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Background: The aim of this study was to determine the applicability of a sequential process using
leukapheresis, elutriation, and fluorescence-activated cell sorting (FACS) to enrich and isolate circulat-
ing tumor cells from a large blood volume to allow further molecular analysis.

Methods: Mononuclear cells were collected from 10 L of blood by leukapheresis, to which carboxy-
fluorescein succinimidyl ester prelabeled CaOV-3 tumor cells were spiked at a ratio of 26 to 106 leuko-
cytes. Elutriation separated the spiked leukapheresates primarily by cell size into distinct fractions, and
leukocytes and tumor cells, characterized as carboxyfluorescein succinimidyl ester positive, EpCAM pos-
itive and CD45 negative events, were quantified by flow cytometry. Tumor cells were isolated from the
last fraction using FACS or anti-EpCAM coupled immunomagnetic beads, and their recovery and purity
determined by fluorescent microscopy and real-time PCR.

Results: Leukapheresis collected 13.5 3 109 mononuclear cells with 87% efficiency. In total, 53 to
78% of spiked tumor cells were pre-enriched in the last elutriation fraction among 1.6 3 109 mono-
cytes. Flow cytometry predicted a circulating tumor cell purity of �90% giving an enrichment of
100,000-fold following leukapheresis, elutriation, and FACS, where CaOV-3 cells were identified as
EpCAM positive and CD45 negative events. FACS confirmed this purity. Alternatively, immunomagnetic
bead adsorption recovered 10% of tumor cells with a median purity of 3.5%.

Conclusions: This proof of concept study demonstrated that elutriation and FACS following leukaphere-
sis are able to enrich and isolate tumor cells from a large blood volume for molecular characterization.
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In the US and Europe 85,000 women are diagnosed
annually with ovarian cancer, 75% of which already ex-
hibit advanced disease stage due to an asymptomatic
course and the lack of suitable markers (1–4). Even after
cytoreduction and chemotherapy 25% of patients relapse
within the first 6 months (5), and 75% of patients are
expected to succumb to the disease within 5 years. Ra-
diological examination and cancer antigen 125 serum
level dynamics are used to detect disease recurrence,
even though these methods lack both sensitivity and
specificity. This indicates the urgent need for new, more
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efficient methods and better biomarkers to identify ovar-
ian cancer and disease recurrence at an early state to
improve patient survival and quality of life. In ovarian
cancer, disease recurrence is a result of either localized
metastasis to the adjacent peritoneal cavity, or distant
metastasis to nonadjacent organs and bone marrow via
the lymphatic system and circulation. Distant metastases
have been identified in 40% of ovarian cancer patients
over the course of disease, the majority of which take
root prior to or within the first 2 years after initial diag-
nosis (6,7). Circulating tumor cells (CTCs) are the princi-
ple vehicle of distant metastasis, detaching from the
tumor mass and entering the peripheral blood even at
early disease stage (8–11).

There exist two main challenges to the isolation and
detection of CTCs: (1) their low abundance in blood, on
the order of 1 CTC/mL (12) or 1 CTC per 106–107 leu-
kocytes (13), and (2) the lack of a known feature that
uniquely identifies them. CTCs have generally been
enriched based upon their physical character by their
density using gradient centrifugation (9,14,15) and
by their large size using micro-filtration (16–19), or
immunologically using antibodies targeting such as the
epithelial cell adhesion molecule (EpCAM) that are im-
mobilized on substrates including microfluidic chambers
and magnetic beads for CTC adsorption (10,12,20). The
enrichment of CTCs using gradient centrifugation and/
or immunomagnetic bead adsorption revealed a CTC
incidence rate of 20% in ovarian cancer patients at pri-
mary diagnosis. In late stage disease, the incidence rate
increased to between 37 and 57% with a median detec-
tion of 0.25 to 1 CTC per mL of blood (12,21,22).
Approximately 90% of ovarian cancers are epithelial in
origin (23). In an attempt to detect and enumerate CTCs
following enrichment, fluorescent microscopy is com-
monly used with antibodies specific for epithelial cells
including cytokeratin and EpCAM with or without the
combination of a nuclear stain and CD45 for negative
staining of leukocytes. Although enrichment by these
techniques facilitates the detection of CTCs using subse-

quent fluorescent microscopy, they are not sufficient to
isolate them due to the large background of leukocytes
that persist reducing the purity of CTCs to 1% or less
(14,20). The use of a functional assay to actively bind
and separate CTCs from peripheral blood mononuclear
cell (PBMNC) enriched samples via a cell adhesion ma-
trix resulted in an increased median CTC count of 31.5
CTCs per mL of blood. This technique also revealed an
increasing CTC level and incidence from early to late
stage disease (10% of 10 patients with a mean of 6 CTCs
per mL versus 73% of 52 patients with a mean of 41
CTCs per mL). Matrix bound CTCs were found to form
colonies proving their viability and proliferative capacity
in long term culture, and patients with CTCs had a
poorer disease free survival compared with those with-
out CTCs (11). Regardless of the enrichment method
used, CTC yield and incidence is limited by the volume
of blood able to be drawn from patients for analytical
purposes, which rarely exceeds 50 mL. This is further
compromised by the use of current enrichment techni-
ques that typically have a capacity of 10 mL of blood or
less per trial.

