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Background: Colorectal cancer (CRC) metastasectomy improves survival, however most patient develop recurrences.
Circulating tumor cells (CTCs) are an independent prognostic marker in stage IV CRC. We hypothesized that CTCs can be
enriched during metastasectomy applying different isolation techniques. Methods: 25 CRC patients undergoing liver
(16 (64%)) or lung (9 (36%)) metastasectomy were prospectively enrolled (clinicaltrial.gov identifier: NCT01722903).
Central venous (liver) or radial artery (lung) tumor outflow blood (7.5 ml) was collected at incision, during resection,
30 min after resection, and on postoperative day (POD) 1. CTCs were quantified with 1. EpCAM-based CellSearch®
system and 2. size-based isolation with a novel filter device (FMSA). CTCs were immunohistochemically identified using
CellSearch®’s criteria (cytokeratin 8/18/19+, CD45- cells containing a nucleus (DAPI4+)). CTCs were also enriched with a
centrifugation technique (OncoQuick®). Results: CTC numbers peaked during the resection with the FMSA in contrast
to CellSearch® (mean CTC number during resection: FMSA: 22.56 (SEM 7.48) (p = 0.0281), CellSearch®: 0.87 (SEM +
0.44) (p = 0.3018)). Comparing the 2 techniques, CTC quantity was significantly higher with the FMSA device (range
0-101) than CellSearch® (range 0-9) at each of the 4 time points examined (P < 0.05). Immunofluorescence staining of
cultured CTCs revealed that CTCs have a combined epithelial (CK8/18/19) and macrophage (CD45/CD14) phenotype.
Conclusions: Blood sampling during CRC metastasis resection is an opportunity to increase CTC capture efficiency. CTC
isolation with the FMSA yields more CTCs than the CellSearch® system. Future studies should focus on characterization
of single CTCs to identify targets for molecular therapy and immune escape mechanisms of cancer cells.

Introduction

Colorectal cancer (CRC) is the 2nd leading cause of cancer
mortality occurring in both genders in the United States." Liver
and lung metastases are the most frequent sites of CRC spread,
and complete metastasectomy in conjunction with mulddisci-
plinary management leads to a 5-year survival of 30%, but the
majority of patients develops a recurrence after surgery.” The cur-
rent challenge is to develop objective criteria of selection for sur-
gery and principles of its integration with adjuvant systemic
treatments to achieve better outcomes.
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The ability to isolate circulating tumor cells (CTCs) is a pow-
erful tool for monitoring cancer patients with minimal morbid-
ity. Detection and characterization of CTCs has potential high-
impact implications for prognostication and therapy. Significant
improvements have been accomplished to analyze peripheral
blood for the presence of CTCs.” The CellSearch® system by
Veridex utilizes several molecular parameters to isolate CTCs:
immunomagnetic enrichment for epithelial cell adhesion mole-
cule (EpCAM), nuclear staining with 4’,6-diamidino-2-phenyl-
indole (DAPI), and immunofluorescence detection of
cytokeratins (CKs) and CD45.% Due to its reliability and
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prognostic impact, the CellSearch® system is the only system
approved by the Food and Drug Administration (FDA) for the
enumeration of CTCs in metastatic colorectal, prostate, and
breast cancers. More than 3 CTCs in 7.5 ml of blood are an
independent prognostic marker for stage IV CRC patients.’
However, only a few of them have the potential to eventually ini-
tiate metastatic growth.®” Investigators have shown that CTCs
can be isolated more frequently in the tumor outflow blood than
in the peripheral blood during surgery of primary CRC and liver
metastases.” ' Size-based exclusion with the FMSA device has a
higher CTC capture efficiency than CellSearch® since it is not
limited to the detection of EpCAM expressing cells.'' In most
carcinomas, tumor progression implicates a shift toward a mesen-
chymal phenotype, a process referred to as the epithelial-mesen-
chymal transition (EMT) and considered to be crucial for
metastasis.'># In a previous study we were able to isolate CTCs
from CRC patients with a mesenchymal phenotype expressing
vimentin."” Fitting into the concept of EMT, tumor cell fusion
with white blood cells (‘hybrids’) has been a long-standing theory
of metastasis.'® In a previous study we detected large CTCs that
were enriched with a simple porous membrane gradient centrifu-
gation device (OncoQuick®). OncoQuick® is based on CTCs
having a lighter buoyant density than peripheral blood mononu-
clear cells and CTCs can be enriched ~400-500% from whole
blood. These enriched and cultured CTCs from CRC patients
showed dual-staining for CK/CD45 and also expressed the pan-
macrophage marker CD14."” These hybrids might escape the
immune system by inducing immune tolerance.

