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Abstract

cell subtypes.

\_

Tumor cells that circulate in blood can initiate tumor metastases in distant sites. Circulating tumor
cells (CTCs) are rare and heterogeneous, and display various phenotypes. The molecular characteriza-
tion of each subpopulation is fundamental to its phenotypic identification and description of relevant
genetic alterations for the management of patient's disease. We have previously described the devel-
opment of a new mesofluidic multiplexed-immunosensor device for the capture and analysis of CTCs
from blood samples of breast cancer patients. To aid sorting cancer cell subtypes for their characteri-
zation, we improve our methodology by serially interconnecting three-designed multiplexed-
immunosensor devices that allowed grafting a subset of selective and specific antibodies for the cap-
ture of each cancer cell subtype. This new method gives a powerful tool to identify circulating tumor

Keywords: Immunosensor, Mesofluidic, Multiplex device, Long alkylsilane monolayer, Targeted
cell subpopulations capture, Circulating tumor cells (CTCs), Circulating endothelial cells (CECs)
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1. Introduction

Tumor metastasis is the major cause of
morbidity and death for cancer patients. A
single tumor can include subclones with
several phenotypes relevant to the devel-
opment of metastatic disease (1). Circulat-
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ing Tumor Cells (CTCs) that shed from
primary tumors and metastases have be-
come a helpful tool as liquid biopsy marker
in cancer diagnostic (2). Evaluation of CTC
subpopulations in cancer patients has a po-
tential clinical value for correlation in dis-
ease staging or response to therapy (3,4).
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CTCs may comprise heterogeneous sub-
populations, epithelial and non-epithelial
cells: circulating endothelial cells (CECs),
cancer stem cells (CSCs), and those that
have undergone the epithelial to
mesenchymal transition (EMT) (5). Isola-
tion of CTCs remains challenging. Most
antibody-based methods used a unique anti-
human EpCAM (epithelial cellular adhesion
molecule) antibody for capture of epithelial
CTCs (6-11). In the FDA-cleared
CellSearch method, immunomagnetic coat-
ed-beads with anti-EpCAM antibody identi-
fied epithelial CTCs by cytokeratin-
positivity, DAPI nuclear staining and CD45
negativity. We have developed a new
immunosensor for selective capture of
breast cancer cells, under laminar flow,
onto antibody-coated long alkylsilane self-
assembled monolayers in a parallel plate
flow chamber (12-14). We then devised an
mm-scale, mesofluidic multiplexed-immu-
nosensor device embodying four parallel
plate laminar flow chambers to prevent
non-stable rheological phenomena in micro-
fluidics (15,16). Its efficient analytic per-
formance was demonstrated by the immobi-
lization onto anti-EpCAM-coated AHTS
(21-aminohenicosy! trichlorosilane) surfac-
es of CTCs from blood samples of metastat-
ic and localized breast cancer patients (16).
Microscopy data showed clear staining pat-
terns of epithelial CTCs, positive for pan-
cytokeratin antibodies and negative for leu-
kocyte markers (CD45).

We now report a considerable improvement
of heterogeneous CTC subpopulations sort-
ing by a new design serially interconnecting
three specified multiplexed-immunosensor
devices that allowed grafting a subset of
selective and specific antibodies for the
capture of each cancer cell subtype. The
performance of this specification was
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demonstrated, from single patient blood
sample, by concomitant capture of CTCs
and CECs, which are among the representa-
tive biomarkers of liquid biopsies. This
multiple detection was achieved for a low
number of metastatic carcinoma: metastatic
colorectal, metastatic prostatic, metastatic
pancreatic, and metastatic kidney cancer.
Blood samples from healthy individuals
were analyzed in parallel and used as con-
trols. CTCs were scored as pan-cytokeratin
positive and CECs as VE-cadherin positive.
Cell numbers were manually scored across
laser scanning microscopy images of the
full device. Cell numbers were highly con-
sistent across duplicate chambers. This
study was successful in addressing a tech-
nical challenge.