A process is presented here with the capability to in-
terrogate the entire blood volume of a patient for the
enrichment and isolation of CTCs using three sequential
semi-automated systems: (1) leukapheresis, (2) counter-
flow centrifugal elutriation, and (3) flow cytometry
driven fluorescence-activated cell sorting (FACS) (Fig. 1).
Leukapheresis is a routine density centrifugation system
used to harvest PBMNCs by circulating the total blood
volume of a patient up to 3 times. This system has been
used without complication for patients with advanced
disease stage and age receiving autologous transplanta-
tion of CD34 positive cells (13,24), or mobilized dendri-
tic cells for immunotherapeutic purposes following
primary tumor resection and high dose chemotherapy
(25). When quantified, a median of 2 to 7 CTCs per mil-
lion PBMNCs were observed in 20% of leukapheresates
harvested from metastatic patients consistent with other
enrichment techniques (13,26–28). Elutriation following

FIG. 1. Flow chart of the proposed three-step
sequential CTC enrichment process.
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leukapheresis has been used to separate leukocytes
based primarily on their size to enrich and purify mono-
cytes for dendritic cell tumor immunotherapy (25,29–
32). CTCs are anticipated to be enriched along with
monocytes due to their large size and comparable den-
sity (33,34) simplifying their subsequent detection and
isolation. Final enrichment and isolation of tumor cells
was performed using FACS, or immunomagnetic bead
adsorption, which currently represents the commonest
form of CTC enrichment in practice. FACS was chosen
as a high throughput system that permits the quantifi-
cation and sorting of rare events in real-time using
multiple parameters (markers as well as physical charac-
teristics) for the positive selection of CTCs and elimina-
tion of contaminating leukocytes simultaneously (8,35).
This study was used as a proof of concept to determine
the applicability and efficiency of elutriation combined
with FACS following leukapheresis for the enrichment
and isolation of viable CTCs with a high degree of pu-
rity. This in turn would enable a robust molecular analy-
sis of this rare and enigmatic cell population.

MATERIALS AND METHODS

Leukocyte Harvest from Healthy Donors

Leukapheresis was performed using the COBE
VR
Spec-

tra system and auPBSC program (software version 6.1,
Caridian BCT, Lakewood, CO) to collect PBMNCs. Leuka-
pheresates were obtained from seven healthy male
donors aged 20 to 50 with informed written consent,
and the experimental protocol was approved by the
Medical University of Vienna Ethics Commission. For
effective elutriation the leukapheresate must contain
greater than 109 monocytes within 5 to 30 � 109

PBMNCs. To meet the specified requirements, the donor
was connected to the system by dual venipuncture and
10 L of blood were circulated at a rate of 65 mL/min
under a continuous flow centrifugation of 2,400 rpm
(maximum of 910g). Anticoagulant (Acid Citrate Dex-
trose Solution A, Baxter, Deerfield, IL) was delivered at a
1:12 ratio and 16.5 mM of ionic calcium (4 � 2.23
mmol ampule, Fresenius Kabi, Graz, Austria) in 0.9%
NaCl solution (freeflex

VR
, Fresenius) was infused at a rate

of 125 mL/h to mitigate hypocalcemia. On average, 14.0
� 3.8 � 109 leukocytes were harvested from the seven
donated leukapheresates. A pre and postleukapheresis
blood cell count was determined by the CELL-DYN Sys-
tem (Abbott Diagnostics, Abbott Park, IL). After collec-
tion, leukapheresates were stored overnight with
shaking (22�C, 50–60 Hz), and diluted to a final volume
of 300 mL with PBS (pH 7.2, Baxter, Deerfield, IL) imme-
diately prior to elutriation.

Tumor Cell Culture and Spiking

The ovarian epithelial tumor cell line CaOV-3 (ATCC
HTB-75TM) was chosen because they express EpCAM at
high density facilitating their detection and isolation af-
ter enrichment, and have been found to range in diame-
ter consistent with what has been reported for CTCs

(19,34). The cell line was purchased from the American
Type Culture Collection (ATCC) and authenticated by
short tandem repeat (STR) genotyping as described
below. CaOV-3 cells were cultured in Cellstar