We hypothesized that perioperative CTC isolation is a unique
opportunity to increase CTC yield with innovative detection
methods. In a prospective pilot study, 25 patients with resectable
CRC liver and lung metastases were recruited for perioperative
CTC isolation with different techniques. The study demonstrates
that detection of CTCs during CRC metastasectomy is highest
during the resection phase, and size-based isolation is much more
efficient than CellSearch®. Immunofluorescence staining of rep-
licating CTCs in culture revealed that they have both epithelial
(CK8/18/19) and immune cell/macrophage (CD45 and CD14)
expression pattern, which could support a hypothesis that certain
cancer cells fuse with macrophages. This would allow CTCs to
induce T cell immune tolerance.

Materials and Methods

Patient selection

Institutional Review Board (IRB) approval for conductance of
this prospective clinical study was obtained at Penn State Hershey
Medical Center (IRB No. 29748EP). The trial was registered at
ClinicalTrials.gov (Identifier: NCT01722903). Written consent
was obtained and patients were enrolled for trial participation in
the multidisciplinary CRC cancer outpatient clinics at the Penn
State Hershey Cancer Institute. Twenty-five patients were
recruited between August 2012 and May 2013. Inclusion criteria
for subjects were: older than 18 years, all genders and ethnicities,
the diagnosis of stage IV CRC with resectable metastases limited
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to liver and lungs, histopathology of the CRC primary tumor to
be documented as adenocarcinoma. Liver and lung metastases
were defined according to radiological criteria or proven by tissue
biopsy. Exclusion criteria were as follows: pregnancy, concurrent
diagnosis of an active second malignancy besides basal cell carci-
noma of the skin if there was evidence of disease burden or if the
patient was currently being treated with chemotherapy.

Clinicopathological data

Clinical and pathological data were collected by reviewing
electronic records, including primary tumor characteristics
(TNM) and carcinoembryonic antigen (CEA) serum levels.
Imaging (CT, MRI and PET/CT scans) were reviewed in a mul-
tidisciplinary conference (including a radiologist) to determine
metastatic organ involvement. Mutational status (KRAS, BRAF,
PI3K, NRAS), microsatellite instability (MSI) and EGFR,
ERCCI, TS (thymidylate synthetase) expression were deter-
mined within the Department of Pathology, or by sending out
specimens to Response DX Colon® (Los Angeles, CA), or Quest
Diagnostics® (Lyndhurst, NJ).

CTC detection

During metastasectomy blood was sampled for CTC analysis
from sites close (central venous line/right atrium) to the liver
metastases outflow, and from the lung metastases outflow (radial
artery). At each time point 15 ml of blood were drawn directly
before, during and after metastasectomy and then immediately
split (7.5 ml each) at the bedside into a CellSave® tube (Veridex,
Raritan, NJ) for CellSearch® analysis and an EDTA (K2) tube
(Becton Dickinson, Vacutainer) for FMSA analysis.

The 7.5 mL blood samples in CellSave® tubes were processed
according to the manufacturer’s instructions by a technician
trained and certified by the manufacturer to operate the FDA-
approved CellSearch® instrument. CTC detection was per-
formed with CellSearch® system. Samples were analyzed within
3 d using the standard CellSearch® protocol and the CTC Epi-
thelial Cell Kit. CellSearch® qualifies a cell as a CTC if it has an
evident nucleus (by DAPI) and is EpCAM+, CK 8,18/19+, and
CD45-. Analysis and enumeration of CTCs was conducted by a
blinded, certified assay operator (D.D.). To increase capture
quantity CTCs, blood was analyzed using the FMSA device that
is a parylene-based filter that operates by size-based exclusion for
CTC enrichment. The FMSA device was microfabricated from
parylene polymer with alterations to a previously described pro-
cess'®. The device allows isolation of CTCs using the
CellSearch® system’s definition of CTCs (Pan-CK*/CD45/
DAPI"), however we chose an EpCAM-independent protocol.
Blood (7.5 ml) was processed within 24 hours to facilitate opti-
mal filtration conditions. Blood samples were passed through the
FMSA device under precisely regulated pressures as described
previously''. Filter devices were washed with Dulbecco’s phos-
phate buffered saline (DPBS, Invitrogen) immediately after
enrichment and then fixed with 4% paraformaldehyde (VWR)
for 20 minutes. Cells were permeabilized in 0.3% Triton X-100
(VWR) for 10 minutes. One pg/mL of DAPI (Invitrogen) was
added as a nucleic acid stain and then samples were blocked with
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5% goat serum (Sigma-Aldrich). Cells were subsequently incu-
bated with 1 pg/mL mouse monoclonal anti-cytokeratin
8/18/19 (Abcam, clone 2A4) and 10 pg/mL goat anti-mouse
IgG conjugated to DyLight 488 (Thermo Scientific). Cells were
blocked again with 100 pg/mL mouse IgG solution (Sigma-
Aldrich) and incubated with 0.5 pg/mL monoclonal mouse anti-
CD45 conjugated to Alexa Fluor 647 (Santa Cruz, clone 35-Z6).
All blocking and antibody incubation steps were carried out for
8-12 hours at 4°C.