2 Materials and methods

2.1. Glass surface silanization and anti-
body coupling

Glass substrate and silane film preparation
were performed as previously described
(13,17). Standard microscopy glass slides
were silanized under Ar atmosphere with N-
protected AHTS [N-(21-trichlorosilanyl-
henicosyl)-phthalimide], and deprotection
of the amino group of AHTS (21-aminohe-
nicosyl trichlorosilane), performed as de-
scribed (13,17,18).

A non-exhaustive list of markers, which
may be used to target the epithelial CTCs
and the non-epithelial CTCs, is displayed in
Tables 1 and 2, as well as the suppliers for
purified monoclonal or polyclonal antibod-
ies for cell capture and cell identification.
An anti-CD45 antibody identified leuko-
cytes. Molecular Probes (ThermoFisher
Scientific, France) supplied all conjugated
fluorescent secondary antibodies.
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Table 1. Antibodies for epithelial subpopulation capture.
Antibody for epithelial subpopulation isolation
Cell type Markers )
(Suppliers)
o Monoclonal anti-human EpCAM; Monoclonal anti-
Epithelial EpCAM, MUC 1 human MUC 1 (R&D Systems, Lille, France)
o . Polyclonal or monoclonal anti- Pan—cytokeratin (Abcam,
Epithelial Pan —cytokeratin Cambridge UK)
Table 2. Antibodies for non-epithelial subpopulation capture.
Cell type Markers Antibody for non-epithelial subpopulation isolation
(Suppliers)
Endothelial MCAM. VE-Cadherin Monoclona_l anti-MCAM, and anti-VE-Cadherin (R&D
Systems, Lille, France)
N-cadherin, Cadherin | Monoclonal anti-N-cadherin, anti-Cadherin 11, anti-
Mesenchymal 11, Vimentin, Vimentin (Abcam, Cambridge UK)
CSV Vimentin Monoclonal anti- CSV Vimentin (Abnova, Taiwan)
Leukocyte CD45 Monoclonal anti-CD45 (Abcam, Cambridge UK)

Antibody immobilization on the silane-
coated glass surface for capture was per-
formed with either the monoclonal anti-
EpCAM, or anti-MCAM (melanoma cell
adhesion molecule), or anti-N Cadherin, or
anti-CD45 antibodies in MES-buffered sa-
line (2-[morpholino]-ethanesulfonic acid),
0.09% NaCl, pH 4.7 (Perbio Science,
Brebieres, France) at a concentration of
Img/mL in the presence of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydro-
chloride (EDC, Perbio Science, France)
overnight at 4°C. All slides were then
washed in PBS and stored at 4°C under Ar
atmosphere up to two weeks until use. In
negative controls, AHTS-coated surfaces
were grafted with specific species’ isotypes
IgG (Abcam, Cambridge UK). Quality con-
trols were performed as described (13).
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2.2. Embodiment of serially intercon-
nected multiplex devices comprising four
parallel plate laminar flow chambers and
multi-option for antibody coating

The physical characteristics of the
mesofluidic multiplex device embodying
four parallel plate laminar flow chambers
whose each chamber is of dimensions
6x16x0.5 mm (WxLxH) were previously
reported (15-16). The progressive laminar
flow in the four laminar flow chambers was
described (16). Each multiplex device is a
proprietary product incorporated in a
CapCelTec® package. They are manufac-
tured by injection of cyclic olefin copoly-
mer by a plastics industrialist.

Sorting target cells in a blood sample was
optimized as follows: three multiplex de-
vices, comprising a device with a tank and
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2 devices tankless, were serially intercon- was connected to the inlet of each chamber
nected (19), as illustrated in Figure 1. The of the third row (device 3). Lastly, for the
circulating flow was supplied by a tank current configuration including three devic-
through a single channel to the entrance of es, the outlet of each chamber of device 3
the four laminar flow chambers of the first was connected to a four-channels peristaltic
row (device 1). The outlet of each chamber pump (Watson Marlow, VWR, France), as
of device 1 was connected to the inlet of shown in Figure 2. Laminar flow rate
each chamber of the second row (device 2). ranged from 400 to 600 pL/min.