VR
tissue

culture flasks (Greiner Bio-One, Frickenhausen, Ger-
many) under standard conditions at 37�C with 95% rela-
tive humidity and 5% CO2 in growth medium consisting
of Dulbecco’s Modified Eagle’s Medium (Gibco, Grand
Island, NY) supplemented with 4.5 mg/L glucose, 10%
FBS (Sigma, Taufkirchen, Germany), and 1% penicillin-
streptomycin (Sigma, St. Louis, MO). Cultures were har-
vested at 90% confluence by incubation with 0.25%
trypsin and 0.2% ethylenediaminetetraacetic acid (EDTA,
Sigma) for 5 min at 37�C. According to manufacturer’s
instructions, 106 cells were prelabeled with 1.5 lM car-
boxyfluorescein succinimidyl ester (CFSE) (Invitrogen,
Eugene, OR) and resuspended in 1 mL of PBS with 1%
FBS (staining buffer).To determine the viable cell count,
two replicates of 100,000 CFSE labeled cells were incu-
bated with propidium iodide (2 lg/mL, Sigma) for 5 min
at 4�C, placed into TruCOUNTTM tubes (BD Biosciences,
San Jose, CA) containing fluorescent beads, and 50,000
CFSE positive events were acquired using a FACSCali-
burTM flow cytometer and analyzed using CellQuest PRO
software (BD Biosciences). The average cell count was
used to spike 26 (n ¼ 6) or 2.6 (n ¼ 1) tumor cells for
every 106 leukocytes into the leukapheresates.

Pre-Enrichment of Tumor Cells by Elutriation

The Elutra
VR

system (Caridian BCT) was programmed
to enrich monocytes providing 5 or 6 distinct leukocyte
fractions using either the default or modified version,
respectively. The modified version was provided by the
company during the experimentation period (white pa-
per 306670-247, Caridian BCT). According to Stokes’
Law, cells are separated by counter-flow centrifugal elu-
triation into distinct fractions by their size and to a
lesser extent density based on their sedimentation veloc-
ity. Briefly, cells enter a conical chamber under a con-
stant centrifugal force. Fluid is then introduced in the
opposite direction at a flow rate which produces an
equilibrium force causing cells to align based upon their
size. Cells of similar specific gravity may then be sepa-
rated according to their differential size by sequentially
increasing the counter fluid flow rate with smaller cells
elutriating first. In this study, leukapheresates were frac-
tionated under a constant centrifugation rate of 2,400
rpm (maximum of 500 to 900g from top to bottom of
chamber) for both the default (37, 97.5, 103.4, 103.9,
and 103.9 mL/min) and modified (37, 74, 97, 100, 101,
and 101 mL/min) programs using the incremental coun-
ter-fluid flow rates indicated in parentheses. The objec-
tive of each program was to recover at least 60% of
monocytes with 80% purity in the last elutriated frac-
tion. Prior to elutriation, a 200 lm pore filter (Transfu-
sion Set, Meditrade Medicare, Kufstein, Austria) was
added to the leukapheresate inlet-line to eliminate gross
cell aggregates. Each fraction was collected in �1 L of
elutriation buffer composed of PBS with 1% human
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serum albumin (50 g/L Human Albumin, Baxter). The
last elutriation fraction was collected in 250 mL of elu-
triation buffer with the rotor off.

Leukocyte Distribution

The absolute leukocyte count and distribution within
the leukapheresate and elutriation fractions was quanti-
fied by flow cytomtery. An aliquot of 100,000 leukocytes
was transferred to a TRUCOUNT tube and stained using
an antibody cocktail containing fluorochrome-conjug-
tated monoclonal antibodies against CD45 FITC (clone
2D1, 1.6 lg/mL), CD15 FITC (clone HI98, 1:50), CD56
PE (clone NCAM16.2, 0.4 lg/mL), CD3 PerCP (clone
SK7, 0.4 lg/mL), CD19 APC (clone SJ25C1, 0.8 lg/mL),
and CD14 APC (clone MUP9, 1.6 lg/mL) for 30 min at
4�C (20). For each sample 50,000 CD45 positive events
were acquired. Cells were similarly stained with appro-
priate isotype-matched IgG antibodies conjugated with
FITC, PE, PerCP-Cy5.5 and APC (clone MOPC-21, 1:10)
to serve as negative controls. All antibodies were
obtained from BD Biosciences. Red blood cell and plate-
let counts were determined by CELL-DYN.

Tumor Cell Detection by Flow Cytometry

Sample preparation and flow cytometry were per-
formed in accordance with best practices established for
the analysis of rare events (36–40). One million leuko-
cytes from each elutriation fraction and the tumor cell
spiked leukapheresate were distributed in triplicate to
BD FalconTM tubes (polystyrene, BD Biosciences), centri-
fuged at 350g for 7 min at 22�C, and resuspended in 50
lL of staining buffer. The cells were then double stained
for 30 min at 4�C with anti-EpCAM PerCP-Cy5.5 (clone
EBA-1, 1:10) for bivariate identification of tumor cells
and the pan-leukocyte marker anti-CD45 APC for the
negative selection of leukocytes (clone HI30, 1:5) (BD
Biosciences). After staining, samples were diluted 1:10
in FACS lysing buffer (1 to 1.5% formaldehyde, BD Bio-
sciences) for cell fixation and to lyse remaining red
blood cells. The entire sample was then acquired by a
FACSCaliburTM flow cytometer at a rate of 500 to 1,000
events/s and analyzed using CellQuest PRO software
(BD Biosciences). To increase the signal to noise ratio, a
total cell trigger using a FSC threshold was set to
exclude the majority of debris and damaged cells. Color
compensation for each staining combination was per-
formed using single-stained tumor cells and leukocytes,
and confirmed using dual-stained populations. Nonspe-
cific binding of leukocytes to epithelial cell-specific anti-
bodies and vice versa was evaluated using cells stained
with the appropriate isotype-matched IgG fluorochrome
conjugated antibodies, which also acted as negative con-
trols. As an additional negative control, 106 leukocytes
from the leukapheresate were similarly labeled and ana-
lyzed prior to tumor cell spiking to determine the level
of background noise. Tumor cells were then classified as
CFSE positive, EpCAM positive and CD45 negative
events. After gating based upon these criteria, nonspe-
cific fluorescence was further reduced using a prede-

