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Abstract: Circulating tumor cells (CTCs) represent cells shed from the primary tumor or metastatic sites and can be
used to monitor treatment response and tumor recurrence. However, CTCs circulate in extremely low numbers mak-
ing in-depth analysis beyond simple enumeration challenging when collected from peripheral blood. Furthermore,
tumor heterogeneity, a hallmark of many tumors, especially breast cancer, further complicates CTC characteriza-
tion. To overcome this limitation, we developed a platform based on the large-scale isolation of CTCs by apheresis,
allowing us to collect CTCs in large numbers, which were preserved live in liquid nitrogen for further characterization.
Flow cytometry followed by cell sorting (FACS) was performed using a combination of antibodies directed against cell
surface markers of white blood cells (CD45) and epithelial tumor cells (CK8). Analysis of subpopulations CD45+/-
and CK8+/- by bulk RNA sequencing (RNAseq) and the CD45-/CK8 positive population by single-cell RNAseq was
performed. The CD45- population was enriched using CD45 magnetic beads separation and examined by IHC for
pan-cytokeratin and immunofluorescence (IF) for specific markers, including the elusive circulating cancer stem
cells (CSCs). CSC-rich mammospheres were grown in vitro for further analysis and treated to examine their response
to chemotherapeutic agents. Finally, mammospheres were transplanted into the mammary fat pad and bone of
immunodeficient mice to examine tumor growth in vivo. This platform enables the detection and collection of CTCs
in early and late-stage breast cancer patients of every subtype. Markers including CD44/24, ALDH1 and CXCR4
were identified by IF and showed high expression following mammosphere culture, which responded predictably to
chemotherapeutic agents. Mammospheres were also transplanted into nude mice and induced tumors in the mam-
mary fat pad and bone following intra-tibial transplantation. Finally, bulk RNA analysis of the FACS isolated CD45+/-
and CK8+/- cells showed a clear separation of CD45- away from CD45+ populations. Single-cell RNAseq of the FACS
isolated CD45-/CK8+ cells showed the presence of 4-5 clusters, confirming the high degree of heterogeneity of
CTCs. Our platform for large-scale isolation of CTCs using apheresis is suitable for an in-depth analysis of the cancer
phenotype and may eventually allow evaluation in real-time of the disease process to optimize cancer regimens.

Keywords: Circulating tumor cell, breast cancer, liquid biopsy, apheresis, single-cell RNA sequencing, epithelial-to-
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Introduction sites in the body [2]. Many types of solid can-
cers shed circulating tumor cells (CTCs) from

In cancer patients with malignant tumors, mor- their primary tumors or from their metastases,

bidity and mortality often do not result from the
primary tumor growth but rather from meta-
static proliferation [1]. Metastases are initiated
by cancer cells that are released from the pri-
mary tumor into the lymphatic system or the
peripheral circulation and migrate to distal

and these CTCs can be accessed from blood
through minimally invasive intervention [3].
Early studies in breast, prostate and colorectal
cancer cases have revealed that enumeration
of CTCs allows prediction of metastasis and
monitoring of therapeutic response [4-11].
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However, beyond simple enumeration, a sub-
stantial amount of crucial supplementary infor-
mation can be gathered by isolating CTCs and
conducting genomic, transcriptomic, epigen-
etic, and proteomic analyses as well as in vitro
and xenograft studies [2, 12]. Such efficient
analysis of isolated CTCs allows longitudinal
studies of patients and the information
obtained is highly useful in the context of drug
resistance acquisition and in the identification
of new molecular targets [13, 14].

Because CTCs represent an easily obtainable
“liquid biopsy” that can be collected repeatedly
as needed and with much less patient dis-
comfort than traditional tumor tissue biopsy, a
vast research effort is underway to develop
improved methods for CTC purification and
analysis from blood. However, two main charac-
teristics of CTCs hinder easy clinical analysis.
First, CTCs are very rare: in a cohort of 350
patients with metastatic breast cancer, almost
all patients had 5 or less CTCs per 7.5 ml of
peripheral blood, and only 1.43% of patients
had 500 or more [15]. Second, CTCs are hetero-
geneous, with several subpopulations that not
only express diverse cell surface markers but
whose marker expression varies over time
while in circulation [16, 17]. Furthermore, CTCs
can be released from primary tumors either as
single cells or as rare clusters of two to fifty or
more cells. CTC clusters present rapid clear-
ance within distal organs and display higher
metastatic potential compared to single CTCs,
as confirmed in mouse models and by the
adverse prognosis in patients with high num-
bers of such clusters [18].

Whether single or in clusters, CTCs issued from
primary tumors have partially or completely
undergone a cellular process called epithelial
to mesenchymal transition (EMT) that allows
cells to lose epithelial characteristics, gain
mesenchymal properties and become motile
and invasive. According to the EMT/MET model
for metastasis, upon invasion of the distal tar-
get tissue, CTC cells reverse the EMT process
by undergoing mesenchymal to epithelial tran-
sition (MET) then settle into the new micro-
environment and form metastases [17, 19]. In
contrast, according to the collective migration
model, CTCs in various stages of EMT migrate
in clusters with mesenchymal cells facilitating
entry into distal sites, and epithelial cells gener-
ating the metastases [20]. The EMT/MET model
and collective migration model are not mutually
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exclusive and tumor cells may switch between
the two mechanisms under certain circum-
stances, or the two mechanisms may act syner-
gistically to effect metastases [20].

In a meta-analysis of 50 studies (comprising
6712 breast cancer patients), the enumeration
of CTCs pre- and post-treatment in patient
blood has been shown to be a reliable indicator
for monitoring disease progression probability
as well as survival period [21]. Although CTC
numbers can serve as an indicator to monitor
the effectiveness of treatments and guide sub-
sequent therapies in breast cancer, a simple
overall count of the general CTCs population
does not cover all possible therapeutic insights.
Consequently, efforts now focus on detection
and characterization of the crucial CTC sub-
population responsible for successful meta-
stasis, and a suitable solution is required to iso-
late CTCs in sufficient numbers for in-depth
characterization.