EpCAM immunostaining of resected metastases tissue

All resected CRC liver and lung metastases were immunohis-
tochemically stained for EpCAM expression. Tissue specimens
were fixed in buffered formalin, routinely processed and embed-
ded in paraffin. Sections from representative tumor blocks of all
cases were cut at 4-pm thickness, and hematoxylin and eosin
stain was performed per routine histology protocol. Antigen
retrieval was done with EDTA (pH 8.0), and immunohistochem-
ical staining for EpCAM with a monoclonal mouse antihuman
antibody (clone BerEP4) (Dako, Carpinteria, CA, USA) diluted
1:100 was performed on Dako Autostainer Plus® using the strep-
tavidin-biotin-peroxidase system, and the signal was visualized
with 3,3/-Diaminobenzidine (DAB) detection kit, applied
according to the manufacturer’s manual. The staining was visual-
ized with Olympus microscope and the images were captured
with Olympus DP26 digital camera (Tokyo, Japan). All slides
were examined by a board-certified pathologist (Z. Y.). The stain-
ing intensity was graded in a scoring system ranging from 0 to 3
(0: no expression, 3: highest intensity). In addition, the percen-
tages of EpCAM positive cancer cells were also determined.

CTC enrichment with OncoQuick and cell culture
Blood samples collected and  processed using
OncoQuick® (Greiner Bio-One, Frickenhausen, Germany) col-

were

umns as described previously.'” Briefly, blood samples were proc-
essed within 24 h after collection using OncoQuick® columns as
per manufacturer’s recommendations, using 7.5 ml blood +
7.5 ml wash buffer (PBS +0.5% BSA)'”. OncoQuick® enrich-
ment is based on the fact that CTCs have a lighter buoyant density
than peripheral blood mononuclear cells (PBMCs), so that they
remain on top of the liquid (of defined density) used for the sepa-
ration. Cells were resuspended in RPMI-1640 medium and plated
for 2 h or overnight, and the medium was then changed every
other day throughout the culturing period (~4 weeks). In some
cases, medium was supplemented with M-CSF (50 ng/ml). For
immunofluorescence staining, CTCs were plated in medium in
an 8-well coated chamber slide (Lab-Tek II CC2) and incubated
overnight at 37°C. Cells were blocked in 2.5% bovine serum albu-
min in PBS for 1 hour at RT. Primary antibodies (1 1 p mu; Abs)
were diluted to the desired concentrations in the same blocking
solution and were incubated for 1-3 hours at RT or in some cases
at 4°C overnight in a humidifying chamber. After a washing step
with PBS buffer, all steps were performed in the dark. To counter-
stain nuclei, DAPI was diluted in PBS (1:30,000) and incubated
for 5 min at RT in the dark. Coverslips were mounted with Pro-
Long Gold Antifade mounting media and examined using
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fluorescence microscopy. Antibodies used were as follows: Pan-
cytokeratin (pan-KRT) rabbit polyclonal (Santa Cruz, #SC-
15367) was used with Alexafluor-labeled donkey anti-rabbit 488
antibody (Invitrogen, #A21206). This pan-CK antibody is
broadly reactive with human cytokeratin family members. For
detection of the common leukocyte antigen CD-45 (officially
known as PTPRC, Gene ID#5788), a rat monoclonal antibody
(Santa Cruz, #SC59071) was used with Alexafluor-labeled goat
anti-rat 568 antibody (Invitrogen, #A11077). For detection of the
monocyte differentiation antigen CD-14 (Gene ID#929) a mouse
monoclonal antibody (BD PharMingen, #555396) was applied
with Alexafluor-labeled goat anti-mouse 568 antibody (Invitro-
gen, #A11004).

Statistical analysis

Descriptive statistics were generated to summarize patients’
characteristics. The main statistical tests performed were the non-
parametric Wilcoxon signed-rank test for matched pairs, Mann-
Whitney U test and repeated-measure ANOVA models. Statisti-
cal analyses were performed using statistical software SAS version
9.3 (SAS Institute, Cary, NC). Significance statements refer to a
P-value of <0.05.