fined tumor cell region within the forward scatter (FSC)
vs. side scatter (SSC) dot plot based upon the size and
internal complexity of tumor cells from control samples.
To estimate cell viability following enrichment, a sample
from the last elutriation fraction was additionally labeled
with propidium iodide and diluted 1:10 in staining
buffer just prior to acquisition.

Immunological Isolation of Tumor Cells

Similar to flow cytometry detection, 108 leukocytes
from the last elutriation fraction were transferred to a
FACS tube in 500 lL of staining buffer (n ¼ 2), incu-
bated with anti-EpCAM PerCP-Cy5.5 (1:1) and anti-CD45
APC (1:1) for 30 min at 4�C, washed and resuspended
in 2 mL of staining buffer. Events were sorted into two
groups, either CD45 positive or CD45 negative, after gat-
ing based upon their expression of CFSE and EpCAM
and FSC vs. SSC profile using a FACSAriaTM cell sorter
and FACSDiVaTM software (BD Biosciences). The entire
sample was collected at a rate of 20,000 to 30,000
events/s and sorted events were collected in 500 lL
growth medium maintained at 4�C. To ensure a high tu-
mor cell purity, the anticoincidence mode (Purity Sort
Precision Mode) was enabled to accept sorting units
(droplets) containing only target cells, with the addi-
tional condition that the leading and trailing half-unit
also be void of contaminating nontarget cells. Alterna-
tively, magnetic beads coupled with anti-EpCAM anti-
body via a DNA linker were used to isolate and purify
tumor cells from the last elutriation fraction (n ¼ 4) (CEL-
LectionTM epithelial enrich Dynabeads

VR
, Miltenyi,

Auburn, CA). According to the manufacturer’s instruc-
tions, 107 leukocytes were incubated in triplicate with 4
� 107 beads. Bound cells were then magnetically sepa-
rated from the suspension, and subsequently eluted from
the beads by incubation with 400 IU/mL of DNase-I.

Tumor Cell Detection by Fluorescent Microscopy

One million leukocytes from the leukapheresate and
the last elutriation fraction, immunomagnetic bead
eluted cells and �500 cells from each FACS sorted group
were prepared in triplicate and cytocentrifuged onto ad-
hesive slides at 2,000 rpm for 5 min (Thermo Fischer
Scientific, Shandon EZ Cytofunnels

VR
, Cytoslides

VR
and

Cytospin
VR
4, Waltham, MA). Cells were air dried for 20

min, blocked with 10% goat serum (Invitrogen) in PBS
for 20 min at 22�C, and labeled with anti-EpCAM (clone
323/A3), anti-epidermal growth factor receptor (EGFR,
clone H11), and anti-human epidermal growth factor re-
ceptor 2 (HER-2/neu, clone 9G6.10) for 10 min at 22�C
(2.5 lg/mL, NeoMarkers, Freemont, CA). Primary anti-
body binding was revealed by incubation with AF546
goat anti-mouse (4 lg/mL Invitrogen) for 15 min at 4�C.
Slides were then fixed with 3% paraformaldehyde
(Sigma) in PBS for 15 min at 37�C, and permeabilized
with 0.2% Triton X-100 (Sigma) in PBS for 10 min at
22�C prior to staining with anti-pan-cytokeratin FITC (10
lg/mL, clone CK3-6H5, Invitrogen) for 30 min at 22�C
and Hoechst 33258 dye (1 lg/mL, Invitrogen), after
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which slides were mounted with Fluoromount-GTM solu-
tion (Southern Biotech, Birmingham, AL). Immunofluo-
rescent detection was carried out using a Cell̂R
fluorescent imaging station with an Olympus BX51 con-
focal microscope (Olympus, Essex, UK) at 100�
magnification.

DNA Extraction

High molecular weight DNA was extracted using the
AllPrepTM DNA/RNA Micro kit with QIA Shredder 250
Tubes (Qiagen, Valencia, CA). PBMNCs used for control
samples during DNA analysis were resolved by Ficoll
density gradient centrifugation (Biocoll Separating Solu-
tion, 1.077 g/mL, Biochrom AG, Berlin, Germany).
Briefly, 10 mL of whole blood were diluted 1:1 with PBS
containing 1% FBS and 2.7 mM EDTA, layered directly
onto the gradient solution and centrifuged at 800g for
30 min at 22�C with no brake. The buffy coat was col-
lected, washed twice with dilution buffer at 400g and
350g for 10 min at 22�C and resuspended in 1 mL of
PBS.