Current methods for CTC purification are mostly
based on positive/negative immunoselection
or on biophysical properties such as size,
charge, density or deformability [2]. The most
common technique for epithelium-derived can-
cers uses positive immunoselection of epithel-
ial cell adhesion marker molecule (EpCAM)
[22]. A significant shortcoming to this method,
particularly in breast cancer, rises from the fact
that EpCAM level not only varies significantly
between cancer subtypes but that its expres-
sion is associated with an unfavorable progno-
sis in some subtypes and a favourable one
in others making it context-dependent [23].
Furthermore, the EMT process likely removes
the EpCAM marker from the CTC population
and causes the cells to express mesenchymal
markers instead [24]. Consequently, EpCAM-
based detection may under-estimate CTC num-
bers and miss critical subpopulations. Other
differentiation markers such as the prostate-
specific antigen (PSA), human epidermal growth
factor receptor 2 (HER2) and epidermal growth
factor receptor (EGFR) that are also used for
positive selection may not detect undifferenti-
ated CSCs [17]. Size-based filtration methods,
on the other hand, are based on the large size
of differentiated CTCs, and only yield the lar-
gest and more differentiated CTCs but do not
capture the entire CTC population which are
heterogeneous in size. The technical limitations
of current purification methods suggest a need
for more comprehensive isolation techniques
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such as negative immunoselection for the
hematopoietic marker CD45 which is not asso-
ciated with cancer cells, but allows removal of
leukocytes and does not exclude any CTC sub-
populations [25]. Cytokeratins (CKs) are cyto-
skeleton proteins expressed on epithelial tis-
sue including metastatic tumor cells, epithelial
CTCs and mesenchymal CTCs with residual CK
expression, and are frequently used in CTC
detection [16, 26].

Apheresis is a centrifugation-based procedure
during which blood from a patient is passed
through a medical device that separates one or
more components and returns the balance of
the blood to the circulation [27]. This method
allows enrichment of a peripheral blood mono-
nuclear cells (PBMCs) fraction that contains
CTCs shed in the blood by the patient’s tumor
[28]. Since a large proportion of the blood sup-
ply is processed during apheresis, the method
greatly increases the number of CTCs collected
from patients compared to that obtained from
the standard 7.5 ml blood sample commonly
used for CTC analysis [29, 30]. Apheresis has
been used for enrichment of CTCs from periph-
eral blood in a number of cancer types, such as
lung [31], prostate [32], colorectal [33], breast
[34], gastric [35] and biliary [36] and non-meta-
static breast cancer patients [37, 38].

In the present study, we describe the develop-
ment of an apheresis-based purification plat-
form that collects CTCs in large numbers from
breast cancer patients and captures CTCs with
tumor-forming ability. The apheresis step is fol-
lowed by concentration of PBMC cells on Ficoll-
Paque Plus gradients and by magnetic bead
selection for CD45-negative and cytokeratin 8
(CK8)-positive markers. Here, we demonstrate
our platform’s utility in gathering concentrated
cell subpopulations that can be further purified
and characterized for crucial markers and used
for ex vivo tests. We also demonstrate that
these cell populations can be used for single-
cell RNA analysis through next-generation
sequencing, an analysis step that further sub-
divides CTC populations in distinct expression
categories. We provide a proof-of-principle
method that can be used to provide real-time,
non-invasive, longitudinal monitoring for cancer
patients and to screen the effects of pharma-
ceutical compounds ex vivo. We suggest that
our apheresis-based collection platform can be
used as a cost-effective approach to personal-
ized medicine.
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Materials and methods
Patient selection

Early and late-stage female breast cancer
patients seen at the Breast Centre of the Royal
Victoria Hospital were asked for informed con-
sent for sample collection, investigation of pre-
viously archived specimens, and for follow-up.
Patients with different receptor status, diagno-
sis, grade of the primary tumor, stage and
metastasis sites were selected for screening.
Full clinical, epidemiological and pathological
information (tumor grade, ER, PR, Her2/neu
status, histological subtype, and grade) for
patients entered in this study was collected via
chart review. All results are kept in a database
in accordance with institutional policies on
patient record confidentiality. Regular chart
review was used to detect changes in patient
status. Patients found to be CTC-positive by
peripheral blood screening were approached
and offered whole blood volume apheresis.

Preliminary screening of peripheral blood
mononuclear cells (PBMCs) by CD45 negative
selection and immunohistochemistry

Peripheral blood (15 ml) was drawn from con-
senting patients. The first 5 ml of blood sam-
pled was discarded to avoid potential contam-
ination with normal epithelial cells during veni-
puncture. The remaining 10 ml collected in 1
mM EDTA was used for CTC screening. The
sample was diluted 1:1 with PBS (Wisent
Bioproducts, St Bruno, QC) containing 2% FBS
(Life Technologies, Burlington, ON), layered
over an equal volume of Ficoll Paque PLUS (71-
7167-00, GE Healthcare, Canada), and centri-
fuged at 400xg 30 minutes at 18-20°C. The
mononuclear cells layer was collected and
diluted with 2% FBS in PBS and re-centrifuged.
The supernatant was discarded and the pellet
consisting of PBMCs was resuspended in PBS.
Cell count was performed with a Z1 Particle
Coulter Counter® (Beckman Coulter Canada,
Mississauga, ON) before CD45 negative cell
enrichment. Negative selection enrichment for
CD45- cells was conducted on 1x10” PBMCs
resuspended in RoboSep buffer (1 mM EDTA,
2% FBS in PBS) using a RoboSep separator
with magnetic beads coated with anti-human
CD45 antibodies (Easy Sep Human CD45
depletion kit, Stem Cell Technologies, Van-
couver, BC) according to manufacturers in-
structions. CD45- cells were resuspended in
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PBS at 1x10%/ml and centrifuged at 1000 rpm
5 minutes in Shandon cytofunnels (Thermo
Fisher Scientific Inc., Waltham, MA, USA) using
a Cytospin Cytocentrifuge (Fisher Scientific
Canada) and deposited (0.1 ml per spot) onto
super frost plus microscope slides (Fisher
Scientific Canada, Whitby, ON). The slides were
air-dried overnight, fixed with cold acetone 10
minutes, air-dried and either stored at -80°C or
immunostained for pan-cytokeratin A45-B/B3
using the EpiMet epithelial cell detection kit
(AS Diagnostic, Hickeswagen, Germany) which
detects a common epitope of cytokeratins
8-18, 8-19 and CK7.