Results

Patients’ characteristics

Twenty-five stage IV CRC patients were prospectively
recruited in a multidisciplinary CRC clinic at a tertiary care cen-
ter for intraoperative CTC detection with EpCAM-based
CellSearch® and a novel size-based filter isolation technique
(FMSA) (ClinicalTrials.gov Identifier: NCT01722903). Sixteen
(64%) patients with liver and 9 (36%) with lung metastases were
enrolled. Blood was isolated at incision, during resection, 30 min
after resection, and on postoperative day 1 (POD 1). 7.5 ml of
blood were analyzed with both CTC detection methods. All
patients had stage IV CRC as determined by clinical history,
radiologic imaging and tissue biopsies. 16/25 (64%) patients had
chemotherapy treatments before metastasectomy.

Patients’ characteristics are listed in Table 1. The mean age of
all patients was 58.5 (SEM = 2.26), with a median of 57 y (range
40-87). Ten (40%) patients were females and 15 (60%) males.
The location of the primary tumors was predominantly rectosig-
moid (16 (64%)), followed by the right (cecum and ascending)
(7 (28%)) and descending (2 (8%)) colon. Ten (40%) patients
presented with synchronous metastases at initial CRC diagnosis,
and 15 (60%) had metachronous (>6 months after initial diag-
nosis) metastatic disease. TNM data of the primary tumors were
available in 20/25 (80%) patients, as many patients had treat-
ments for the primary CRC in outside institutions, and reports
were not retrievable in 5 (20%) patients. Most CRC patients had
inidally a pT3 (10 (50%)) or pT4 (5 (25%))), whereas the
minority had a pT1 (2 (10%)) or pT2 (3 (15%)) invasion depth.
The lymph node status was negative in 8 (40%), and 12 (60%)
primary CRC had metastatic local lymph spread associated with
the primary colorectal tumor.
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Table 1. Patients’ characteristics

Total number of patients
e Liver metastasectomy
e Lung metastasectomy
Age
e Mean (SEM)
e Median (range)
Gender
Location of primary tumor
o rectosigmoid
e descending colon
e right colon/cecum
Synchronous vs. metachronous metastases
Neoadjuvant chemotherapy before metastasectomy
pT stage of primary tumor (data available in 20/25 (80%) patients)
e pT1
o pT2
e pT3
e pT4

Lymph node status of the primary colorectal tumor N- vs. N+ (data available in 20/25 (80%) patients)

CEA serum level (ng/ml) (data available in 24/25 (96%) patients)
e Mean (SEM)
e Median (range)
CA19.9 serum level (U/ml) (data available in 7/25 (28%) patients)
e Mean (SEM)
e Median (range)
Microsatellite instability (MSI-H and MSI-L)
KRAS mutation (codon 12 or 13)
BRAF mutation (codon 600)
Liver metastasectomy
e Resection
o Radiofrequency ablation (RFA)
e Resection & RFA
Lung metastasectomy
e Resection
EpCAM protein expression of resected metastases (n)
Staining intensity (score 0-3)
e Mean (SEM)
e Median (range)
Percentage (%) of positive cancer cells
e Mean (SEM)
e Median (range)

25
16 (64%)
9 (36%)

58.5 ( +2.26)
57 (40-87)
Females: 10 (40%), males: 15 (60%)

16 (64%)

2 (8%)

7 (28%)

10 (40%) vs. 15 (60%)
16/25 (64%)

2 (10%)

3(15%)

10 (50%)

5 (25%)

8 (40%) vs. 12 (60%)

1324 (£75.8)
5.6 (1.0-1437.0)

126.2 (+101.5)
40.0 (1.0-734.0)
2/9 (22.2%)
6/16 (37.5%)
0/8 (0%)

16

10 (62.5%)
1(6.3%)
5(31.2%)

9

9 (100%)

25
248 (£0.13)
3(1-3)

69.6% ( £23.89)
70.0% (20-100%)

Baseline CEA serum levels at the time of metastases diagnoses
were available in 24/25 (96%) patients. The mean CEA serum
level at the time of CTC detection was 132.4 ng/ml (SEM =+
75.8), with a median of 5.6 ng/ml (range 1.0-1437.0). CA19.9
serum levels at the time of baseline CTC detection were available
in 7/25 (28%). The mean CA19.9 serum level was 126.2 U/ml
(SEM = 101.5), with a median of 40.0 U/ml (range 1.0-734.0).
Mutational statuses (KRAS, BRAF) and microsatellite instability
(MSI) was also reviewed. MSI (MSI-H and MSI-L) was present
in 2/9 (22.2%). Mutational analysis showed that 6/16 (37.5%)
tumors had a KRAS mutation (codon 12 or 13), and 0/8 (0%)
had a BRAF mutation (codon 600).