Real-Time PCR

The quantity of male leukocyte DNA was determined
using the DYS14 assay as described by Zimmerman et al.
(41), and of total cellular DNA (80 to 500 cells) using
the Assay-On-DemandTM HS01395736_S1 (Chromosome
3) and HS01686063_S1 (Chromosome 11) (Applied Bio-
systems or ABI, Foster City, CA). All probes were 6-car-
boxyfluorescein (FAM) labeled, and all samples were
prepared in triplicate. TaqMan

VR
real-time PCR was per-

formed under standard conditions employing the ABI
PRISM 7900 Analyzer HT Sequence Detection System
(ABI) (41). A standard calibration curve, generated by
mixing leukocytes obtained from male donors with
CaOV-3 tumor cells at representative dilutions (1, 5, 10,
20, 50, 60, 70, 80, 90% PBMNCs), was used to calculate
the percent concentration of leukocytes corresponding
to the ratio of male to total cellular DNA in FACS sorted
samples.

Genotyping

The identity of CaOV-3 tumor cells and leukocytes
from control and FACS sorted samples (�30 or 120 total
cells) was verified and/or determined using seven of the
nine ATCC STR loci D5S818, D7S820, D13S317,
D16S539, CSF1-PO, TPOX, and vWA (Sigma Genosys,
Saint Lious, MO) as described in the PowerPlex

VR
16 Sys-

tem Technical Manual (Promega, Madison, WI) with the
exception that 50 amplification cycles were used. The
anti-sense primers from each pair were fluorescently la-
beled with Cy5. Denatured PCR products along with an
external standard DNA sizer (ALFexpress Sizer: 50, 100,
150, 250, and 300 bp, Amersham Biosciences, Piscat-
away, NJ) were resolved on an 8% polyacrylamide gel
(High Resolution Reprogel, GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) in 0.5� TBE buffer (10� composi-
tion: 890 mM Tris-borate, 890 mM boric acid, 20 mM
EDTA, pH 8.3) using an automated laser fluorescence

DNA sequencer (ALFexpressTM II, Pharmacia, Uppsala,
Sweden). The run was performed overnight at 1,500 V,
60 mA, and 30 W with a sampling interval of 2 s. The
STR DNA fragment size was calculated using the
external standard by the Fragment ManagerTM Software
(AM software v3.01, Pharmacia), and the corresponding
allele determined using the STR Factsheet (National
Institute of Standards and Technology Short Tandem
Repeat DNA Database, www.cstl.nist.gov/biotech/strbase/
str_fact.htm).

CaOV-3 Cell Size Measurements

An aliquot of CaOV-3 cells for each trial was diluted
1:1 in 0.5% trypan blue and placed on a hemocytometer
for light microscopy. Digital images (four unique regions
yielding �100 cells) were captured using the Cell̂B imag-
ing station and software (Olympus) under 400� magnifi-
cation, and the cell diameter was determined from area
measurements.

Statistical Analysis

The average of triplicate samples performed during
flow cytometry detection and immunomagnetic bead
adsorption was used to report tumor cell recovery,
enrichment and purity for each trial. Data are repre-
sented as mean � standard deviation. The mean mono-
cyte recovery, purity and enrichment, and tumor cell
recovery and enrichment obtained by either the default
or modified elutriation programs were compared using a
two-sided t-test for independent samples. Multiple
regression was used to evaluate the association between
log transformed leukocyte and CD45 positive and
EpCAM positive event counts. Statistical analysis was
carried out using SPSS 15.0 (SPSS Inc, Chicago, IL) with
a significance level of 0.05.

RESULTS

Leukapheresate Composition

To harvest at least one billion monocytes 10 L of
blood were circulated by leukapheresis over a 3 h pe-
riod. This process successfully harvested 87% of total
blood volume PBMNCs equal to on average 13.5 � 109

PBMNCs from 5.2 L of blood concentrated in 100 mL of
90% platelet depleted plasma. The majority of leuko-
cytes harvested by leukapheresis were PBMNCs, 83% of
which were lymphocytes and 17% monocytes resulting
in the collection of 1.2 to 3.3 billion monocytes for each
trial. The 97% reduction of granulocytes by leukaphere-
sis resulted in approximately a two to threefold enrich-
ment of PBMNCs. The leukapheresates also contained
14 � 1010 platelets and 26.5 � 109 red blood cells
(99.9% reduction from blood). The leukocyte composi-
tion of the leukapheresate and the last elutriation frac-
tion for each trial is given in Supporting Infomation
Table 1.
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Cell Distribution by Elutriation