Blood apheresis

The procedure was carried out using a Cobe
Spectra instrument (Terumo Blood and Cell
Technologies, Lakewood, CO) in a clinical apher-
esis facility at the McGill University Health
Centre, under the supervision of experienced
nurses and an attending physician. Briefly, 5 lit-
ers of whole anticoagulated (1 mM EDTA) blood
was continuously processed over a 3-hour ses-
sion to centrifuge and separate blood compon-
ents by specific gravity. Nucleated cells (white
blood cells and CTCs) are collected while non-
nucleated cells (red blood cells and platelets)
are returned to the patient. While this tech-
nique involves the insertion of a large-bore per-
ipheral venous catheter, it has been shown to
pose minimal risk to patients. The procedure
takes 3-4 hours to complete and is generally
well-tolerated [39]. Blood tests were conducted
before apheresis and within 1 month after the
apheretic procedure. White blood cell (WBC)
values were observed to have slightly fluctuat-
ed up or down after apheresis: we observed
that 9% of patients had identical WBC values,
50% had slightly lower values (average -16% of
pre-apheresis values) and 41% had higher WBC
values (+19.9% of pre-apheresis values). It
therefore appears that WBC counts return to
normal levels after the procedure. No adverse
events occurred in any of the patients sub-
jected to apheresis. Approximately 200 ml of
apheresis nucleated cells product was col-
lected per selected patient.

PBMC purification and concentration

Anticoagulant-treated nucleated apheresis pro-
duct fraction (200 ml) was diluted with an equal
volume of PBS (Wisent Bioproducts, St Bruno,
QC) containing 2% FBS (Life Technologies,
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Burlington, ON). The diluted sample was lay-
ered over half the volume of Ficoll Paque PLUS
(GE HealthCare, Mississauga, ON) and centri-
fuged at 400xg 30 minutes at 18-20°C. The
lymphocyte layer was collected, diluted with
PBS containing 2% FBS and re-centrifuged at
400%xg 10 minutes at 18-20°C. The super-
natant was removed and the pellet containing
nucleated cells resuspended in PBS to a final
volume of 60 ml. Cell count was performed with
a Z1 Particle Coulter Counter® (Beckman
Coulter Canada, Mississauga, ON). A 30 ml
sample of the PBMC was aliquoted in fractions
containing CTCs (1x108 cells per ml), resus-
pended in freezing medium (90% serum, 10%
DMSO0) and stored in liquid nitrogen until fur-
ther analysis by FACS or flow cytometry. The
remaining 30 ml was subjected to RoboSep
enrichment.

RoboSep CD45 exclusion

Following Ficoll concentration, the apheresis
material was subjected to negative selection
enrichment using a RoboSep separator as de-
scribed above. Briefly, 1x10° PBMC cells were
resuspended in RoboSep buffer (1 mM EDTA,
2% FBS in PBS) to a final concentration 1x108
per ml, and depleted using the Easy Step
Human CD45 depletion kit (Stem Cell Tech-
nologies, Vancouver, BC) according to manufac-
turer’s instructions. CD45- cells were counted
and cell concentration calculated as above.
20%x1 ml aliquots containing 5x10° cells/ml
were cryo-preserved in freezing medium (90%
serum, 10% DMSO). Aliquots were used for
immunofluorescence and mammosphere cul-
ture studies. This negative selection process
allows a 10-fold enrichment of tumor cells.
Positive identification of CTCs as epithelial cells
was performed by staining a dried aliquot with
the Epimet Epithelial Cell Kit (Micromet,
Munich, Germany) according to kit instructions,
on Cytospin Immunoselect Adhesion Slides
(Squarix, Marl, Germany). The Epimet kit uses
the murine pan-cytokeratin A45-B/B3 mono-
clonal antibody directed against a common
epitope of cytokeratin polypeptides.

Reproducibility assessment

The reproducibility of the method was deter-
mined on repeated measurements of CD45
negative fractions from various patients. The
coefficient of variation was 3.8% (intra assay)
and 15% (inter assay).
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Immunofluorescence (IF), confocal microscopy
and immunohistochemistry (IHC)

For immunofluorescence-confocal microscopy,
cells grown in culture or isolated by Robosep
were resuspended in PBS (1x106° cells per ml),
and 0.1 ml aliquots deposited on Super Frost
Plus microscope slides (ThermoFisher) using
Shandon microfunnels (ThermoFisher). The
slides were air-dried overnight, fixed with cold
acetone for 10 minutes, air-dried 30 minutes
and immediately subjected to immunostaining
or stored at -80°C. For immunostaining, the
SK-4100 kit (Vector Labs, Brockville ON) was
used. Cells were reacted with diaminobenzi-
dine and analysed with a Leica DMR micro-
scope. For immunofluorescence, results were
analysed with an LSM 510 Meta confocal
microscope (Carl Zeiss, Jena, Germany). The
antibodies used were: anti-human CK8/18 (Ab
17139, Abcam, Cambridge, UK) and ALDH1
(polyclonal PA 5-34901, InVitrogen, Waltham,
MA).

Mammosphere culture

Aliquots of post RoboSep CD45- cells (approxi-
mately 5x10° cells expected to contain 50 to
3000 CTCs depending on the patient and
assuming a 10-fold enrichment following
Robosep negative selection) were plated in
ultra low adherence 6-well culture dishes
(Corning Life Sciences) with 3 ml of mammocult
medium/well with proliferation supplement (4
pug/ml heparin, 0.48 ug/ml hydrocortisone, 1%
penicillin/streptomycin, StemCell Technologies,
Vancouver, BC), and incubated at 37°C in a 5%
CO, incubator. Cells were fed with an additional
1 ml of mammocult medium after 1 week. After
two weeks, mammospheres displayed size >40
pm and were collected by centrifugation (10
minutes at 1000 g). The supernatant was
removed, 4 ml of trypsin was added to the pel-
let and the mammospheres incubated at 37°C
10 minutes with up and down pipetting at O, 5,
and 10 minutes. The trypsin was neutralized by
addition of 16 ml DMEM containing 10% FBS
and 1% penicillin/streptomycin, and the single
cells were counted using a Coulter counter
(Beckman Coulter Technologies). 30,000 cells
were used to prepare slides and the remaining
30-50,000 cells were transferred to a new low-
attachment plate for continued expansion with
passages every second week to continue
amplification to the third generation. Through

29

this approach, a near 100-fold expansion of the
initial cell population was achieved (i.e. 5,000
to 300,000 cells were obtained from the ori-
ginal 50 to 3000 CTCs).