Then the outlet of each chamber of device 2

% Device 1
% Device 2
O O Q

Figure 1. Serial combination of three multiplex devices CapCelTec®, comprising a device with a
tank and 2 tankless devices. The first row includes an inlet fluidically connected to a tank (device
1). All devices are serially interconnected (device 1 to 3).

~

1o}

D

Device 3

Figure 2. Connection of three multiplexed-immunosensor devices, CapCelTec®, comprising a
device with a tank and 2 tankless devices, to a 4-channels peristaltic pump.
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2.3. Patient Samples

Patients selected for this study were diag-
nosed with a metastatic colorectal adeno-
carcinoma, a metastatic prostatic, a meta-
static pancreatic, or a metastatic kidney
carcinoma (Cochin Hospital, Paris, France).
The patient record was reviewed only to
confirm the disease status, and no infor-
mation on treatments or clinical course was
abstracted.

Patients gave verbal consent to donate 8 mL
of blood for this research study. All blood
samples were drawn into heparin plus
EDTA  (ethyl-diamine-tetraacetic  acid)
Vacutainer tubes (Becton Dickinson, Pont
de Claix, France). They were diluted into
RPMI (Roswell Park Memorial Institute,
USA) medium containing 10% fetal calf
serum (FCS), 2mM glutamine, 100U/mL
penicillin, and 100ug/mL streptomycin
(Gibco, Thermofisher, France), and submit-
ted to a Ficoll-Hypaque density-gradient
centrifugation at 1600xg for 15 min at
15°C. The entire volume of the compart-
ment with interphase nucleated-leukocyte
cells was poured into a fresh centrifugation
tube. Cells were centrifuged with washing
buffer at 200xg for 10 min at 4°C. They
were then used immediately, or frozen in
complete RPMI medium containing 10%
DMSO (dimethylsulfoxide) in liquid N, for
subsequent cell capture experiments. Con-
trol blood samples from healthy volunteers
were processed as above.

2.4. Cell isolation in multiplex parallel
plate laminar flow chambers

Optimized sorting of target cells used one
device for negative selection and two de-
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vices for positive selection of CTC subpop-
ulations. Antibody coating in each AHTS-
coated glass surface remained very flexible.
This is the quintessence of the methodology
since the functionalized standard micro-
scope glass slide allows a custom grafting
of one or multiple antibodies targeting the
capture of one or more CTC subpopula-
tions.

The depletion of leukocytes by an anti-
CD45 antibody grafted in the first row of all
four AHTS-coated glass surfaces allowed
performing a negative selection (device 1,
Table 3 and Figure 3). Then multiple op-
tional choices to functionalize each AHTS-
coated glass surface by a specific and selec-
tive antibody for positive selection of CTC
subpopulations could be subsequently ap-
plied to devices 2 and 3. As such for our
present experiments (Table 3 and Figure 3),
in device 2, two AHTS-coated glass surfac-
es were grafted with the monoclonal anti-
human EpCAM antibody for capture of
epithelial CTCs, and two AHTS-coated
glass surfaces with the monoclonal anti-
human anti-MCAM antibody for capture of
CECs. In device 3, the order of grafting
monoclonal anti-human EpCAM antibody
and monoclonal anti-human anti-MCAM
antibody could be inverted, as schematized
in Table 3 and Figure 3. For devices 2 and
3, another couple of monoclonal antibodies
could also be used such as the monoclonal
anti-human EpCAM antibody for capture of
epithelial CTCs and the monoclonal anti-
human N Cadherin antibody for capture of
mesenchymal CTCs. Negative controls
were performed with cells loaded onto two
AHTS-coated glass surfaces alone and two
AHTS-coated glass surfaces grafted with
specific species’ isotypes IgG.
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Table 3. Various antibodies grafting in serially interconnected three multiplex devices containing
four laminar flow chambers. In each device, specific antibody grafting was selected for each lam-
inar flow chamber #1 to #4.