Elutriation was used to separate the tumor cell spiked
leukapheresates into five or six distinct cellular frac-
tions. Each elutriation required �60 min. Platelets, con-
stituting the smallest blood cell component, were
completely removed in the first elutriation fraction, and
red blood cells were completely eliminated prior to the
last fraction. During elutriation 94% of lymphocytes
were collected in fractions 2 and 3 using the default
program and in fractions 2 through 4 using the modified
program with a purity of 93%. The distribution of
PBMNCs and tumor cells during elutriation is depicted
in Figure 2. No statistical difference in monocyte or tu-
mor cell enrichment in the last elutriation fraction was
found between the default and modified programs (P �
0.2 regardless of parameter compared), thus permitting
the evaluation of the process using their combined val-
ues. However, the modified program indicated a trend
for reduced variation and greater reliability compared
with the default program, which failed to distribute
monocytes in the last fraction during two experiments
caused by an overaggressive flow rate (data not shown).
In total, 97% of monocytes were recovered from the leu-
kapheresate during elutriation, 77% of which were col-
lected with 81% purity in the last fraction. This
corresponded to 1.6 � 0.6 billion monocytes enriched
approximately fivefold as compared with the leukapher-
esate in this fraction. In three of the seven trials a
greater number of monocytes were found after elutria-
tion than existed in the leukapheresate (TruCount and
CELL-DYN counts). Quality control measurements indi-
cated that the aggregation between monocytes and pla-
telets observed in the leukapheresate were not
preserved after elutriation, suggesting that the discrep-
ancy was a result of monocyte FSC vs. SSC shift and

reduced capacity to bind antibody in the leukaphere-
sates (data not shown). Granulocytes were also collected
primarily in the last elutriation fraction.

Tumor Cell Quantification by Flow Cytometry Detection

CFSE prelabeled CaOV-3 tumor cells were spiked at a
ratio of 26 to 1 million leukocytes into the leukaphere-
sate, and their distribution and recovery by elutriation
was determined using flow cytometry analysis as shown
in Figure 3. CaOV-3 cells used in this study were
observed to have a diameter ranging from 15.9 to 34.7
lm (median and mean of 22 lm) consistent with what
has been observed for CTCs (33,34). Because of their
large size, 85% � 15% of tumor cells were found in the
last elutriation fraction corresponding to a spiked tumor
cell recovery of 66% � 8% therein (Table 1). No tumor
cell events were observed in leukapheresate samples
obtained prior to tumor cell spiking indicating a specific-
ity of 100% for the described flow cytometry detection
method. Events which were EpCAM positive and CD45
negative were defined as CTCs to determine their
expected purity and enrichment after FACS as follows:

% Purity ¼ CFSEþnEpCAMþnCD45�events
EpCAMþnCD45�events � 100% (1)

Enrichment by Elutriation FACS ¼ % Purity=100

Spike Ratio
(2)

By this definition, the expected CTC purity deter-
mined by flow cytometry analysis was 58% � 21% giving
an enrichment of CTCs by elutriation and FACS of 2.4 �
0.9 � 104 and a total enrichment of 6.6 � 2.2 � 104

FIG. 2. Distribution of lymphocytes, monocytes, and tumor cells as a percent of the total elutriated for each distinct population plotted against elu-
triation fraction number using the (A) default (Trials 1 to 3) or (B) modified (Trials 4 to 7) monocyte enrichment program.jssdfjgklsffffklsfjdgkljsdfkl
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including leukapheresis. Backgating of EpCAM positive
and CD45 negative events based upon predetermined tu-
mor cell physical characteristics (FSC vs. SSC tumor cell
region in Fig. 3) further increased the expected purity

to 92% � 6%, and thus the total enrichment to 10.8 �
3.9 � 104 (Table 1).

Interestingly, a CD45 positive population was
observed that was also positive for EpCAM at expression

FIG. 3. The distribution and recovery of tumor cells by elutriation was analyzed by flow cytometry with cellular events contoured onto dot plots
based upon their size (FSC), granularity (SSC) and CFSE, EpCAM and CD45 signal intensities. Individual samples from Trial 7 represent according
to row: (A) CaOV-3 tumor cells labeled with CFSE and anti-EpCAM antibody, (B) leukocytes from the leukapheresate (without tumor cells) labeled
with anti-EpCAM and anti-CD45 antibodies, and (C) the last elutriation fraction, in which a total of 818,621 CD45 positive events and 102 tumor
cell events were identified during acquisition. Tumor cells were classified as CFSE and EpCAM positive and CD45 negative events (orange), and the
leukocyte count was determined by CD45 expression represented by the CD45 histogram in Row B. Each tumor cell event was then morphologically
confirmed to be within the FSC vs. SSC Tumor Cell Region. CD45 vs. EpCAM dot plots only contain CFSE and EpCAM positive gated events. No tu-
mor cell events were found in the leukapheresate samples. 98.5% � 1.5% of events positive for CFSE were also positive for EpCAM indicating that
these events represented intact tumor cells having a high EpCAM expression density. The viability of tumor cells prior to spiking, 96.3%, and after
elutriation, 94.6%, was not found to be different further proving that the process is well tolerated by CaOV-3 cells.
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intensities consistent with tumor cells. The highest num-
ber of such events were found in the leukapheresate,
and decreased with increasing elutriation fraction. Multi-
ple regression revealed that, of the leukocyte popula-
tions, only B-lymphocytes were significantly associated
with EpCAM binding contributing to a 2.45-fold increase
in CD45 positive and EpCAM positive events with every
10-fold increase in B-lymphocytes (B ¼ 0.39, P ¼ 0.024).
This observation provides strong support for the use of
leukocyte lineage specific markers for negative selection
to ensure a high specificity during CTC detection.