For IF, mammospheres were fixed in parafor-
maldehyde 4% for 15-30 minutes at RT, washed
with PBS and permeabilized with 0.3% Triton
X-100 for 1 h. Slides were incubated with the
primary antibodies O/N then washed and
reacted with secondary Ab. Results were ana-
lysed with an LSM 780 Meta confocal micro-
scope (Carl Zeiss Microimaging). The follow-
ing antibodies were used for staining: from
Abcam (Cambridge, UK): anti human CK8/18
(Ab17139). From eBiosciences (Montréal, QC):
anti-CD44 human/mouse (Ab 17-0441-82).
From InVitrogen (Waltham, MA): rabbit anti-
human vimentin monoclonal antibody SP20
(CMA5-14564), EpCam CD326 monoclonal
antibody 1B7 (14-9326-82), and anti-ALDH1
polyclonal Ab (PA5-34901). From R and D
Systems (Minneapolis, MN): anti human CXCR4
(MAB 170). Secondary antibodies were all from
InVitrogen: goat anti-Mouse 1gG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 568
(A-11004), donkey anti-Mouse IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa
Fluor 488 (A-21202), goat anti-Rabbit IgG
(H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488 (A-11008), donkey anti-Rabbit
IgG (H+L) highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 546 (A10040), donkey
anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647 (A-31571),
goat anti-rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 405
(A-31556).

Drug treatment of mammospheres

Aliquots of post RoboSep CD45- cells (app-
roximately 5x10° cells containing 1000-3000
CTCs) were plated in ultra low adherence 6-well
culture dishes (Corning Life Sciences) with 3 ml
of mammocult medium/well with proliferation
supplement (4 yg/ml heparin, 0.48 pg/ml hy-
drocortisone, 1% penicillin/streptomycin, Stem-
Cell Technologies, Vancouver, BC), and incubat-
ed at 37°C in a 5% CO, incubator. Cells were
fed with an additional 1 ml of mammocult
medium after 1 week. After two weeks in cul-
ture, the size of the mammospheres was >40
um in diameter and they were collected. After
two further subcultures in mammocult medium
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to eliminate residual white blood cells, mam-
mospheres were collected by centrifugation
and used for apoptosis drug testing.

For drugs tests, an equal volume of the test
compounds was added to the mammospheres
plates in mammocult medium and the plates
incubated for a further 48 hours. The drugs
used were: paclitaxel (Taxol®, Bristol-Myers
Squibb, Montréal QC) at final concentration 10
nM, a drug which causes cell death due to ch-
romosome missegregation on multipolar spin-
dles[40]; trastuzumab (Herceptin®, Genentech,
Inc., South San Francisco, CA) at final concen-
tration 10 pg/ml, a monoclonal antibody
against HER-2 positive cancers: or doxorubicin
(Pfizer, Montréal QC) at final concentration 10
uM, an intercalating drug that interferes with
DNA and RNA synthesis. Mammospheres were
collected, trypsinized and analyzed by flow
cytometry for apoptosis.

Flow cytometry analysis

Cells were stained according to standard proto-
cols with annexin V (BD Biosciences, Missi-
sauga, ON) and 7-amino-actinomycin D (7-AAD,
Abcam 228563) viability dye which allows to
distinguish between necrotic and apoptotic
cells since intact cells in early apoptosis exclude
7-AAD while late apoptotic cells will stain with
7-AAD. Stained cells were analyzed using a
LSRF Fortessa flow cytometer (BD Biosciences).

Xenografts

Post RoboSep selection CD45- cells were putin
mammosphere culture as described above.
Mammospheres were trypsinized and subcul-
tured every second week to continue amplifica-
tion to the third generation. After trypsinization
and counting, 10,000 cells were injected either
in the fourth mammary fat pad (MFP) or intrati-
bially into 8-week old SCID immunodeficient
mice (5 female mice per MFP group and 5 per
intratibial group, Jackson Laboratories, Bar
Harbor, ME) as described in [41]. Control mice
were sham injected. The MFP-injected mice
were sacrificed 8 weeks post-injection, mam-
mary gland xenografts were collected and tis-
sue slices immediately fixed in 10% neutral
buffered formalin solution (Sigma) for 4 hours,
embedded in paraffin and analyzed by stan-
dard hematoxylin and eosin (H&E) staining.
Intra-tibially injected animals were sacrificed 8
weeks after injection and bones were fixed in
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70% ethanol then scanned by computerized
tomography (CT scan) at the Center for Bone
and Periodontal Research, McGill University,
with a SkyScan 1072 at 40x magnification.
Fixed bones were also embedded in methyl-
methacrylate (J-T Baker, Phillipsburg, NJ),
placed on gelatin-coated glass slides and
stained with hematoxylin and eosin (H&E) stain
using standard protocols.

FACS isolation based on CK8 positivity and
CD45 exclusion

Post-apheresis PBMCs cells were selected for
viability using the eFluor 506 viability dye (eBio-
science, ThermoFisher) using a FACS-Aria Il cell
sorting instrument (BD Biosciences, Missi-
sauga, ON). Viable cells were sorted for CD45
exclusion and CK8 positivity as follows: PMBCs
were stained with 4',6-diaminido-2-phenylin-
dole (DAPI) and anti-CD45-APC-Cy antibody
(BD Biosciences). Gated living cells were
stained with an anti-CK8-PercP-efluor 710
antibody (eBioscience). CD45+ subpopulations
(CK8+ and -) were also collected for RNA
analysis.

RNA sequencing (bulk)

200-cell or 1000-cell aliquots from patient
22 (TNBC) were lysed and cDNA synthesis initi-
ated using the SMARTer amplification method
(Clontech/TakaraBio, Mountain View, CA). Cells
from the CD45+CK8-, CD45+CK8+, CD45-
CK8- and CD45-CK8+ were analysed. The
cDNA preparations were used to prepare librar-
ies for next generation sequencing by Nextera’s
tagmentation method (lllumina, SanDiego CA).
Libraries were sequenced with a HiSeq 2500
Ultra-high Output Sequencer (lllumina) at a
rapid sequencing pipeline. 10° reads from
the samples allowed for comprehensive bio-
informatics analysis (Genome Sciences, McGill
University and Genome Quebec Innovation
Center, Montréal, Canada).