Various antibodies grafting in serially connected three multiplex devices containing four laminar flow chambers

Chamber #1 Chamber #2 Chamber #3 Chamber #4
Device 1 Anti-CD45 antibody Anti-CD45 antibody Anti-CD45 antibody Anti-CD45 antibody
Device 2 | Anti-EpCAM antibody | Anti-EpCAM antibody | Anti-MCAM antibody | Anti-MCAM antibody
Device 3 | Anti-MCAM antibody | Anti-MCAM antibody Anti-EpCAM antibody | Anti-EpCAM antibody

= . -
' ' ' 2 Device 1
* .
Tank for .
sampling Device 2
. J. Device 3
%—l

Towards a
peristaltic pump

Antibody coating

Anti-CD45 (negative selection)

Anti-EpCAM (positive selection)

OO

Anti-MCAM (positive selection)

Figure 3. Outlines of one of the multiple options of grafting antibodies onto the AHTS-coated
glass slide surfaces. Device 1 including 4-grafted AHTS glass slide surfaces was coated with
monoclonal anti-CD45 antibody for depletion of leukocytes (chambers 1 to 4). Positive selection
of epithelial CTCs and CECs subpopulations in device 2 was processed as follows: 2 grafted
AHTS-coated glass slide surfaces with monoclonal anti-EpCAM antibody (chambers 1 and 2)
and 2-grafted AHTS-coated glass slide surfaces with monoclonal anti-MCAM antibody (cham-
bers 3 and 4); for device 3, the order of antibody grafting monoclonal was inverted: 2-grafted
AHTS-coated glass slide surfaces with monoclonal anti-MCAM antibody (chambers 1 and 2),
and 2 grafted AHTS-coated glass slide surfaces with monoclonal anti-EpCAM antibody (cham-
bers 3 and 4).

Cell captures were performed with four
milliliters of isolated nucleated-leukocyte
cells, suspended in HBSS plus 0.3% human
serum albumin (HSA, Sigma-Aldrich) to a
dilution of 10x10° cells/mL as reported
(13,16). They were loaded in the tank and a
flow rate of 400 puL/min was applied to the
entrance of the channel of distribution for
driving cells into the flow chambers, until
all entire active surfaces of the three devic-
es were covered. Then 12-min cell incuba-
tion was performed at room temperature
under stable conditions. At the end of the

incubation period, non-specifically bound
cells were flushed with PBS at a flow rate
of 600 puL/min for 6 min.

2.5.  Immunofluorescence staining and
identification of CTC subpopulations by
fluorescence microscopy

Fixation of cells was performed with 3mL
cold acetone in situ in the devices for 5 min.
Cell labeling was processed with subse-
quent various cell markers, as previously
reported (13). Briefly, epithelial CTCs were
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labeled by the primary polyclonal anti-pan
cytokeratin antibody, CECs labeled by the
primary monoclonal anti-VE Cadherin anti-
body and leukocytes by anti-CD45-APC
antibody (Dako, Agilent, USA), then fol-
lowed by secondary anti-rabbit Alexa-
conjugated 1gG and anti-mouse Alexa-
conjugated 1gG antibodies (Molecular
Probes — ThermoFisher Scientific, France),
respectively, according to Tran et al. (20).
Cell nuclei were labeled with DAPI (1
ug/mL) for 5 min.