Among the 16 patients that underwent liver metastasectomy,
10 (62.5%) underwent resection, 1 (6.3%) underwent radiofre-
quency ablation (RFA), and 5 (31.2%) simultaneous resection
and RFA in the same surgery. All 9 patients with lung metastases
underwent resection. Complete resection (R0) of the metastases
was confirmed by microscopically negative pathologic margins in
all 25 participating patients.
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Kinetics of perioperative CTC dissemination with
CellSearch® and FMSA

CellSearch® data were available in 92 (92%) out of 100 possi-
ble detection time points, 8 (8%) samples were not analyzed
(mostly due to clotting) (Table 2). FMSA data were available in
65 (65%) out of 100 possible perioperative blood sample
analyses. 35 (35%) were excluded from analysis (mostly due to
clotting).

Central venous (liver) or radial artery (lung) tumor outflow
blood (7.5 ml) was collected at incision, during resection,
30 min after resection, and on postoperative day (POD) 1.
Before comparing the 2 isolation techniques we analyzed each of
them independently looking at CTC numbers at different time
points with a non-parametric repeated-measures ANOVA model
(Table 2). CTC numbers with CellSearch® peaked during the
resection of the metastases, although not reaching level of signifi-
cance comparing the 4 different timepoints (p = 0.3018)
(Fig. 1). At incision (baseline level) CTCs were present with
CellSearch® detection in 3/24 (12%) patients with a mean of
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Table 2. Comparison of CTC numbers quantified with CellSearch® and filter-based CTC isolation (FMSA)

30 min Comparison of
During after Postoperative timepoints:
Incision resection resection day 1 P value?

CellSearch®
Samples analyzed 24 23 22 23

(total 92/100 possible)
CTCs present (%) 3(12.5%) 6 (26.1%) 8 (36.4%) 2 (8.7%)
Mean (SEM) 0.42 (+0.33) 0.87 ( +£0.44) 0.41 (£0.13) 0.09 ( +0.06) 0.3018
Median (Range) 0(0-8) 0(0-9) 0(0-2) 0(0-1)
Filter-based CTC isolation (FMSA)
Samples analyzed 16 16 16 17

(total 65/100 possible)
CTCs present (%) 15 (93.4%) 15 (93.4%) 11 (68.8%) 15 (88.2%)
Mean (SEM) 5.06 (+1.47) 22.56 (£7.48) 7.00 ( £3.23) 10.65 (+2.77) 0.0281
Median (Range) 3(0-19) 8 (0-101) 4 (0-53) 6 (0-38)
Comparison of 0.0002 0.0001 0.0078 0.0001

CellSearch® vs. FMSA: P value'

SEM: standard error of the mean; FMSA: flexible micro spring array.
'Wilcoxon Signed-rank test for matched pairs (non-parametric).
2Repeated-measures ANOVA model.

0.42 (SEM = 0.33). Mean CTC numbers during resection were
0.87 (SEM = 0.44), and after resection CTC mean was 0.41
(SEM =+ 0.13). On postoperative day 1, CTC values with
CellSearch® were at comparable levels as at incision and during
and after resection (mean 0.09 (SEM =+ 0.06). With the FMSA
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Figure 1. CTC dissemination kinetics during CRC liver and lung metasta-
sectomy. Blood (7.5 ml) was drawn at incision, during resection, 30 min
after resection and on postoperative day 1 (POD 1) during CRC liver (n =
16) and lung (n = 9) metastasectomy. CTC isolation and enumeration
was performed with FDA-approved CellSearch® and a novel filter isola-
tion technique (FMSA) that enables enrichment by size. CTCs peaked sta-
tistically significant during resection with the FMSA device in comparison
to the other 3 time points tested with the FMSA. With the FMSA, CTC
numbers were not significantly different between incision (baseline) and
POD 1 (p = 0.2024, Mann-Whitney U test). However, CTC numbers were
not significantly different with the CellSearch® system comparing the 4
time points. Shown are mean CTC values, and bars represent =+ standard
error of the mean (SEM). P values were calculated with repeated-meas-
ures ANOVA model.
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device, 15/16 (93.4%) of patients had CTCs present at incision
(baseline) which was at a much higher incidence than with
CellSearch® (12.5%). FMSA CTC numbers were significantly
highest during resection in contrast to before and after (p =
0.0281) (Fig. 1). The mean baseline CTC number with the
FMSA was at incision 5.06 (SEM =+ 1.47), and significantly
higher during resection 22.56 (SEM = 7.48). After resection the
mean was 7.00 (SEM = 3.23). On postoperative day 1 the CTC
mean was 10.65 (SEM = 2.77). With the FMSA the CTC num-
bers were not significantly different preoperatively at baseline
(incision) and postoperatively (POD 1) (p = 0.2024).

Taken together, overall CTC quantity and incidence of detec-
tion was significantly higher with the FMSA device in compari-
son to CellSearch®. CTC numbers peaked during the resection
of the metastases in comparison to before (baseline) and after
resection with the FMSA in contrast to CellSearch®.

