cells
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Figure 2. Concept of a hybrid cell after fusion of a CTC with macrophages to induce immune tolerance. CTC culturing from melanoma and colorectal cancer patients with
a density centrifugation technique revealed CK+ CTCs that express pan-macrophage marker CD14 and leucocyte marker CD45. It can be hypothesized that CTCs capable
to spread and replicate in other organs induce immune tolerance by fusing with macrophages and expressing tumor antigens to the host immune system.

and aid in in vivo and in vitro testing for personalized clinical treat-
ment strategies (Fig. 3). However, culturing of CTCs (and DTCs) is
challenging as most of these cells do not have the ability to replicate
and if so, an appropriate environment has to be simulated in vitro
or in vivo. It has been estimated that about 2.5% of CTCs cause
micrometastases and 0.1% of CTCs have the potential to grow to a
solid macrometastasis.'>'** In a recent study colorectal cancer cell
lines were successfully grown from peripheral blood of patients.”
Functional studies showed that these cultured cells were even capa-

ble of growing into in vivo tumors after xenografting in immuno-
deficient mice. The establishment of cancer cell lines from CTCs
will allow functional studies on the biology of CTCs as well as in
vitro and in vivo chemosensitivity testing. OncoQuick® enrich-
ment is based on the fact that CTCs have a lighter Bouyant density
than peripheral blood mononuclear cells, so that they remain on
top of the liquid (of defined density) used for the separation after
centrifugation. We have previously reported on colorectal cancer
CK/CD45+ CTCs expressing the pan-macrophage marker CD14,
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Figure 3. Current and future potential clinical implications of perioperative CTC and DTC detection.



a potential fusion cell that can influence the antigen recognition of
the host immune system to the advantage of the cancer.*’

Growing into in vivo tumors from cultured CTCs or DTCs
after xenografting in immunodeficient mice has been achieved
by few investigators only, and this holds outstanding potential
for individual drug testing.”

Immune escape mechanisms and induction of immune
tolerance: fusion cells

In 1911 the German pathologist Otto Aichel (1871-1935) sug-
gested already that cancer cells fuse with white blood cells to
hybrids allowing them to migrate in the blood and lymphatic
system and eventually grow to metastases.”’ Consequently
tumor cell fusion with white blood cells (‘hybrids’) has been a
long-standing theory of cancer spread.”> More recently, differ-
ent studies suggested macrophage—tumor cell fusions (hybrids)
in cancer spread, including colorectal cancer and melanoma.”?
Tumor-associated macrophages may fuse with epithelial cancer
cells at the site of the primary tumor or even metastasis. These
hybrids might then induce the EMT transition in some cancer
cells, allowing them to escape into the blood and lymphatic sys-
tem (along with the hybrid cells) and colonize distant
organs."””” Like other investigators we hypothesize that CTCs
undergo EMT and acquire the skill to induce immune toler-
ance. CD45 is a pan-leucocyte marker and CD14 is highly
expressed by macrophages. In a previous study we detected
large CK+4-/CD454-/CD14+4 CTCs enriched by an established
and simple centrifugation technique (OncoQuick®) and cul-
tured CTCs from melanoma, pancreatic and colorectal
patients.*” These cultured CTCs from peripheral blood of can-
cer patients (but not healthy controls) could be grown through
multiple passages. Further analysis of viable and replicating
CTCs in culture revealed again CK positive CTCs expressing
leucocyte marker CD45 and macrophage marker CD14 sup-
porting the hypothesis that certain CTCs fuse with macro-
phages. This would allow CTCs/macrophage hybrids to induce
T cell immune tolerance (Fig. 2). A recent study on CTCs in
colorectal cancer also included a gene expression analysis that
revealed both a pronounced upregulation of CD47 as a poten-
tial immune-escape mechanism and a significant downregula-
tion of several other pathways, suggesting a dormant state of
viable CTCs.”” Results suggested mutational heterogeneity
between tumor tissue and CTCs and upregulation of immune-
escape pathways that may be responsible for survival of CTCs
in cancer patients. Further emphasis on analysis of cultured
CTCs that are capable to replicate could explain what kind of
metastases cause CTC dissemination, and these studies can
lead to the detection of novel molecular therapy targets and
establishment of immune therapy modalities.

Perspectives

Perioperative detection of single tumor cells in different body
compartments holds outstanding potential to increase under-
standing of metastasis biology and improve treatment options
for patients (Fig. 3). There are certainly several pitfalls with
studies on perioperative detection of CTCs since they mostly
low sample size and potential for selection bias. Patients are

CANCER BIOLOGY & THERAPY 865

heterogeneous and some subjects have previously received vari-
ous systemic and surgical treatments. On the other hand, study
populations are unique as patients either have a primary tumor
only or a limited number of metastases that will be completely
resected and these patients have a high chance for cure.

It is of particular interest to characterize CTCs with an
immune cell, stem cell and mesenchymal phenotype. The ulti-
mate goal is to develop reliable and repeatable methods to iden-
tify and culture CTCs and examine their chemosensitivity to
novel drugs and various treatments. The understanding of how
cancer cells manipulate the immune system and the host envi-
ronment will significantly increase the options for oncologic
treatments. CTC phenotype analysis needs to be multiplexed
with several molecular markers and include mutational testing.
Moreover, detection of high CTC numbers in the cancer out-
flow could lead to clinical trials on local and even intra- or peri-
operative treatments to prevent further CTC dissemination,
such as transarterial drug application. CTC sampling in direct
proximity to the tumors in addition to routine sampling at
baseline or in follow-up can be added during resections. As
transjugular hepatic vein blood (outflow of the liver) sampling
is part of routine preoperative evaluation, CTC detection could
be added even in non-surgical candidates for therapy stratifica-
tion at minimal risk. In future studies, CTC data will have to be
correlated to survivorship data, and results may explain why
and which CTCs cause recurrences.

CTC isolation in general and specifically during surgical
resection will increase understanding of CTC shedding during
surgery. Future studies will need to improve techniques for iso-
lation, culturing and characterization of relevant CTCs to fur-
ther understand cancer spread biology, and improve
management of patients undergoing cancer-related surgery. In
conclusion, the detection and characterization of individual
tumor cells in the blood, bone marrow and other organs will
provide new insights into the complex biology of cancers with
important implications for the clinical management of onco-
logic patients.
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