All slides were analyzed on an inverted
NIKON E50i (NIKON, France) microscope
equipped with an automated stage
(IMSTAR, France). Four capture surfaces
of each slide were scanned automatically in
a 1360x1024 pixels format using the pro-
grammable stage and capture software (ver-
sion 6, imaging IMSTAR systems, France).
Captured images at 10X magnification were
carefully examined with cells that stained
positive by the primary rabbit polyclonal
anti-pan-cytokeratin antibody and second-
ary Alexa-conjugated anti-rabbit 1gG (green
fluorescence). Their phenotypic morpholog-
ical characteristics were taken into account
as criteria for their selection and scored as
epithelial CTCs, as described in Breton et al
(16). Cells that stained positive by the
mouse monoclonal anti-VE Cadherin anti-
body and secondary Alexa-conjugated anti-
mouse 1gG (red fluorescence) were scored
as CECs. The same cells were stained by
DAPI (blue stain) and negatively stained by
anti-CD45-APC. As a remark, only a mouse
monoclonal anti-VE Cadherin antibody was
commercially supplied. No production of
the monoclonal anti-VE Cadherin or the
monoclonal anti-human MCAM antibodies
in another animal host could be identified.
Due to the coating of mouse monoclonal
anti-human MCAM for capturing CECs
subpopulation, staining with secondary
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Alexa-conjugated anti-mouse 1gG could
result in a red fluorescence background,
which did not have any impact for the CEC
identification.

2.6. Hybridization of epithelial CTC sub-
populations and fluorescence microscope

All glass slides containing epithelial and
non-epithelial CTCs, immobilized in the
four functionalized surfaces imprinted on
the glass slide, were treated in 100mM gly-
cine in PBS-0.1 % Tween, pH2.7 for 2 min,
then neutralized in Tris-HCI 0.5M, pH7.5.
The slides were rinsed in PBS-0.1 % Tween
and PBS. This process allowed eliminating
cellular fluorescence and preserved the in-
tegrity of nuclei. They were then dehydrat-
ed in ethanol (70:85:100%). Interphase flu-
orescent in situ hybridization (FISH) was
then performed. Pretreatment and denatura-
tion of slides are carried out, as described in
details by Fehm et al. (21). Kreatech (Leica
Biosystems, Germany) provided Posei-
don™ TMPRSS2-ERG and Poseidon™
PTEN for chromosome analysis in prostatic
cancer, and Poseidon™ EGFR for chromo-
some analysis in colorectal cancer.

FISH analysis was performed on 90i micro-
scope equipped with a 63X objective (NA
of 0.63) and filter cubes that permitted the
acquisition of the fluorescence signals from
DAPI and PlatinumBright-415, -495, -550
(Nikon Instruments Europe, France).

3 Results

3.1. Capture of Circulating Tumor Cell
subpopulations from cancer patients’
blood

We have developed a mesofluidic multi-
plexed-immunosensor device embodying
four parallel plate laminar flow chambers
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printed on a standard microscope glass slide
functionalized with long amino-silane
AHTS chains (16). This multiplexed-
immunosensor device skillfully demon-
strated the advantage to increase the num-
ber of capture surfaces for CTCs in once,
and offered numerous opening possibilities
for antibody grafting and helping to dis-
criminate each CTC subpopulation. One to
four different antibodies can be grafted on
the four AHTS-coated surfaces of each
mesofluidic multiplex device (16).

Taking advantage of this innovation, we
optimize here the capture of CTC subpopu-
lations by designing a new process inter-
connecting  serially at least three
mesofluidic multiplexed-immunosensor
devices by manufacturing two types of de-
vices, one with a tank and one tankless.
Therefore, this design allows introducing in
the same process a negative selection as the
depletion of leukocytes by grafting AHTS-
coating glass slide of device 1 with a mono-
clonal anti-CD45 antibody. The two other
devices 2 and 3 were destined to the posi-
tive selection of CTC subpopulations (Fig-
ure 3). As described in section 2.4, the
monoclonal anti-EpCAM antibody was
grafted along with the monoclonal anti-
MCAM antibody, each antibody separately
in duplicate onto AHTS-coated surfaces
(device 2). The monoclonal anti-EpCAM
and monoclonal anti-MCAM antibodies are
essential in targeting both CTC and CEC
subpopulations, respectively. Unlike the
order of antibody grafting in device 2, that
of antibody grafting in device 3 is reversed.
As shown in previous studies, the order of
antibodies grafting on each of the four sur-
faces for capturing cells expressing various
surface antigens should not have any impact
on cell immobilization efficiency (16).