Tumor Cell Enrichment and Isolation

Tumor cells were immunologically isolated from the
last elutriation fraction using FACS. A total of 79,120,000
and 76,376,941 CD45 positive events were acquired by
the two FACS experiments yielding 1,272 and 3,301
CD45 negative and 4,889 and 7,948 CD45 positive
sorted events after gating for intracellular CFSE and
EpCAM expression. Thus, on average 20% of spiked tu-
mor cells were recovered in the CD45 negative group af-
ter FACS. Fluorescent microscopy indicated a tumor cell
purity of 94.1% in the CD45 negative sorted samples
consistent with flow cytometry detection, and 24.0% in
the CD45 positive sorted samples (Fig. 4). Using this pu-
rity, it can be estimated that 15% of spiked tumor cells
were recovered in the CD45 positive sorted group.
Although the aggregation of leukocytes with tumor cells
was directly observed in the CD45 positive FACS sorted
group, the number of aggregates was low compared
with the number of individual leukocytes detected. The
PBMNC concentration in the CD45 negative and CD45
positive groups were determined to be 15.5% and
82.9%, respectively, using real-time PCR, in agreement
with fluorescent microscopy. To eliminate the possibility
that female DNA may have been derived from another
source, the identity of CaOV-3 tumor cells before and af-
ter enrichment was confirmed by STR genotyping. In
three of the seven loci tested (D7S820, D16S539 and
CSF1PO), CaOV-3 tumor cells could also be distin-
guished from PBMNCs. Alternatively, tumor cells from

the last elutriation fraction were isolated by EpCAM-
coupled magnetic beads and their recovery and purity
determined by fluorescent microscopy. A mean number
of 4, 128, 378, and 100 tumor cells was counted for the
four independent trials giving a tumor cell recovery of
10.5% � 4.4% with a median purity of 3.5% (Table 1).

DISCUSSION

Isolation of CTCs is compromised by their low abun-
dance in the circulation and the absence of specific mor-
phological features or markers that uniquely identify
them. In this study, a three-step sequential process was
developed in an attempt to enrich and isolate CTCs
from a large blood volume based upon their physical
characteristics by (1) leukapheresis and (2) elutriation,
and immunologically by (3) FACS. Current enrichment
techniques are restricted by the low amount of blood
that can be processed requiring sensitive detection
methods to identify only a few CTCs within a large back-
ground of leukocytes (12,18,42–45). The use of leuka-
pheresis to collect CTCs from cancer patients has the
propensity to limit CTC escape and increase the amount
of CTCs isolated by subsequent methods. Leukaphere-
sates were used as the starting blood cell product for
spiking experiments due to the logistic difficulty to
obtain large donations of whole blood. In the study
model, tumor cells from the ovarian cancer cell line
CaOV-3 were spiked into leukapheresates prior to sepa-
ration by elutriation, and tumor cell recovery was deter-
mined by flow cytometry. Since flow cytometry has an
expected resolution of one epithelial tumor cell in 105

nucleated cells (46,47), a spike ratio of 26 tumor cells
per million PBMNCs (�50 tumor cells per mL of blood)
was specified to ensure their detection. The large num-
ber of cells harvested by leukapheresis necessitated the
physical pre-enrichment of CTCs to allow the practical
use of immunological based methods for their isolation
thereafter. Elutriation is able to separate up to 30 billion
leukocytes with similar density into distinct fractions
based upon their square diameter in a single 1 h trial.
CTCs contained in the leukapheresate would be

Table 1
Quantification of Spiked Tumor Cell Enrichment, Recovery and Purity in the Last Elutriation Fraction by Flow Cytometry

Detection

Trial

Tumor cells per 106
leukocytes Tumor cell enrichment Recovery (%)

Purity (%)Spiked Recovered Elutriation Total (104)a Total elutriated Spiked

1 21 35 1.7 9.74 75 68 88
2 2.6 20 7.8 70.3 55 65 (13) 82 (1)
3 26 174 6.7 9.0 93 64 (5) 97 (32)
4 26 136 5.2 18.4 92 53 (15) 96 (8)
5 26 90 3.5 10.0 94 78 (9) 93 (2)
6 26 74 2.8 7.6 98 74 91
7 26 111 4.2 9.8 91 60 97