RNA sequencing (single cells)

A 5 pl suspension of 200-1000 CD45-CK8+
cells from patient 22 (TNBC) was stained with
viability Live/Dead stain (Thermofisher), ch-
ecked under a fluorescent microscope and
counted witha MoxiZ cell counter (Thermofisher,
CAN) that also estimates cell size. A 5-ml vol-
ume of sorted CD45-CK8+ cells was loaded on
a 5-10 micrometer Fluidigm C1 single cell isola-
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SCREENING SELECTION AND CULTURE RNA SEQUENCING
OF CTCs OF CTCs
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/ \ Fig6
Robosep Robosep flow analysis FACS
Fig 2 * counting separation
CD45- CD45-
_ / # CD45+ CK8+
E I\.:IH:: AV:l;hBIB:S e I:nr:;rskiesr - DSt oKe-
piMe , CD45- CK8+ CD45- CK8+
h
pan CK ity i CD45. CK8-
/ Y \ Moxi 2 *
marker drug treatment  xenografts size estimation
analysis comparisons Fig 5 counting Bulk RNA
- . ° Fig 8 sequencing
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Figure 1. Platform description: Screening of patients (left) is used to identify candidates for full-scale apheresis
analysis. (Center) Apheresis of selected patient blood is followed by Ficoll density gradient to obtain PBMCs. Ro-
bosep enrichment of CD45- cells is followed by marker analysis, in vitro culture and xenograft experiments. (Right)
PBMCs can also be analysed by flow cytometry or partitioned according to CD45 and CK8 status and used in RNA

sequencing.

tor (Fluidigm, San Francisco, CA). Between
60-96 cells were captured from each sample
as single cells. To maintain full viability, cells
were analysed within 5 minutes of capture
using an automated scanning fluorescent imag-
ing system (EVOS FL, ThermoFisher CAN) and
single cells scored for cytokeratin expression.
Viable cells appeared as green and CK8 posi-
tive cells were red. Double-positive cells
appeared yellow. The cells were then lysed in
the chip, and in-chip cDNA synthesis initiated
using the SMARTer amplification method
(Clontech/TakaraBio, Mountain View, CA) re-
sulting in amplification of single-cell polyA+
from sub-picogram to nanogram levels of cDNA.
The chip cDNA was used to prepare libraries
for next generation sequencing by Nextera’s
tagmentation method (lllumina, SanDiego CA)
which is suitable for nanogram amounts of
DNA. Libraries were sequenced with a HiSeq
2500 Ultra-high Output Sequencer (lllumina) at
a rapid sequencing pipeline as described
above. A minimum of 1 million reads/single cell
sample allowed for comprehensive bioinform-
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atics analysis (Genome Sciences, McGill
University and Genome Quebec Innovation
Center, Montréal, Canada).

Statistical analysis

All statistical analyses for intra assay and inter
assay variation were performed using Instat
Software (GraphPad Software).

Study approval

The animal studies were approved by the McGill
University Animal Compliance Office, institu-
tional approval number 7713.

Results
Platform description

After initial patient screening (Figure 1 left), two
parallel protocols can be followed. The first
protocol analyses post-apheresis CD45 nega-
tive leukocyte-free PBMCs from selected pa-
tients for presence of CTC markers and cap-
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Post-Robosep

DAPI CKs8/18

ALDH1 Merge

Figure 2. Analysis of post-apheresis, post-Ficoll PBMCs: (A) EpiMet cytokeratin staining of patient PBMCs before
(left) and after (right) CD45 depletion by Robosep. (B) Post-Robosep cells are enriched in CK8/18 and ALDH1 mark-

ers. Scale bar 50 ym.

acity for mammosphere formation as well as
xenograft transplantation (Figure 1 center). In
parallel, the second protocol divides through
FACS separation the total PBMC population
into CD45+ or - and CK8+ or - subgroups that
are used for bulk or single-cell RNA sequencing
(Figure 1 right).

Selection and culture of CTCs

Peripheral blood taken from patients and fil-
tered through apheresis was centrifuged over
Ficoll and the PMBC fraction was depleted of
CD45+ cells by Robosep (Stem Cells Tech-
nology). The result was an enrichment in cells
positive for EpiMet stain (A45-B/B3 broad
range pan-cytokeratin) indicating epithelial
origin (Figure 2A). The Post-Robosep EpiMet-
positive population was observed by IF to be
enriched in cells staining positively for CK8/18
and ALDH1 (Figure 2B). The presence of cell
clusters containing two or more cells was also
commonly detected. We identified cells that
display a double positive staining (CK8/ALDH1)
as a likely CSC phenotype. These results
reveal enrichment in cells that are CD45-
CK8/18+ ALDH1+ and indicate a CSC-enriched
population.
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Mammosphere formation

A triple-negative patient (humber 22, see Table
1) was selected to conduct more detailed
analyses. When her CD45- cells were cultured
in vitro, they consistently exhibited the capacity
to proliferate either as adherent cells or, in
absence of serum, as mammospheres (Figure
3A-C). Mammospheres became more abun-
dant with each passage and immunofluores-
cence/confocal microscopy revealed a positive
staining pattern for CK8, EpCAM, ALDH1, CD44,
and CXCR4, indicative of CSCs phenotype
(Figure 3D-F). Mammosphere cells were also
CD24- (not shown). Vimentin staining was fre-
quently observed indicating passage of a sub-
population through the epithelial to mesen-
chymal transition (EMT) (Figure 3G). These
results suggest high enrichment in CTCs of the
CSCs/EMT phenotype in mammospheres.