Having validated the multiplexed-immuno-
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sensor with control breast cancer-derived
cells and with blood samples from breast
cancer patients, we evaluated now the ca-
pacity of the present novel design to con-
comitant capture CTC and CEC subpopula-
tions from cancer patients’ blood samples
of other epithelial malignancies. Patients’
blood samples included metastatic colorec-
tal (n=5), metastatic prostatic (n=3), meta-
static pancreatic (n=1), and metastatic kid-
ney (n=1) carcinomas. Blood samples from
two healthy donors were also provided.
Identification of immobilized CTCs and
CECs on each surface capture of both
mesofluidic multiplex devices 2 and 3 con-
sisted of staining with 4,6-diamino-2-
phenylindole (DAPI) for DNA content,
anti-pan-cytokeratin antibodies for epitheli-
al CTCs, anti-VE-cadherin for CECs, and
anti-CD45 antibody for leukocytes. Cap-
tured cells staining positive for pan-
cytokeratin and negative for leukocyte
markers recorded as epithelial CTCs are
shown in Figure 4: a CTC from a metastatic
colorectal (a), a metastatic prostatic (c), a
metastatic pancreatic (e), and a metastatic
kidney (g) cancer patient, respectively. The
morphological characteristics exhibited by
the captured CTCs were consistent with
malignant cells, including large cellular size
with high nuclear:cytoplasmic ratio. Cap-
tured cells staining positive for VE-
cadherin were recorded as CECs from a
metastatic colorectal (b), a metastatic pros-
tatic (d), a metastatic pancreatic (f), and a
metastatic kidney (h) cancer patient. CECs
display a membrane labeling with a punctu-
ate pattern (22). Figure 4 also shows pic-
tures (20X) of capture of CTC (A) and CEC
(B), respectively, and leukocytes from a
metastatic prostatic cancer. A normal endo-
thelial cell is displayed in Figure 4-C. Cell
viability of captured cells was assessed un-
der transmission light using Trypan blue
that attested integrity of the cell membrane.
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Figure 4. Identification of CTCs and CECs from metastatic cancer patients. Images of CTCs
positively stained with an anti-pan-cytokeratin antibody and a secondary anti-rabbit A488-1gG
and negatively with anti-CD45-APC antibody from metastatic colorectal (a), metastatic prostatic
(c), metastatic pancreatic (e), and metastatic kidney (g) cancer patients. Images of CECs positive-
ly stained with an anti-VE Cadherin and a secondary anti-mouse A594-1gG from metastatic colo-
rectal (b), metastatic prostatic (d), metastatic pancreatic (f), and metastatic kidney (h) cancer pa-
tients. Picture (20X) of a typical captured CTC and leucocytes from a metastatic prostatic cancer
patient (A). Picture (20X) of a typical captured CEC and leucocytes from a metastatic prostatic
cancer patient (B). Image of a normal endothelial cell stained with an anti-VE Cadherin and a
secondary anti-mouse A594-1gG is displayed (C). Nuclei are stained with DAPI.

Table 4 displays the number of blood sam-
ples evaluated following concomitant cap-
tures of CTC and CEC subpopulations from
patients with metastatic colorectal, meta-
static prostate, metastatic pancreas, and
metastatic kidney cancer, and from healthy
donors. All blood samples were analyzed in
duplicate. The number of CTCs ranged as
follows: from 335 to 1035 per 3 mL (459 +
132, mean £S.D.) for colorectal cancer;
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from 238 to 721 per 3 mL (482 + 176, mean
+S.D.) for prostate cancer; from 112 to 371
per 3 mL (200 + 118, mean +S.D.) for pan-
creas cancer; from 112 to 371 per 3 mL
(188 + 124, mean £S.D.) for kidney cancer.
None of the 2 healthy donor blood samples
had any identifiable CTC. The number of
CECs ranged as follows: from 318 to 662
per 3 mL (532 + 185, mean +S.D.) for colo-
rectal cancer; from 456 to 1315 per 3 mL
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(841 + 262, mean £S.D.) for prostate can-
cer; from 341 to 941 per 3 mL (618 + 282,
mean +S.D.) for pancreas cancer; from 353
to 912 per 3 mL (559 + 244, mean £S.D.)
for kidney cancer. Normal CECs (<
10cells/mL) could be identified in both
healthy donor blood samples (range 9-32,
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21 £ 9, mean £+ S.D.). As previously report-
ed (13,16), concomitant capture of epitheli-
al CTCs and CECs, respectively, yielded
high performance of cell immobilization
onto anti-EpCAM- and anti-MCAM-coated
AHTS surfaces.

