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Abstract

Circulating tumor cells (CTCs) present an opportunity to detect/monitor metastasis throughout disease progression. The
CellSearch® is currently the only FDA-approved technology for CTC detection in patients. The main limitation of this system
is its reliance on epithelial markers for CTC isolation/enumeration, which reduces its ability to detect more aggressive mes-
enchymal CTCs that are generated during metastasis via epithelial-to-mesenchymal transition (EMT). This Technical Note
describes and validates two EMT-independent CTC analysis protocols; one for human samples using Parsortix® and one for
mouse samples using VyCap. Parsortix® identifies significantly more mesenchymal human CTCs compared to the clinical
CellSearch® test, and VyCap identifies significantly more CTCs compared to our mouse CellSearch® protocol regardless
of EMT status. Recovery and downstream molecular characterization of CTCs is highly feasible using both Parsortix® and
VyCap. The described CTC protocols can be used by investigators to study CTC generation, EMT and metastasis in both
pre-clinical models and clinical samples.
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Introduction process of metastasis has been shown to be associated with

an epithelial-to-mesenchymal transition (EMT) [3]. Dur-

Cancer is the second leading cause of death in the United
States; with over 600,000 Americans dying from this dis-
ease in 2020 [1]. It is estimated that up to 90% of cancer-
related deaths are due to metastasis, the spread of disease
to other sites in the body [2]. This is because current thera-
pies are non-curative against these aggressive cancers. The
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ing the EMT process, a polarized epithelial cell undergoes
morphological and molecular changes that enable it to gain
a mesenchymal phenotype [4]; characterized by a greater
migratory capacity, increased invasiveness, and elevated
resistance to apoptosis [5]. During metastasis and associ-
ated EMT, tumor cells can shed from the primary tumor and
disseminate throughout the body as circulating tumor cells
(CTCs) in the bloodstream [6]. The presence and molecular
characteristics of CTCs in patients have been correlated with
increased metastatic disease, reduced survival, and therapy
response/resistance [7—-10].

Although EMT has been shown to be associated with
increased metastasis and CTC generation, many technolo-
gies used to detect CTCs rely on epithelial characteristics
[11]. For example, CellSearch® (Menarini Silicon Biosys-
tems) is currently the only CTC assay approved by the U.S.
Food and Drug Administration for clinical CTC analysis
[7, 8, 12]. CellSearch® distinguishes CTCs from leuko-
cytes through immunomagnetic selection of cells with an
EpCAM™ (epithelial cell adhesion molecule) phenotype
followed by differential fluorescent staining for cytokerat-
ins (CK) 8/18/19, CD45 (leukocyte marker), and DNA
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(4',6-diamidino-2-phenylindole [DAPI]). Despite being
considered the “gold standard” clinical CTC platform [7,
8, 12], previous studies have shown that in some diseases
such as prostate cancer, CTCs are undetectable in ~30% of
patients despite the presence of widespread metastatic dis-
ease [13]. While it is possible that CTCs are truly not present
in one third of prostate cancer patients with metastasis, it
is more likely that CTCs are present but not detected by
the CellSearch® system. This may be because they do not
meet the standard CTC definition (EpCAM*/CK*/DAPI*/
CD457) due to EMT and associated downregulation of epi-
thelial markers [14, 15].

Importantly, several studies have demonstrated that CTCs
with a purely mesenchymal phenotype are undetectable by
CellSearch®, but that the presence of mesenchymal marker
expression on CTCs with a hybrid epithelial-mesenchymal
phenotype is indicative of poor prognosis [15-19]. We have
previously described the use of this epithelial-based system
in capturing both human and mouse CTCs [20, 21] and dem-
onstrated that a CellSearch®-based assay failed to detect
a significant number (~40-50%) of mesenchymal CTCs.
Notably, the CellSearch®-based assay captured the major-
ity of CTCs shed during early-stage disease in vivo, and
only after the establishment of metastases were a significant
number of undetectable CTCs present [11]. Taken together,
this suggests that current clinical assays may be limiting
our ability to capitalize on the full potential of CTCs, and
that additional technologies that do not rely on epithelial
characteristics should be explored.