Comparison of CellSearch® with size-based filter isolation
(FMSA)

Comparing the 2 techniques CTC overall incidence and
quantity was significantly higher with the FMSA device (range
0-101) than CellSearch® (range 0-9) at each of the 4 periopera-
tive timepoints (P < 0.01) (Table 2 and Fig. 2). A matched
paired t test (Wilcoxon) was applied to compare CellSearch® and
the FMSA CTC numbers (Table 2). At incision, during resec-
tion, 30 min after resection and on POD 1 mean baseline CTC
numbers were significantly higher with FMSA in comparison to
CellSearch® 0 (p = 0.0002, p = 0.0001, p = 0.0078, p =
0.0001 at the 4 time points, respectively). The most striking dif-
ference between CellSearch® and the FMSA device was deter-
mined during resection, as listed above and in Table 2. The
FMSA device consistently detected more CTCs with higher over-
all incidence at any timepoint analyzed.
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Figure 2. Comparison of CTC isolation with CellSearch® and a novel filter-based isolation technique (FMSA)
during CRC metastasectomy. Blood (7.5 ml) was drawn at incision, during resection, 30 min after resection
and on postoperative day 1 (POD1). CTCs numbers isolated were significantly higher with the FMSA device at
all 4 time points tested, with the most striking difference during the resection phase. Shown are mean CTC
values, and bars represent =+ standard error of the mean (SEM). P values shown were calculated with Wil-

coxon Signed-rank test for matched pairs (non-parametric).

rescence staining after 3 weeks of
culturing revealed large CK8/18/
19+, DAPI+ CTCs that also
expressed macrophage marker
CD14 and leucocyte

CD45 by immunofluorescence

marker

EpCAM protein expression analysis of resected liver
and lung metastasis

As the CellSearch® detection system is based on immunomag-
netic bead selection of exclusively EpCAM+ CTCs, peroxidase
immunostaining of the resected liver and lung metastases with a
monoclonal antibody against EpCAM (BerEP4) was performed
(Table 1 and Figs. 3-5). EpCAM expression was graded by a
staining intensity score (score 0-3). The mean staining intensity
score was high with a mean of 2.48 (SEM = 0.13) and a median
of 3 (range 1-3). In addition, the percentage of EpCAM+ cancer
cells was determined in the resected liver and lung metastases
specimens, and the mean was 69.9% (SEM =+ 23.89) and the
median was 70% (range 20—100). Patients with no CTCs detect-
able by CellSearch® had also consistently high EpCAM expres-
sion intensity scores (0: no expression, 3: highest intensity)
(Fig. 3). Non-parametric ANOVA analysis revealed no statisti-
cally significant difference between the maximum CTC numbers
and EpCAM intensity score (p = 0.2855). Fig. 4 illustrates 2
examples of stage IV CRC patients that underwent liver and lung
metastasectomy that includes EpCAM expression and CTC
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(Fig. 5). This finding could sup-
port the hypothesis that certain epithelial cancer cells can fuse
with CD45/CD14+ macrophages that would allow CTCs to

induce T cell immune tolerance.

Discussion

Liver and lungs are the most frequent sites for CRC spread,
and complete surgical removal of oligometastatic disease can
potentially cure patients with a 5 y survival of over 30%.>'"*
However, most patients develop cancer recurrence and the cur-
rent challenge is to develop objective criteria of selection for sur-
gery and establish indications and principles of its integration
with adjuvant systemic treatments. CTCs might be a tool to
detect occult disease that currently escapes with routine staging
methods.

Several studies have demonstrated the clinical significance of
CTC numbers as a prognostic marker when enumerated with the
CellSearch® system in metastatic CRC, breast and prostate can-
cer.>?'?% In general, a major limitation with CTC detection is
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Figure 3. EpCAM expression intensity and CTC numbers. EpCAM expres-
sion was analyzed immunohistochemically with monoclonal BerEP4 anti-
body in resected CRC liver and lung metastases tissue. EpCAM
expression was graded by a staining intensity score (score 0-3 (0: no
expression, 3: highest intensity)). The mean EpCAM intensity score was
high with a mean of 2.48 (SEM =+0.13) and a median of 3 (range 1-3).
Patients with no CTCs detectable by CellSearch had consistently high
EpCAM expression intensity scores. Non-parametric ANOVA analysis
revealed no statistically significant association between the maximum
CTC numbers and EpCAM intensity scores (p = 0.2855).