Drug treatment of mammospheres derived
from CD45- cells

To demonstrate the fact that cultured CTCs
reflect parental tumor sensitivity to therapeutic
drugs, CD45- cells from TNBC patient 22 in
mammosphere culture were treated with either
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Table 1. Receptor status, diagnosis, stage, grade of primary tumor, metastasis sites and number of
CD45-CK8+ or CD45-CKS8- cells (per 10 million processed events) for selected breast cancer patients
and a representative control volunteer (post-apheresis, post-FACS samples)

Patient

CD45-CK8- corrected CD45-CK8+ corrected )
Patient

number ER PR HER2 Diagnosis Grade Stage Metastasis for the number of for the number of number
processed events processed events

BCOO0O3 + + IDC 2 \% Bone 147434 180 3
BCOO04 + + ILC 2 \Y Bone 24853 50

BCOOO5 + + IDC 2 \% Bone, liver 903113 190 5
BCOO11 + + ILC 2 \% Bone 1877697 250 11
BC0O028 + + IDC 2 1 na 210041 1620 28
BC0O029 + + IDC 3 Il na 865812 750 29
BCOO12 + ILC 3 IV Bone, lung, liver 130307 320 12
BCOO13 + ILC 2 \% Bone, liver 234767 470 13
BCOOO8 + + + IDC 2-3 \% na 74365 250 8
BCOOO1 - na - ILC 2 \% Bone, lung 48244 3850 1
BCO009 IDC 3 11l Bone 1050512 260 9
BC0022 - - - IP 2 | 241236 100 22
BC0027 IDC 3 | 130241 210 27
Control 74494 50 C

ILC: invasive lobular carcinoma. IDC: invasive ductal carcinoma. IP: invasive papilloma. na: not available.

taxol 10 nM, Herceptin 10 pug/ml or doxorubicin
10 uM for 48 hours. Cells were stained with an
anti-CD45 Ab to check for absence of reactivity,
then with 7-amino actinomycin D (7-AAD) viabil-
ity dye, annexin V and analyzed by flow cytom-
etry (Figure 4). Taxol and doxorubicin increased
the proportion of apoptotic cells (lower right-
hand gates) in treated mammospheres with
respect to untreated controls. Consistent with
the HER2-absent receptor status in a triple-
negative patient, Herceptin had no apoptotic-
inducing effect. These results show that
cultured CTC-derived mammosheres react to
therapeutic drugs in a manner consistent with
that of primary tumors.

Xenografts

Mammospheres at third passage (6 weeks)
were collected, trypsinised, and single cell sus-
pensions from 5 patients (number 3, 5, 9, 12,
13, see Table 1) were injected in the mammary
fat pads (MFP) or intratibially into 8-week old
immunodeficient female SCID mice (10* cells/
mouse, 5 mice/patient for MFP and 5 mice/
patient for tibial injection). Contralateral MFPs
or tibiae were sham injected. The animals were
sacrificed 8 weeks after injection. Mammary
tissue from animals with MFP injections was
dissected and analyzed by H&E staining. Bones
from animals with intratibial injections were

33

stained with H&E staining and analysed by CT
scan (Figure 5). 1 of 5 mice injected with cells
from patients 9 (ER- PR- HER2-) and 13 (ER+
PR- HER2-) developed mammary pad tumors, 1
of 5 mice injected with cells from patient 12
(ER+ PR- HER2-) developed bone tumors, while
mice injected with cells from patients 3 and 5
(ER+ PR+ HER2-) did not develop any tumors.

These results demonstrate that mammo-
spheres derived from CTCs isolated through
our platform can form tumors when injected in
mammary fat pads or tibiae of athymic nude
mice.

Next-generation sequencing of CTCs

Among BC patients who underwent apheresis
and consented to participate, a 13-patient sub-
population was selected comprising one triple-
positive patient, three triple-negative breast
cancer (TNBC) patients, and the remainder
being ER+ patients (Table 1). Cryopreserved
post-apheresis post-Ficoll PBMC samples
were stained with 4’,6-diaminido-2-phenylind-
ole (DAPI) and anti-CD45-APC-Cy antibody and
separated by FACS. Re-selected gated living
cells were stained with an anti-CK8-PercP-
efluor 710 antibody and sorted by FACS-Aria
into 4 subpopulations: CD45+CK8+, CD45+
CK8-, CD45-CK8+, and CD45-CK8- (Figure
GA-E).
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Figure 3. CD45- cells in mammosphere culture: isolated cells grown in mammocult medium in low-adherence
plates at day 1 (A), day 5 (B), and day 14 (C). Red arrows indicate mammospheres. Immunofluorescent staining of
mammospheres with (D) CK8, EpCAM, (E) CD44, ALDH1, (F) CK8, CXCR4 and (G) vimentin (from TNBC patient 22).
Scale bar: 50 ym.
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Figure 4. Flow analysis of cells from mammospheres treated in vitro for 48 h. With taxol (10 nM), Herceptin (10 ug/
ml), or doxorubicin (10 uM). Cells were stained for annexin V and 7-AAD.
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Figure 5. Xenografts of mammosphere-derived cells injected into nude mice sacrificed 8 weeks post-injection. Top
row: H&E stain of mammary fat pad 8 weeks after sham injection (A) or injection of mammosphere cells (B). Middle
row: H&E stain of tibia marrow 8 weeks after sham intratibial injection (C) or injection of mammosphere cells (D).
Bottom row: CT scan of bone 8 weeks after sham injections (E) or injection of mammospheres (F). Mammophere

cells were from patient 12 (ER+ PR- HER2-).

fractions; the coefficient of varia-
tion was 3.8% for healthy volun-
teers controls and 8-15% for
breast cancer patients.

Bulk RNA analysis

RNA was extracted from post-
FACS subpopulations from all four

CK8-, CD45-CK8+, and CD45-
CK8-) obtained from breast can-
cer patient 22 (TNBC). cDNA was

‘ subgroups (CD45+CK8+, CD45+

CKs-

Live Dead Horizon V500-A

generated from aliquots and 200-
cell and 1000-cell bulk analyses
were conducted. The most vari-
able 100 genes out of 500 are
shown in Figure 7.

Large bulk analysis (1000 cells)
regroups CD45+ cells away from

10" 10 CD45- groups (Figure 7 lanes

1-5 and 8). N.B. Lanes 4-5 are
replicates.
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Figure 6. Representative FACS analysis of post-apheresis PMBC sam-
ples: (A) Diagram of separation strategy. (B-E) Subpopulations of PBMC
sorted by FACS aria. (B) Forward and side scatter, (C) Staining with viabil-
ity dye eFluor506 (P4 living cells, P3 dead cells), (D) FACS scan of living
cells (P4) from (B) stained with eFluor506 and anti CD45-APC-Cy7 (top:
CD45+ cells, bottom: CD45- cells), (E) FACS scan of CD45- cells from (D)
stained with anti-CK8-PercP-efluor710 (top: CK8+, bottom: CKS8-).