Table 4. Summary of CTC and CEC counts in 3 mL of blood from healthy donors and from met-
astatic colorectal, metastatic prostatic, metastatic pancreatic and metastatic kidney cancer pa-
tients. All blood samples were analyzed in duplicate. Cell counts are reported as mean + S.D.

Subjects No of patients | No of analyzed samples Range Cell counts in 3 mL of
blood
Mean + SD
Healthy 2 4
No of CTCs 0-0 0+0
No of CECs 9-32 21+9
Colorectal cancer 5 10
No of CTCs 335-1035 459 + 132
No of CECs 318-662 532+ 185
Prostate cancer 3 6
No of CTCs 238-721 482 + 176
No of CECs 456-1315 841 + 262
Pancreas cancer 1 2
No of CTCs 112-371 200+ 118
No of CECs 341-941 618 + 282
Kidney cancer 1 2
No of CTCs 112-371 188 + 124
No of CECs 353-912 559 + 244

3.2.  Analysis of interphase nuclei by
FISH

Following elimination of the fluorescent
cellular pattern on each microscope slide
containing four imprinted laminar flow
chambers, the surfaces containing epithelial
CTCs were labeled with FISH probes. Only
the epithelial CTCs from metastatic colo-
rectal and metastatic prostatic cancer pa-
tients were probed. In metastatic colorectal
cancer, identification of molecular predic-
tive factors is required in anti-EGFR thera-
pies. Assessment of increased EGFR gene
copy number by FISH could help identify-
ing the chemotherapy refractory colorectal
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patients most suitable for treatment with the
anti-EGFR antibody (22, 23). Therefore,
Figure 5A displays a result of EGFR gene
amplification by FISH in a single CTC
from a patient with metastatic colorectal
cancer. Two genomic alterations in meta-
static prostatic cancer were assayed by
FISH: first, the alterations of the ERG locus
when TMPRSS2 gene fusions to the ERG
gene. This early event is associated with
invasion and can be addressed as a mecha-
nism-based prognostic indicator (24,25). In
one patient, we observed among several
patterns a deletion of a TMPRSS2-ERG
genes fusion and a break of TMPRSS2, as
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shown in Figure 5B. Second, another ge- quencies 38-62% (26). Assessment of
nomic aberration that is detected in patients PTEN gene deletion in a single CTC from
with metastatic prostatic cancer is the dele- metastatic prostatic cancer is displayed in
tion of the PTEN gene. It is a common Figure 5C.

event associated with invasion with fre-

Figure 5 A-C. (A) FISH image of an epithelial CTC interphase nucleus from a metastatic colo-
rectal cancer assessed by a dual-color EGFR assay for the detection of amplification at 7p11.
Amplification involving the EGFR gene region at 7pl11 shows 6 red signals, while the control at
the chromosome 7-centromere region provides 2 green signals. (B) FISH image of a CTC inter-
phase nucleus from a metastatic prostatic cancer assessed by a triple-color TMPRSS2-ERG assay
for the detection of deletion of a TMPRSS2-ERG genes fusion and a break of TMPRSS2. Several
patterns were found. FISH image that displays herein shows two red signals, one blue signal, and
2 green signals. (C) FISH image of an epithelial CTC interphase nucleus from a metastatic pros-
tatic cancer assessed by a dual-color PTEN assay for the detection of deletion at 10923. Deletion
involving the PTEN gene region at 10923 shows one red signal, while the control at the chromo-
some 10-centromere region provides 2 green signals.