that CTC numbers are low in the peripheral blood.®” The FDA-
approved CellSearch® technology does not detect CTCs in many
patients with widely metastatic disease, while some of them have
exceedingly high CTC numbers in the peripheral blood.** In
recent clinical trials we showed that CTCs correlate with response
to chemotherapy in metastatic  CRC.*” Furthermore we

demonstrated that CTCs can be exceedingly high in patients
with high radiologic tumor burden in the liver and CTC quantity
also varies among different stage IV CRC patients, and are lowest
in patients with metastases limited to the liver or lung in contrast
to diffuse spread involving multiple sites.”®*” Hence we hypothe-
sized that intraoperative CTC isolation is a unique opportunity
to increase CTC yield in patients with limited metastases that
usually have low CTC numbers. Intraoperative CTC isolation
could be an exceptional opportunity to isolate more CTCs due
to surgical manipulation and access to blood in proximity to the
tumor outflow. 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
CRC.""*® A recent trial revealed that CTCs are elevated in the
outflow (mesenteric vein) of primary CRC, and comparison with
peripheral blood demonstrated lower numbers of CTCs, suggest-
ing that the liver captures CTCs before they enter the peripheral
circulation.” In the present trial the filter effect of the liver was
not important as we investigated patients with liver and lung
metastases.

Due to CellSearch® system’s limited capture efficiency to
detect rare CTCs, we chose to compare this established, FDA-
approved technology with a novel, innovative size-based filter
CTC isolation (FMSA).? In previous studies we have shown
that the FMSA device has a higher CTC capture efficiency than
CellSearch®."% Microfiltration allows rapid processing of
blood and these devices have been widely tested for cell enrich-
ment.'®?'?> The FMSA allows isolation of CTCs using the
CellSearch® system’s definition of CTCs (Pan-CK+/CD45-/
DAPI+) and gives option to add additional markers and culture
CTCs.'"'" In addition, usage is quick, cheap and can be per-
formed at the bedside with no requirement for pre-processing.
Rapid enrichment is desirable to minimize disruption to cells

CT scan of EpCAM expression
: : : CellSearch® FMSA
metastasis in the metastasis
i Pl |

Maximum CTC # detected: 1
Maximum CTC # detected: 101 CK

Intensity: 3+ &
+Cells: 100% &

Patient #24 | Patient #3

M parl
B coss

No CTCs detected

Maximum CTC # detected: 1

(patient #24).

Figure 4. lllustrated are CTCs isolated with CellSearch®, the FMSA, CT scans and EpCAM immunohistochemistry of resected metastases of 2 patients that
underwent CRC liver (patients #3) and lung (patient #24) metastasectomy. CTC immunofluorescence staining images from the CellSearch® system and
the FMSA, CT scans of liver and lung metastases, and EpCAM immunostaining (peroxidase method) and the respective expression intensity scores (0-3)
and percentages of EpCAM+ tumor cells in resected and paraffin-embedded metastases are shown (from left to right column). EpCAM was consistently
expressed in CRC liver and lung metastases at high levels, also in patients that had no CTCs detectable by EpCAM-based CellSearch® system
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Cytokeratin

Figure 5. CTCs enriched from a CRC patient undergoing metastasectomy
with a simple centrifugation technique (OncoQuick®) were cultured
directly. Further staining revealed large CTCs that were pan-cytokeratin+
(left image), DAPI+ (right image) and also expressed macrophage
marker CD14 (middle image) in addition to leucocyte marker CD45 (not
shown). We hypothesize that CTCs capable to spread and replicate in
other organs induce immune tolerance by fusing with tumor-associated
macrophages.

and to preserve cell phenotypes. Of note in one of our previous
studies the FMSA device detected CTC microclusters consisting
of up to 20 cells from clinical blood samples of CRC patients
that may be preserved due to the gentle handling and processing
of the blood samples.'" Aggregate microclusters of CTCs have
been reported in other cancer types though their clinical signifi-
cance is not fully understood.®>*' Their exact biologic role in
tumor spread applying novel technologies has still to be investi-
gated. In our investigation we observed several clotted samples
that were not suitable for filter analysis. Although we processed
samples quickly within a day, the exact reason remains to be
solved. Clotting of blood samples could most likely be due to
hypercoagulable states in cancer patients and risk for thrombotic
events is particularly high during cancer surgery.*”*® Future
studies will have to test other conditions to reduce rates of clotted
samples for perioperative CTC analysis.

In most carcinomas, tumor progression is associated a loss of
epithelial features and a transition toward a mesenchymal pheno-
type.'” This process, referred to as the epithelial-mesenchymal
transition (EMT), is considered to be crucial for metastasis. >4
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 crucial role in developing distant
metastasis.”**> CRC patients with metastases limited to the lungs
have rarely CTCs detected by CellSearch®, but in the present
study the EpCAM-independent CTC FMSA isolation technique
detected many more CTCs in these patients even at baseline.””
Independently of CTC detection quantity all resected liver and
lung metastases expressed EpCAM at high levels as determined
by immunohistochemistry, suggesting that EpCAM downregula-
tion might not have contributed to absence of CTCs by
CellSearch® detection technique. Though a subset of CTCs may
still down-regulate EpCAM and escape the CellSearch® system,
and that could also explain the higher CTC numbers detected
with the EpCAM independent FMSA.