The Parsortix® system (Angle PLC) is a sized-based
microfluidics platform that allows for recovery of rela-
tively pure populations of CTCs for downstream molecular
analysis based on CTC size and deformability, and is thus
independent of EMT status [22]. Whole blood is processed
through a filtration cartridge etched with microchannels
that are 6.5-10 pM wide [20]. Using microfluidics, CTCs
(>8 pM) are isolated within the cartridge and stained with
immunofluorescent antibodies [20]. The VyCap system
(VyCap B.V.) is a sized-based CTC isolation and enumer-
ation platform which uses a pump unit to process whole
blood through a disposable filter cartridge [23, 24]. CTCs
are captured on top of the microsieve which has 160,000
pores; each 5 pM in diameter [23, 24]. The VyCap allows for
recovery of CTCs based on CTC size rather than epithelial
cell characteristics [24] and is thus similar to the Parsortix®
in providing the potential for an EMT-independent approach
to CTC capture and analysis.

The purpose of this Technical Note is to describe and
validate two EMT-independent CTC isolation/enumeration
protocols that we have developed for unbiased analysis of
CTCs in human blood samples (using Parsortix®) and pre-
clinical mouse models of metastasis (using VyCap). We
also provide a summary of advantages/disadvantages and
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technical considerations that metastasis researchers may find
valuable for application of these methods to studies in the
areas of CTCs, EMT, and cancer progression.

Materials and methods
Cell culture and labeling

Epithelial human MDA-MB-468 [25] breast cancer cells
(American Type Culture Collection [ATCC], Manas-
sas, VA) were cultured in minimum essential medium
(MEM)-a+ 10% fetal bovine serum (FBS). Mesenchymal
human PC-3 [26] prostate cancer cells (ATCC) were cul-
tured in F12-K media+ 10% FBS. Cell lines were authen-
ticated via third-party testing (IDEXX, Columbia, MO).
Media and reagents were obtained from Life Technologies
(Carlsbad, CA), and FBS from Sigma (St. Louis, MO).
For baseline recovery experiments, MDA-MB-468 cells
were stained with the CellTrace™ carboxyfluorescein suc-
cinimidyl ester (CFSE) Cell Proliferation Kit (Invitrogen,
Waltham, MA). Dimethyl sulfoxide (DMSO; 18 pL) was
added to one CellTrace™ tube. Dissolved CellTrace™ was
added directly to cells suspended in phosphate-buffered
saline (PBS) at a concentration of 1:1000. Cells + Cell-
Trace™ were incubated for 20 min at 37 °C, 5% CO,. After
incubation, an equal amount of cell culture media was added
to the mixture to stop the staining reaction and cells were
incubated for a further 5 min. Cells were centrifuged, super-
natant was discarded, and cells were resuspended in PBS for
counting and spiking into whole blood as described below.

Blood collection and tumor cell spiking

For human subjects, 2x 10 mL of whole blood was col-
lected in CellSave preservation tubes (Menarini Silicon
Biosystems, Huntingdon Valley, PA). For mice, whole blood
(150 uL) was drawn from male athymic nude mice (Harlan
Sprague- Dawley, Indianapolis, IN) via cardiac puncture at
endpoint as previously described [11]. Blood was collected
into ethylenediaminetetraacetic acid (EDTA) microtubes
(Becton Dickinson, Mississauga, ON) and separated into
two aliquots of 50 pL to be analyzed by each CTC assay. For
cell spiking and recovery experiments, unlabeled or prela-
beled PC-3 and MDA-MB-468 cells were grown to approxi-
mately 80% confluence and harvested using either 0.25%
Trypsin/EDTA or 0.25% Trypsin (ThermoFisher Scientific,
Waltham, MA) respectively. Cells were counted by hemocy-
tometer and serially diluted using PBS to concentrations of
1000, 100, 10, or 5 cells/10 pL prior to spiking into matched
whole blood samples (7.5 mL human; 50uL mouse).
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CTC analysis

CellSearch®

For human samples, 7.5 mL of whole blood was processed
on the CellSearch® Autoprep system using the CellSearch®
CTC kit (Menarini Silicon Biosystems), analyzed on the
CellSearch® Analyzer, and assessed for the presence of
CTCs as previously described [11]. For mouse samples,
50 pL of whole blood was incubated with components of
the CellSearch® CTC kit including anti-EpCAM ferrofluid
(25 pL), Capture Enhancement Reagent (25 pL), Nucleic
Acid Dye (50 pL), Staining Reagent (50 uL), Permeabiliza-
tion Reagent (100 pL), as well as anti-mouse CD45-APC
(1.5 uL) (eBiosciences, San Diego, CA) as described previ-
ously [11]. Samples were manually immuno-magnetically
separated and transferred to a CellSearch® MagNest™
cartridge for analysis using the CellSearch® Analyzer. In
all cases, cells displaying the phenotype of EpCAM*/CK*/
DAPI*/CD45™ cells with a round/oval morphology were
classified as CTCs.