CD45-CK8+ and CD45-CK8- subpopulations
counts were corrected for the number of pro-
cessed events (Table 1). Blood from healthy
volunteer women was also analysed as con-
trols. The number of CK8+ cells in healthy vol-
unteer controls was very low (at the limit of
detection). The robustness of the method was
tested by repeating measurements of CD45-
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200 cell bulk analysis further
refines the profile for CD45-CK8+
cells (CTCs) in the same patient
into a visibly distinct group (Figure
7 lanes 6 and 7, replicates). Lane
8 is a bioinformatically-generated
pseudo-bulk sample that re-com-
bines 35 single CD45-CK8+ cells,
to illustrate how similar the single
cell experiment is to the bulk
analysis. Some genes appear as
blanks in lane 8 because not
enough cells are captures in the
35-cell sample to fill all gene
expression that exists in 200-cell
samples.

This approach illustrates high reproducibility
between analyses of the same sample. The
method is amenable to comparative analysis
of the heterogeneous CTCs population for
example, prior to and following chemotherapy.
However, it makes a point for more precise
expression analyses that can be achieved
through single cell RNA analyses.
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cally-generated sample of 35 combined single cell analyses. Column 4 and 5 are replicates of 1000 cells analyses,
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CD45+CKS8- CDA45+CK8+ CDA45-CK8- CDA45-CK8+

Diameter 7.439 8.881 5.796 Talid

Volume 0.216 0.367 0.102 0.241
Cells/ul

5,505 66 3,540 62

Figure 8. Size estimation and Fluidigm sorting: (A) Size of cells post-apheresis estimated by MoxiZ and numbers by
FACS. (B) Viability staining (green) and CK staining (red). (C) Isolation on a Fluidigm chip of live cells (green) or cells
positive for CK (red). (D) A cell that is both viable and positive for CK stains yellow.

Single-cell RNA analysis

To further qualify the CTC subpopulations dis-
playing the highest potential for metastasis,
single-cell RNA analysis was conducted on cells
from patient 22 (TNBC) CD45-CK8+ popula-
tion. Because all FACS Aria-sorted subpopula-
tions displayed cell size between 5.7-8.9
micrometers (as estimated by Moxi Z chip
Figure 8A), cells from any group could be suc-
cessfully sorted and captured with a Fluidigm
C1 instrument (Fluidigm, San Francisco, CA)
equipped with the 5-10 micrometer Fluidigm
C1 chip. Because of chip translucency, differ-
ently-stained cells can be identified and select-
ed for subsequent analysis. Briefly, a 5 yl sus-
pension of 200-1000 LiveStained CD45-CK8+
cells was loaded on the chip. Over 90% of CTCs
were observed to remain viable (green), CK+
cells stained red, and viable cells positive for
CK stained yellow (Figure 8B-D). Each sample
yielded between 60 and 96 viable CK+ cells.
Following capture, the cells were analysed
within 4-6 minutes using an automated scan-
ning fluorescent imaging system (EVOS FL,
ThermoFisher), and single cells scored for
viability and cytokeratin expression. Only live
cells were used for RNA sequencing. Live cells
were lysed in the chip, and cDNA synthesis initi-
ated using the SMARTer amplification method
(Clontech).
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The cDNA from these CD45-CK8+ cells was
used to prepare libraries for next generation
sequencing by applying Nextera’s tagmenta-
tion method, which is suitable for nanogram
amounts of DNA. The libraries were sequenced
using lllumina’s HiSeq 2500 instrument at a
rapid sequencing pipeline. We obtained a min-
imum of 1 million reads/single cell sample and
>10 million from the 200 cell controls. From
3,000 to 12,000 transcripts could be detected
from a single breast cancer-derived cell using a
sequencing depth of 1-5 mi reads (Figure 9A).
Saturation analysis indicates that reads per
kilobase per million reads (RPKM) or fragments
per kilobase per million reads (FPKM) values
obtained at 2-4 mi reads are stable and allow
relative quantification. Since one HiSeq 2500
flow cell can routinely yield over 200 mi reads,
it is feasible to sequence 60-70 single cells/
flow cell and obtain the required number of
reads.

A comparison of the number of genes detected
in 200-cell bulk and single cell (all CD45-CK8+)
analysis indicates that it is possible by the
present technique to detect a very high number
of transcripts, comparable to results obtained
from purified RNA (Figure 9B). A comparison
was conducted in a 37-gene panel (with most
variability) for bulk RNA results (200 CD45-
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Figure 9. Bulk and single-cell RNA sequencing of CTCs: (A) Expected number of genes to be detected by single cell
RNA sequencing. Black curve: log. (B) Number of genes detected by 200-cell bulk or single cell RNA sequencing of
various fractions. (C) Clustering analysis obtained for large bulk (1000 cells), 200-cell bulk, and 35 individual CD45-

CK8+ single cells from TNBC patient.

CK8+ cells) and for clustering of 35 single
CD45-CK8+ cells (Figure 9C). Results indicate
the presence of 5 or more separate clusters
pointing to different profiles of cell sub-
populations.

Analysis of markers for single cells compiled
from current literature about CTCs indicates
that cells fall into categories of epithelial,
immune and mixed type (Figure 10).
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In order to confirm distinct patterns in single
cell analysis that are not discernable in bulk
analyses, we examined the marker genes
vimentin and platelet endothelial cell adhesion
molecule (PECAM1 or CD31), as well as B-actin
in single cells. Results for bulk analyses show
expression of both vimentin and PECAM, how-
ever single cells are seen to express one or the
other and rarely both, indicating heterogeneity
of populations in CTCs (Figure 11).
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Figure 10. Analysis of markers for TNBC single cells indicates epithelial, immune and mixed signature.
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Figure 11. Detection of vimentin, PECAM1 and B-actin (ACTB) in single cells (purple) and bulk analyses (in red, direct
cDNA synthesis; in green, cDNA synthesis after RNA extraction as a technical comparison) in the same CD45-CK8+
subpopulation. Genomic organization (introns and exons) for the 3 genes is projected from the UCSC genome brows-
er (bottom). Vimentin and PECAM1 are both expressed in the bulk population (red oval) but are seldom expressed

in the same individual cells (blue oval).