Another advantage of filter isolation is that it allows analysis of
additional markers and isolation of viable CTCs for culture.'""”
Recently we observed that the majority of FMSA enriched CTCs
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from CRC stained positively for both epithelial markers (CKs)
and the mesenchymal cell marker vimentin (CK+/vimentin+/
CD45-).M! Expression of vimentin intermediate filaments and
downregulation of epithelial cell markers is implicated in EMT,
which is considered a pre-requisite for CTC dissemination.>”*4¢48
Other molecules involved in cell adhesion, migration and chemo-
taxis have also been described to have prognostic impact and
potential key roles in metastatic dissemination of single cancer
cells to the lymph nodes and bone marrow.***°

Different studies suggested macrophage—tumor cell fusions
(hybrids) in different cancer types, including CRC.'® Tumor-asso-
ciated macrophages may fuse with epithelial cancer cells at the site
of the primary tumor or metastasis. These hybrids might then
induce the EMT transition in some cancer cells, allowing them to
escape into the blood and lymphatic system (along with the hybrid
cells) and colonize distant orgzms.m’17 Like other authors we
hypothesize that CTCs undergo EMT and acquire the skill to
induce immune tolerance. In a previous study we detected large
CK/CD45/CD14+ CTCs enriched by an established and simple
centrifugation technique (OncoQuick®) and cultured CTCs from
melanoma, pancreatic and CRC patients."” In the present trial were
also able to culture CTCs from peripheral blood of CRC patients
(but not healthy controls) through multiple passages. Further analy-
sis of viable and replicating CTCs in culture revealed again CK pos-
itive CTCs expressing leucocyte marker CD45 and macrophage
marker CD14 supporting the hypothesis that certain CTCs fuse
with macrophages. This would allow CTCs to induce T cell
immune tolerance. A recent study on CTCs in CRC included a
gene expression analysis that revealed both a pronounced upregula-
tion of CD47 as a potential immune-escape mechanism and a sig-
nificant downregulation of several other pathways, suggesting a
dormant state of viable CTCs.”" Results suggested mutational het-
erogeneity between tumor tissue and CTCs and upregulation of
immune-escape pathways that may be responsible for survival of
CTGCs in CRC patients. Further emphasis on analysis of cultured
CTGCs 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.

This prospective single institution trial on stage IV CRC
patients has a potential for selection bias. Patients with stage IV
CRC are heterogeneous and have previously received various sys-
temic and surgical treatments. However, our study population
had consistently oligometastatic disease that was completely
resected. Furthermore, it is a low sample size analysis and patient
recruitment needs to be increased in future studies. Finally, no
survival analysis was performed as it would not be statistically rel-
evant due to low sample size, but further longitudinal follow-up
of more patients will further clarify what spread patterns are asso-
ciated with presence of certain CTCs. Some patients had low
numbers of CTCs detectable, and it could indicate that tumor
cell dissemination occurs in a pulsatile, and not in a continuous
pattern. However, by determining CTC numbers at multiple
time points during surgery, it is unlikely that pulsatile shed
CTCs were missed. Intraoperative CT'C sampling is a unique set-
ting that is not applicable to all cancer patients, but CTC sam-
pling in direct proximity to the metastases could be easily added
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in a routine clinical setting, as transjugular hepatic vein (outflow
of liver) and radial artery (outflow of lung) blood samplings are

both often applied clinical diagnostic procedures.

since there are now a number of reports which describe physical
translocation of CTCs into the circulation (blood or lymph) dur-

The efficiency of Phase I actually raises a potential concern,

. . 2- . .
ing surgical procedures.5 7 In some instances, their forced

release appears to have prognostic relevance for patients; for

example, hematogenous dissemination of cancer cells during sur-
p g g

gery for lung cancer has been reported and was related to clinical
prognosis, and similar observations have been reported for hema-
togenous and lymphatic spread in esophageal, stomach and colo-

rectal cancers.”®%%" In other instances (e. g, pancreatic

cancer), the forced dissemination does not affect prognosis.61 In

a related vein, there are also reports of direct physical seeding of

cancer cells during biopsies.
In general, CTC isolation during CRC liver and lung metasta-
sectomy increases understanding of CTC shedding during sur-
gery. Future studies will need to improve techniques for
isolation, culturing and characterization of relevant CTCs to
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