Parsortix®

Whole human blood (7.5 mL) was processed on the EMT-
independent Parsortix® using 6.5 uM cartridges (Angle
PLC, Surrey, UK). Cartridges were stained using a combina-
tion of 20 pL anti-human EpCAM-PE (Becton Dickinson),
10 pL anti-human N-Cadherin-PE (eBiosciences), 20 uL
anti-human CD45 AlexaFluor-488 (Becton Dickinson), and
5 uL of DAPI (Life Technologies). Cells displaying the phe-
notype of EpCAM*/DAPI*/CD45~ or N-Cadherint/DAPI*/
CD45~ with a round intact morphology were considered
CTCs. Identified CTCs were manually counted on the car-
tridge using an AX70 microscope (Olympus, Tokyo, JA).

VyCap

For the EMT-independent VyCap CTC assay, 3.5 uL of
Transfix (Caltag MedSystems, Buckingham, EN) was added
to each spiked 50 uL mouse blood sample and incubated at
room temperature for 24-48 h. Samples were then incubated
for 20 min each with a primary monoclonal anti-human
HLA anti-FITC antibody (5 pL, Sigma, Darmstadt, DE),
followed by a secondary oligoclonal anti-rabbit unconju-
gated anti-FITC antibody (5 uL, Thermofisher), tertiary goat
anti-rabbit IgG secondary AlexaFluor-488 antibody (5 uL,
Invitrogen), and monoclonal anti-mouse CD45-PE antibody
(10 pL, Invitrogen) with 2x washing with PBS +0.5% BSA
(BioShop LifeScience Products, Burlington, ON) between
each antibody step. Samples were then processed through
the VyCap microsieve on the PU-250 pump unit (VyCap,
Enschede, NL). Vectashield (5 uL) antifade mounting media

with DAPI (Vector Laboratories, Burlingame, CA) was
added to the top and bottom of each microsieve prior to
being covered with custom cover glass slips (VyCap). Cells
displaying the phenotype of HLA*/DAPI*/CD45™ cells
with intact round morphology were considered to be CTCs.
Identified CTCs were manually counted on the microseives
using an AX70 microscope and an LUCPLFLN UPlanFLN
20x Microscope Objective (Olympus).

In vivo metastasis studies

Prostate cancer cells were prepared in sterile Hank’s buffered
saline (Life Technologies) and injected (1 x 10° cells/40 pL
per mouse) orthotopically into 6-8 week old male athymic
nude mice (Harlan Sprague-Dawley) via the right dorsolat-
eral lobe of the prostate as described previously [11]. Pros-
tate cancer tumor growth and progression to metastasis was
allowed to develop for 9 weeks. At endpoint, blood (150 pL)
was collected and analyzed for CTCs as described above.
Tissues (primary tumors and distant organs) were harvested
and formalin-fixed, paraffin-embedded, sectioned (4 pm) and
stained with hematoxylin and eosin (H&E).

CTC characterization
CTC harvesting

After CTC enumeration on VyCap microseives, coverslips
were removed and 50 pL of lysis/binding buffer from the
Dynabeads® mRNA Purification Kit (Thermofisher) was
added directly onto microsieves. CTCs were lysed via man-
ual pipetting up and down before transfer to 1.5 mL RNAse/
DNAse-free microtubes (Diamed, Mississauga, ON). This
was repeated twice to ensure total lysis and capture of RNA
from all CTCs on each microsieve. For the Parsortix®, cells
were collected via the platform’s “harvest protocol” into
1.5 mL RNAse/DNAse-free microtubes (Diamed). CTCs
were centrifuged at 700xg for 10 min, supernatants were
discarded without disturbing the pellet, and CTCs were
lysed via manual pipetting using 50 pL lysis/binding buffer
as described above. Harvested CTCs in lysis/binding buffer
were stored at — 80 °C prior to analysis as described below.

Quantitative real-time PCR analysis

The RNA collected from harvested CTCs was eluted using
the Dynabeads® mRNA Purification Kit protocol (Ther-
mofisher) and reverse transcribed using SuperScript™ IV
VILO™ Master Mix (Invitrogen) on a T100 Thermal Cycler
(BioRad). Samples were then subjected to quantitative real-
time polymerase chain reactions (QRT-PCR) using Advanced
gPCR MasterMix (Wisent Bioproducts, St.Bruno, QC) on
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a Stratagene Mx3000P gPCR system (Life Technologies)
using primers described in Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
7 for MacOS Mojave (La Jolla, CA). Data is presented as
mean + standard error of the mean (SEM). Paired t-tests
were used to analyze differences between matched samples.
For all experiments, p <0.05 was considered statistically
significant.