These results highlight the advantage of single
cell sequencing over bulk analysis in identifying
differential expression profiles within a single
CTC population.

Discussion
The greatest challenge in CTC analysis is the

very low abundance of these cells in peripheral
blood. In order to counter CTC rarity and allow
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better analysis, we developed a large-scale,
highly-reproducible apheresis-based purifica-
tion platform to collect CTCs from peripheral
blood. CTC detection from peripheral blood has
been reported in a number of cancer types,
such as lung [31], prostate [32], colorectal [33],
breast [34], gastric [35] and biliary [36], how-
ever, some cancers such as pancreatic pre-
sent inefficient CTC collection from peripheral
sources due to hepatic filtration, and portal
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vein samples have been used to provide better
numbers [42]. Because of its enriching pro-
cess, our proposed platform will likely be applic-
able to CTC collection of these rare samples
through a cubital source.

The apheresis procedure described here
affords a much higher CTCyield than is obtained
from the usual 7.5 ml blood sample. The cells
can be quantified, sorted and are suitable for
subsequent in vitro and in vivo experimentation
as well as for single-cell RNA analysis. Our
protocol is based on CD45 negativity/CK8 posi-
tivity and therefore avoids eliminating many
CTCs with metastatic ability. A frequent prob-
lem of EpCam-based purification methods.
Through the early steps of our platform, we
obtain a CD45 depleted fraction containing a
population of cells that are enriched in CD45-
CK8/18+ with a subfraction are ALDH1+, indi-
cating substantial enrichment in cells dis-
playing cancer stem cells characteristics.

CTCs are known to form clusters of two or more
cells; this association results mostly from the
aggregation of individual tumor cells [43]
although cohesive shedding and collective
migration also occurs [44]. Clusters display
increased survival in the bloodstream and are
up to 100 times more metastatic than single
CTCs in breast cancer regardless of subtype or
prior treatment [44]. Because the numbers of
clusters is related to poor prognosis, their
analysis can be used to monitor therapeutic
progression. Importantly, clusters of cells bear-
ing the cancer stem cell CD45- CK8/18+ and
ALDH1+ phenotype are easily detected by our
method.

Culturing mammary epithelial stem cells
derived from primary breast tumors using non-
adherent non-differentiating conditions produ-
ces cell aggregates (mammospheres) that
enrich stem cells [45, 46]. Here, the CD45-
cells isolated by our method were observed to
grow as mammospheres in serum-free medium
and display markers for CSCs (CK8, EpCam,
ALDH1, CD44, and CXCR4) and for EMT (vimen-
tin). For functional validation, mammospheres
derived from patient CTCs were exposed to
various therapeutic drugs. The cells reacted
with apoptosis in a manner similar to that
expected from the original primary tumor. For
ex. mammospheres from a triple-negative
patient reacted to Taxol and Doxorubicin but
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showed no response to Herceptin. We further
observed that cells trypsinised from mammo-
spheres can be successfully xenografted to
produce tumors following mammary fat pad or
intratibial injection into athymic nude mice. The
system can be used for investigating the sensi-
tivity of tumorigenic cells to various drugs as
well as for further analysis of the tumor cell
genotype.

When flow cytometry separation of post-apher-
esis PBMCs into 4 separate groups based on
CD45 and CK8 status was followed by RNA
analysis, we observed that robust RNA bulk
sequencing results can be derived from small
numbers of cells from the CD45-CK8+ sub-
population. Gene clustering analysis indicates
that the CD45-CK8+ subpopulation displays
an expression profile very distinct from the
CD45+CK8+ and CD45+CK8- CTCs.

Cellular heterogeneity exists in the primary
tumor with evidence of “patches” of tumor cells
displaying different phenotypes. These cells
shed into the circulation, resulting in a hetero-
geneous population of CTCs with varied inva-
sive potential [47]. Limitations of current analy-
sis approaches are linked to this high inherent
heterogeneity of CTCs. Consequently, it is
important to identify the CTC subpopulations
displaying the highest potential for metastasis.
RNA sequencing at the single cell level offers
the possibility to identify distinct expression
patterns that correlate with EMT and metasta-
sis markers, as well as to highlight transcripts
that can be assigned to distinct pathways pot-
entially characteristic for individual subpopula-
tions. Comparison of profiles for 35 single
CD45-CK8+ cells to bulk RNA results for 200
CD45-CK8+ cells conducted in a 37-gene panel
revealed the presence of 2 or 3 separate
phenotype clusters, pointing to the feasibility of
profile dissection of cell subpopulations.

Analysis of markers for TNBC single cells indi-
cates epithelial, immune and mixed signatures.
Furthermore, the marker genes vimentin and
platelet endothelial cell adhesion molecule,
(PECAM1 or CD31) as well as B-actin were
examined in different single cells. Results for
bulk analyses show expression of both vimen-
tin and PECAM, however single cells are seen to
express one or the other and rarely both, indi-
cating heterogeneity of populations in CTCs
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and highlighting the precision advantage of
single cell over bulk analysis.

Future clinical applications for apheresis enrich-
ment approaches that isolate CTCs in numbers
significant enough will allow study of tumor evo-
lution and intra-patient heterogeneity. Because
the method is minimally-invasive and well-toler-
ated, serial procedures to follow disease evolu-
tion are also possible. An important clinical
application of detailed CTC profiling is the iden-
tification of cells with high metastatic potential
in real time, thereby providing a snapshot of
tumor biology to guide drug selection at various
cancer stages for optimised treatment. Another
application is the screening of pharmaceutical
compounds, which provides a unique opportun-
ity to design personalized therapeutic interven-
tions based on CTC molecular profile. The
molecular characterization of CTCs may also
lead to the discovery and identification of new
targets for therapeutic intervention. Such app-
roaches could include the targeting of specific
overexpressed gene products and activated
pathways that confer resistance to treatment,
the identification of new targets, and the modu-
lation of treatment as disease progresses.
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