4 . Discussion high-affinity and high specificity binding of

cell antigens to antibodies. We applied this
Our technology approach is based on cell process to our mesofluidic multiplexed-
attachment under flow, which requires immunosensor. To amplify the number of
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CTCs capture, we serially interconnected
three  mesofluidic multiplexed-immuno-
sensors that allowed increasing the number
of surface captures for their immobilization.
New performances for high cell detection
sensitivity are reported for the combination
design  embodying  serially  three-
mesofluidic multiplexed-immunosensors in
concomitant capture of heterogeneous sub-
populations of CTCs. The serial system
benefits from the already demonstrated
characteristics of laminar flow chambers at
mm-scale reducing the rheological phe-
nomena of microfluidics. We demonstrate
here its analytical capacity to concomitantly
immobilize epithelial CTC and CEC sub-
populations from various cancer patients’
blood samples, namely metastatic colorec-
tal, metastatic prostatic, metastatic pancre-
atic and metastatic kidney cancer, as report-
ed in the results section. The primary tumor
in most cases of patients with colorectal
cancer can be easily controlled but distant
metastases ultimately limit the patient’s
prognosis (27-29). Evaluation of CTCs
could be regarded as a prognostic and/or
predictive value (30). Same as for CRC
cancer, analysis of CTCs from patients with
metastatic castration-resistant prostatic can-
cer predicts benefit responses from treat-
ment (31,32). In pancreatic cancer, a highly
malignant tumor with poor prognosis (33),
CTCs analysis may vyield insight into the
process of metastasis and provides prognos-
tic and predictive information (34-37). Kid-
ney cancer is not a single disease but com-
prises a number of different cancers that
occur in the kidney, each with a different
histology (38). Renal cell cancer (RCC) is
the most frequent solid lesion of kidney
(38). The correlation of detection of CTCs
in peripheral blood of RCC patients with
prognosis can have an impact on detection
of early metastases and may serve as a
marker for monitoring therapeutic efficacy
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(39). Evaluation of CECs in cancer, a non-
epithelial cell subpopulation, and seemingly
a marker of vascular damage shed in pe-
ripheral blood (40), provides a prognostic
indicator. Among characteristic endothelial
cell markers, membrane MCAM and VE-
cadherin are highly expressed in CECs (41).
CECs are present in abnormally high num-
bers and might reflect the abnormal high
turnover rate of tumor endothelium, as well
as the disordered nature of tumor angiogen-
esis. The intensity of angiogenesis could
predict the probability of invasive tumor
and metastasis (42). CECs are sized from
20 to 50 um. The new mesofluidic multi-
plexed-immunosensors combination design
enables high sensitivity and specificity for
concomitant capture and purification of
large number of viable epithelial CTC and
CEC subpopulations. The multiplexed-
immunosensor combinations offer a versa-
tile tool readily grafted with a variety of
purified antibodies onto AHTS-coated
standard microscope slides, and is destined
to optimizing concomitant capture of CTC
subpopulations such as mesenchymal
CTCs, cancer stem cells (CSC), in addition
to epithelial CTCs and CECs demonstrated
in the present study. Such active glass sur-
face also provides not only an ideal trans-
parent surface for fluorescence microscopy,
but also a surface easily processed for cellu-
lar, genetic and genomic analyses. We
demonstrated that the same slide containing
immobilized-epithelial CTCs was readily
assessed for genomic aberrations and altera-
tions. FISH assays of liquid biopsy are reg-
ularly and easily accessed for controls than
the paraffin-embedded tissue blocks. Lastly,
this new combination design addresses a
diagnostic tool for predictive and prognos-
tic biomarkers of liquid biopsy that can be
destined to all options for the clinical man-
agement of patients with cancer.
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