Results

The Parsortix® and CellSearch® platforms provide
equivalent recovery of epithelial CTCs in human
blood samples, but Parsortix® is superior

for recovering mesenchymal CTCs

In order to detect innate differences in capture between the
Parsortix® and CellSearch® CTC technologies for human
samples, we first pre-stained epithelial MDA-MB-468
human breast cancer cells and spiked either 5, 10, 100, or
1000 cells into 7.5 mL of whole human blood. We then
enriched for CTCs using the clinical CellSearch® human
protocol (with the added GFP channel to identify pre-
stained cells), and Parsortix® (without the staining proto-
col) in matched samples. We observed that baseline recov-
ery for CTCs in human blood was not significantly different
between the two systems (Fig. 1ab, Table 2). We next wanted
to determine differences in CTC recovery in human blood
when enumerating epithelial versus mesenchymal CTCs
using the clinical epithelial-dependent CellSearch® stain-
ing protocol (DAPI*/CK-PE*/CD457), and our developed
epithelial-independent Parsortix® staining protocol (DAPI*/
EpCAM™ or N-Cadherin™/CD457). We spiked 53, 10, 100, or
1000 unstained human MDA-MB-468 breast cancer cells
(epithelial phenotype) or human PC-3 prostate cancer cells
(mesenchymal phenotype) into whole human blood and
analyzed CTCs using the two technologies in matched sam-
ples. We observed that overall recovery of epithelial CTCs in
human blood was not significantly different between the two
systems (Fig. 1cd, Table 2), but when assessing cell recov-
ery based on serial numbers of expected cells, CellSearch®

was able to enumerate significantly more epithelial CTCs
in the cell group of 1000 expected cells compared to Par-
sortix® (p <0.05; Fig. 1d, Table 2). However, recovery of
mesenchymal CTCs in human blood was significantly higher
using Parsortix® (54.9 +4.7%) compared to CellSearch®
(39.5+3.5%) (p<0.05; Fig. lef, Table 2). Parsortix® was
also able to enumerate significantly more CTCs in the 100
and 1000 cell groups compared to CellSearch® (p < 0.05;
Fig. 1f, Table 2). Representative images of positive CTCs
isolated using CellSearch® and Parsortix® are shown in
Online Resource 1. Taken together, these results indicate
that while Parsortix® and CellSearch® provide equivalent
recovery of epithelial CTCs in human blood samples, Par-
sortix® is superior for recovery of mesenchymal CTCs.

The VyCap CTC platform provides enhanced
recovery of epithelial and mesenchymal CTCs
in mouse blood samples compared to CellSearch®

In order to compare CTC capture between the VyCap and
CellSearch® technologies for mouse blood samples, we first
pre-stained epithelial MDA-MB-468 human breast cancer
cells and spiked either 5, 10, 100, or 1000 cells into 50 uL.
of whole mouse blood. We then enriched for CTCs using
our previously developed CellSearch® mouse protocol (with
the added GFP channel to identify pre-stained cells), and
the VyCap (without the staining protocol) in matched sam-
ples. We observed that baseline recovery for CTCs in mouse
blood was significantly higher with VyCap (71.9 +3.4%)
compared to CellSearch® (33.9+6.3%) (p <0.05; Fig. 2a).
When assessing cell recovery based on serial numbers of
expected CTCs, VyCap was able to enumerate significantly
more CTCs in cell groups of 5, 100, and 1000 expected
cells compared CellSearch® in matched samples (p <0.05);
Fig. 2b, Table 3). We next wanted to determine differences
in CTC recovery in mouse blood from the perspective of
isolation based on an epithelial versus a mesenchymal
cell phenotype. To investigate this, we compared the Cell-
Search® staining protocol (DAPI*/CK"PE*/CD457) versus
an epithelial-independent VyCap staining protocol (DAPI*/
HLA*/CD457) that we developed in-house. We spiked 5,
10, 100, or 1000 unstained human MDA-MB-468 cells
breast cancer cells (epithelial phenotype) or human PC-3
prostate cancer cells (mesenchymal phenotype) into whole
mouse blood and analyzed CTCs using the two technologies

Table 1 Forward and reverse

. Target gene
primers used for qRT-PCR

Forward primer (5'—3")

Reverse primer (3'—5')

analysis E-Cadherin

EpCAM
N-Cadherin

Vimentin

TGCTGATGCCCCCAATACCCCA
CGACTTTTGCCGCAGCTCAGGA
TGACTCCAACGGGGACTGCACA
AACCAACGACAAAGCCCGCGTC

GTGATTTCCTGGCCCACGCCAA
GGGCCCCTTCAGGTTTTGCTCT
AGCTCAAGGACCCAGCAGTGGA
TTCCGGTTGGCAGCCTCAGAGA
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Fig.1 The Parsortix® and CellSearch® CTC platforms provide
equivalent recovery of epithelial CTCs in human blood samples, but
Parsortix® is superior for recovery of mesenchymal CTCs. Epithe-
lial MDA-MB-468 human breast cancer cells or mesenchymal PC-3
human prostate cancer cells were spiked into whole human blood
(5, 10, 100, or 1000 cells per 7.5 ml/blood) and recovered using the
human protocols for CellSearch® (epithelial-dependent) or Par-

in matched samples. We observed that recovery of epithelial
MDA-MB-468 human CTCs in mouse blood was signifi-
cantly higher using VyCap (79.9 £ 6.2%) compared to Cell-
Search® (27.7+£10.2%) (p <0.05; Fig. 2c). When assessing
cell recovery based on serial numbers of expected cells,
VyCap was able to enumerate significantly more epithelial

sortix® (EMT-independent). a, b Pre-stained (CellTrace™) epithelial
MDA-MB-468 human breast cancer cells spiked into human blood; c,
d Epithelial MDA-MB-468 human breast cancer cells and e, f Mes-
enchymal PC-3 human prostate cancer cells spiked into human blood
and stained using the human CellSearch® or Parsortix® protocols.
Data are presented as mean+SEM (n>3), *Significantly different
than CellSearch® (p <0.05)

CTCs in cell groups of 10, 100, and 1000 expected cells
compared to CellSearch® (p <0.05; Fig. 2d, Table 3). The
difference between CTC platforms was even more marked
when assessing the recovery of mesenchymal human CTCs
in mouse blood, which was significantly higher using VyCap
(65.3 £6.5%) compared to CellSearch® (14.3 +5.4%)
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Table2 CTC recovery in spiked
human blood samples using
Parsortix® versus CellSearch®

Cell type Number of Cells recovered  Cells recovered P-value
cells spiked (Parsortix®) (CellSearch®)

Baseline (Pre-stained MDA-MB-468) 5 4.4+0.1 33+1.0 0.4226
10 5.1+1.5 8.0+2.1 0.1994
100 50.5+£7.8 70.4+11.0 0.0989
1000 604.2+25.4 768.6 +£64.9 0.1213

Epithelial (MDA-MB-468) 5 2.8+0.45 33+15 0.6349
10 73+24 5.8+0.5 0.6968
100 445+1.6 63.9+10.8 0.2236
1000 547.7+43.9 846.4+83.6 0.0417*

Mesenchymal (PC-3) 5 2.9+0.7 1.8+0.4 0.2254
10 4.6+0.9 42+0.6 0.2254
100 61.7+8.5 43.9+8.0 0.0489%
1000 540.6+23.0 362.0+£57.2 0.0473%*

*Significantly different between 2 CTC analysis platforms (p <0.05)

(p £0.05; Fig. 2ef, Table 3). VyCap was able to enumer-
ate significantly more mesenchymal CTCs in cell groups of
10, 100, and 1000 expected cells compared to CellSearch®
(p<0.05; Fig. 2f, Table 3). Representative images of posi-
tive CTCs isolated using CellSearch® and VyCap in each
technical condition are shown in Online Resource 2. Taken
together, these results indicate that both baseline CTC recov-
ery and overall recovery of CTCs with either an epithelial
or mesenchymal phenotype is enhanced through the use of
the EMT-independent VyCap system versus the standard
CellSearch® protocol.

The VyCap CTC platform provides enhanced
recovery of mesenchymal CTCs from in vivo mouse
models of prostate cancer metastasis

In order to assess the value of our developed mouse VyCap
EMT-independent protocol compared to the mouse Cell-
Search® protocol in vivo, we orthotopically injected 12 mice
with mesenchymal PC-3 human prostate cancer cells. After
9 weeks of primary tumor growth and disease progression,
mice were sacrificed, blood samples were collected, and CTCs
were enumerated using our two protocols. We observed that
the VyCap was able to recover CTCs in all 12 mice, whereas
the CellSearch® was only able to capture CTCs in 10/12 mice
with metastatic prostate cancer (Fig. 3a—c). The VyCap also
provided significantly enhanced recovery of CTCs in mice
with metastatic prostate cancer (13,094 +5719 CTCs/mouse)
compared to CellSearch® (171 + 117 CTCs/mouse) (p <0.05;
Fig. 3a—c). Of these mice, we observed that 8/12 mice devel-
oped metastatic disease in one or more organs as determined
by pathohistological analysis (Fig. 3d). In addition to detect-
ing CTCs in the 8 mice with detectable metastases, VyCap
was also able to detect a significant number of CTCs in all 4
mice in which metastases were histologically undetectable,
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although the numbers of CTCs observed were lower. In con-
trast, the CellSearch® was only able to detect CTCs in 2 of
these mice. These results support our observations from the
spiking studies and validate our newly developed EMT-inde-
pendent VyCap protocol for use in pre-clinical mouse studies
of CTCs and metastasis.

CTCs can be harvested from the VyCap
and Parsortix® for downstream molecular
characterization

Finally, we wanted to assess the feasibility of harvesting
CTCs from the two EMT-independent platforms and using
them for downstream molecular characterization. Fol-
lowing CTC enumeration by either Parsortix® or VyCap,
CTCs were harvested and RNA was isolated for gqRT-PCR
to assess expression of EMT markers in MDA-MB-468 (epi-
thelial) and PC-3 (mesenchymal) CTC samples. Overall, we
observed that EMT gene expression could be detected in
isolated epithelial or mesenchymal CTCs harvested both
platforms, although the expression patterns were more con-
sistent with what was expected using the VyCap (Fig. 4ab;
p<0.05). In particular, MDA-MB-468 CTCs harvested from
Parsortix® did not show the expected epithelial gene expres-
sion pattern (p> 0.05). These results demonstrate the ability
to isolate RNA and characterize gene expression from CTC
samples via the VyCap or Parsortix® for further downstream
characterization after CTC enumeration.

Discussion

Analysis of CTCs holds tremendous promise for track-
ing metastatic progression and treatment response in both
human cancer patients and pre-clinical mouse models of
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Fig.2 The VyCap CTC platform provides enhanced recovery of
spiked-in epithelial and mesenchymal CTCs in mouse blood sam-
ples compared to the CellSearch®. Epithelial MDA-MB-468 human
breast cancer cells or mesenchymal PC-3 human prostate cancer
cells were spiked into whole mouse blood (5, 10, 100, or 1000 cells
per 50 ul/blood) and recovered using the mouse protocols for Cell-
Search® (epithelial-dependent) or VyCap (EMT-independent). a, b

metastasis. However, current clinical assays such as Cell-
Search® rely on epithelial cell characteristics for CTC detec-
tion and enumeration, and thus may be limiting our ability
to capitalize on the full potential of CTCs. In the current
study we developed and validated two EMT-independent
CTC enumeration and harvest protocols, one for use with
human patient samples using the Parsortix® (EpCAM™* or

Pre-stained (CellTrace™) epithelial MDA-MB-468 human breast
cancer cells spiked into mouse blood; ¢, d Epithelial MDA-MB-468
human breast cancer cells and e, f Mesenchymal PC-3 human pros-
tate cancer cells spiked into mouse blood and stained using the
human CellSearch® or VyCap protocols. Data are presented as
mean+SEM (n>3), *Significantly different than CellSearch®
(p<0.05)

N-Cadherin* phenotype), and one for use with pre-clinical
mouse samples using VyCap (HLA* phenotype), and com-
pared them to the clinical “gold standard” FDA-approved
CellSearch®.

For analysis of human samples, we observed no signifi-
cant differences in CTC capture for epithelial CTCs between
CellSearch® and Parsortix®. Thus, either system may be
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Table 3 CTC recovery in spiked
mouse blood samples using
VyCap versus CellSearch®

Cell type Number of  Cells recovered (VyCap) Cells recovered P-value
cells spiked (CellSearch®)

Baseline (Pre-stained MDA-MB-468) 5 39+0.3 1.4+0.8 0.0182%*
10 6.6+1.1 43+23 0.6971
100 68.6+7.1 28.7+7.6 0.0042*
1000 753.0+73.1.6 360.5+116.1  0.0151*

Epithelial (MDA-MB-468) 5 41+10 3.0+£2.0 0.3828
10 98+1.3 1.1+0.6 0.0102*
100 732+6.4 21.4+45 0.0026*
1000 664.7+41.8 187.6+47.7 0.0003*

Mesenchymal (PC-3) 5 39+0.8 1.0+0.8 0.0572
10 6.0+1.3 23+1.6 0.0131*
100 66.7+13.8 10.5+3.8 0.0474*
1000 566.7 +130.1 31.0+15.0 0.0422*

*Significantly different between 2 CTC analysis platforms (p <0.05)

appropriate for enumeration of epithelial CTCs from human
blood samples depending on the study design. For example,
studies evaluating early-stage cancers, the initiating steps of
metastasis, or epithelial marker expression on CTCs could
be carried out using either CellSearch® and Parsortix®.
However, in studies of more advanced and/or aggressive
cancers where a greater proportion of mesenchymal CTCs
or mixed epithelial/mesenchymal CTCs are expected, Par-
sortix® might be a more appropriate CTC platform based
on our observations that significantly enhanced detection
of mesenchymal CTCs is possible with Parsortix® versus
CellSearch®. For CTC capture in pre-clinical mouse mod-
els, our results indicate that our developed VyCap protocol
(EMT-independent) is superior to our previously developed
mouse CellSearch® protocol (EpCAM-dependent) regard-
less of cell phenotype. This is likely due to both the epithe-
lial-dependent nature of the CellSearch® platform as well as
the manual CTC enrichment step in the CellSearch® mouse
protocol (including multiple wash steps) which may cause
loss of CTCs during the isolation process [11].
Additionally, the ability to harvest CTCs from the differ-
ent platforms for downstream analysis is an important con-
sideration when choosing which technology is most appro-
priate, since CellSearch® does not allow the user to recover
enumerated CTCs. Therefore, for investigators interested in
tracking evolving molecular characteristics throughout dis-
ease progression or assessing expression of specific thera-
peutic targets, our results suggest that VyCap or Parsortix®
may be more appropriate platforms to use compared to Cell-
Search®. Our results also indicate that the VyCap platform
may be slightly more optimal for cell harvesting compared
to the Parsortix®, potentially due the differences in isola-
tion procedure. With the VyCap, the RNA lysis buffer is
added directly to the microsieve, with full exposure to all
CTCs present and potentially improved recovery and RNA

@ Springer

extraction. In contrast, with the Parsortix® system, tumor
cells move through an increasingly smaller area until they
become lodged within the stepwise system of the chip. It is
possible that some larger CTCs may become stuck within
the chip and are not dislodged by the backflow pressure in
the harvest protocol and thus do not get harvested. This
may result in an insufficient cell number for RNA extrac-
tion and accurate qRT-PCR analysis, especially with low
numbers of CTCs. This may be of particular concern when
using immortalized cell lines for CTC studies, which have
been demonstrated to have a greater diameter in circula-
tion (~ 15-20 um) than primary patient CTCs (~ 10-13 pm)
[27]. Similarly, breast cancer CTCs are typically larger than
prostate cancer CTCs [27] which may help explain why we
did not obtain the expected epithelial EMT gene expression
results from MDA-MB-468 breast cancer cells harvested
from the Parsortix®. Thus, recovery of CTCs from the Par-
sortix® for downstream analysis may be further optimized
by careful selection of the most appropriate sized cartridge
(6.5, 8 or 10 um) for the disease site and/or experimental
question being investigated.

Each of the three CTC platforms described in this Techni-
cal Note have a number of advantages and disadvantages that
researchers should consider when designing their CTC stud-
ies and choosing an appropriate analysis platform (Table 4).
For example, the FDA-approved status and the significant
body of clinical prognostic data available for CellSearch®
supports its use in clinical studies, particularly those where
mostly epithelial CTCs are expected. However, it may poten-
tially miss aggressive mesenchymal CTCs and it provides
very limited capacity for recovery and downstream analysis
of CTCs. The Parsortix® addresses many of these limita-
tions, and although it is not yet FDA-approved, its potential
clinical validity is supported by a CE mark in Europe and
a number of promising clinical studies [20]. For example,
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Fig.3 The VyCap CTC platform provides enhanced recovery of
mesenchymal CTCs from in vivo mouse models of prostate cancer
metastasis. PC-3 cells were orthotopically injected into the prostate
gland of male nude mice. Prostate cancer tumor growth and progres-
sion to metastasis was allowed to develop for 9 weeks. At endpoint,
blood was collected and analyzed for CTCs using mouse protocols for
CellSearch® (epithelial-dependent) or VyCap (EMT-independent). a
Recovery of in vivo CTCs by CellSearch® versus VyCap. Data are
presented as mean+SEM CTCs/50 pl of blood/mouse (n=12), *Sig-
nificantly different than CellSearch® (p<0.05). b Representative
images of positive CTCs isolated using CellSearch®. ¢ Representa-
tive images of positive CTCs isolated using VyCap. d Representative
H&E staining of primary tumor and metastatic sites
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Fig.4 CTCs can be harvested from the VyCap and Parsortix® sys-
tems for downstream molecular characterization. Epithelial MDA-
MB-468 human breast cancer CTCs or mesenchymal PC-3 human
prostate cancer CTCs were enumerated on the a Parsortix® or b
VyCap platforms and CTCs were harvested after enumeration. RNA
was isolated from captured CTC samples and assessed for expres-
sion of the EMT markers EpCAM, E-Cadherin, N-Cadherin, and
Vimentin using qRT-PCR. Data are presented as mean+SEM (n=3),
a=significantly different than N-Cadherin (p <0.05), f=significantly
different than Vimentin (p <0.05)

in a recently completed clinical trial, Parsortix® was suc-
cessfully used to isolate and harvest CTCs from metastatic
breast cancer patients for further downstream analysis in
support of an upcoming FDA submission (ClinicalTrials.
gov; NCTO03427450). Ongoing clinical studies are also
using Parsortix® for the isolation of rare CTCs in ovar-
ian cancer (ClinicalTrials.gov; NCT02781272), to evalu-
ate multiple biomarkers in ovarian cancer (ClinicalTrials.
gov; NCT02785731), in an EMT-independent prostate
cancer study (ClinicalTrials.gov; NCT04021394), and for
evaluating heterogeneity and predicting clinical relapse in
non-small cell lung carcinoma patients (ClinicalTrials.gov;
NCT03771404). Pending FDA approval, the unique attrib-
utes of Parsortix® such as easy marker customization and
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Table 4 Advantages and

CellSearch ® Parsortix ® VyCap

disadvantages of CellSearch®,

. Clinically Validated'?
Parsortix® and VyCap CTC ticatly vatidate

9%, 9% [x]

analysis platforms
independent

Captures all types of CTC/phenotype-

[X] Q9% 299,

of custom antibody panels for CTC
analysis

Provides user flexibility for development

[x]

9.9 299,

Ability to harvest viable cells for
downstream analysis

[X] 99, VOV

Quick processing time/high sample
throughput

VOV [x] VLD

Affordability/cost

@ 9%, %Y,

Recommended for use in analyzing

patients?

CTCs in clinical samples from cancer

99 @

Recommended for use in analyzing

metastasis?

CTCs in pre-clinical mouse models of

X] [x] 299,

"Based on regulatory approval and/or published clinical data demonstrating an association with patient
prognosis and/or response to therapy

the ability to harvest CTCs for downstream analysis [28, 29]
will position Parsortix® as an ideal CTC platform for use
in clinical trials and clinical management. However, one of
the main limitations of the Parsortix® is the time it takes
to process a single sample; approximately seven hours to
separate, stain, harvest, and clean the instrument in prepara-
tion for the next sample. The low-throughput nature of Par-
sortix® is challenging but manageable for clinical samples,
which typically arrive in the lab one at a time. However, for
pre-clinical studies, researchers often have multiple mice in
each group with set endpoints or blood collection points.
Using the VyCap [23, 30, 31], mouse blood samples can be
pre-stained in batches in two hours using custom antibody
panels, enriched in less than a minute per sample, and CTC
RNA harvested in approximately five minutes off the dispos-
able microsieves. This allows the user to stain, separate, enu-
merate, and harvest up to twelve samples in one day. Due to
the increased sample throughput of the VyCap compared to
the Parsortix®, it is a better platform to assess CTCs in pre-
clinical mouse experiments where multiple samples need
to be collected and analyzed together. With the ability to
further enhance analysis capacity through the additional use
of VyCap’s semi-automated microscopy system [32] and/or
single CTC isolation puncher [33], this system provides a
high degree of flexibility for CTC studies. However, similar
to the Parsortix®, VyCap does not yet have FDA approval
for clinical use and has not yet demonstrated clinical validity
in terms of association with patient prognosis or response
to treatment; and this is the major limitation of this system
[34].

In summary, we believe that this Technical Note will be
valuable for aiding researchers in decision-making regarding
which CTC platform is best for their specific studies. Taken

@ Springer

together, this will help enhance knowledge in the areas of
CTC generation, metastasis, and EMT to ultimately assist in
treating patients with aggressive metastatic disease.
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