Statistical analysis does not include Trial 2 because a 10-fold lower spike ratio was used.
Values given in parentheses refer to tumor cell isolation by immunomagnetic beads.
aEnrichment by leukapheresis, elutriation, and FACS compared with the total number of nucleated blood cells of the donor.
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similarly separated without incurring size dependent
loss, and enriched in each elutriation fraction according
to Eqs. 1 and 2. Pre-enrichment by elutriation reproduci-
bly recovered 53 to 78% of spiked tumor cells in the last
fraction with a coefficient of variation of 12%. A similar
recovery was observed in one trial when the spike ratio
was decreased 10-fold. This trial acted as a probe to
determine whether tumor cells could be detected at
expected CTC levels in patient samples (11,12,22). Tu-
mor cell loss associated with the method of detection is
considered to be minimal since flow cytometry has an
expected sensitivity of greater than 90% at acquisition
rates of less than 2,000 events/s (35). In combination
this led to a physical 10-fold enrichment due to the
depletion of granulocytes by leukapheresis and lympho-
cytes during elutriation. As a result, �240,000 tumor
cells were distributed along with 1.6 billion monocytes
with a purity of 80% in the last elutriation fraction. The
removal of the vast majority of lymphocytes thought to

bind to EpCAM (20), and granulocytes known to con-
tribute false positive events during subsequent molecu-
lar analysis, has the potential to improve the specificity
of subsequent immunological enrichment techniques
(48–50). Alternative physical enrichment techniques
such as micro-filtration and density centrifugation may
substitute the elutriation process; however, both techni-
ques have capacity based limits not exceeding 30 mL of
blood or 15 mL of buffy coat per test increasing the han-
dling of large cell products that may result in cell loss.
Simple micro-filtration gives the highest depletion of leu-
kocytes, but the capture of CTCs is dictated by the
membrane pore size, which may lead to decreased sensi-
tivity (16). OncoQuick gradient centrifugation is able to
enrich CTCs 100-fold greater than elutriation, but within
a mixed leukocyte population (Greiner Bio-One) (14,51).

Physical separation methods are sufficient to serve as
a pre-enrichment step to significantly deplete leuko-
cytes, but due to their low specificity CTCs are obtained

FIG. 4. Fluorescent microscopy images representative of CaOV-3 tumor cells and leukocytes from the last elutriation fraction that were either iso-
lated by FACS into CD45 negative or positive sorted groups, or captured and eluted by EpCAM coupled immunomagnetic beads. Cells were counted
at �100 magnification, and classified as tumor cells if they stained positive for Hoechst (nuclear), cytokeratin (cytoskeletal) and at least one of the
membrane antigens EpCAM, EGFR or HER-2. Individual stains are represented in the first three columns, and are merged in the last column. Tumor
cells were morphologically confirmed by their large size, rounded appearance, and high nuclear to cytoplasmic ratio. Tumor cells were clearly distin-
guished from leukocytes using these criteria. The FACS CD45 positive images present a tumor cell to leukocyte aggregate. Arrow depicts bead cap-
tured cells prior to elution. Images were acquired at �400 magnification (scale bar ¼ 50 lm).

108 EIFLER ET AL.

Cytometry Part B: Clinical Cytometry



with a purity that is well below 1% requiring subse-
quent immunological capture for their isolation. Follow-
ing elutriation, spiked tumor cells recovered in the last
elutriation fraction were isolated immunologically by
FACS or immunomagnetic bead adsorption. To feasibly
sort 1 billion cells, the acquisition rate during FACS was
increased to 50 times that used during flow cytometry
detection giving a throughput of 108 cells/h. Fluorescent
microscopy and real-time PCR analysis of cells sorted by
FACS confirmed that events contained in the FSC vs.
SSC tumor cell region and classified as CFSE positive
EpCAM positive and CD45 negative were indeed tumor
cells effectively isolated with a purity of �90%. How-
ever, the increased speed used during sorting decreased
the recovery of spiked tumor cells to 20%, three to four-
fold less than identified after elultriation by flow cytome-
try analysis. The high loss is likely a result of increased
coincidence at the higher sorting speeds (35,36), and as
a result, an additional 15% of spiked tumor cells were
cocaptured with leukocytes in the CD45 positive group.
Repeat sorting of the CD45 positive group would be a
simple way to moderately increase the recovery of the
system. However, two-step sorting (a high-speed enrich-
ment followed by a reduced rate sort with anticoinci-
dence measures enabled) may provide a more efficient
means to increase sensitivity without compromising
specificity or increasing the required sort time (36).
Immunomagnetic bead adsorption resulted in a lower re-
covery and a lower purity with greater variability than
FACS when EpCAM was used alone to isolate spiked tu-
mor cells from the last elutriation fraction (11). This
may be attributed to the simultaneous elimination of
CD45 leukocytes during FACS, and the additional elution
step required by substrate based techniques that may
also necessitate harsh treatment depending on the cou-
pling configuration used. Microfluidic chambers contain-
ing antibody coupled microstructures offer an
alternative means to immunologically capture CTCs.
Activated with anti-EpCAM, such devices have achieved
a tumor cell recovery of 61% with a purity of 50% in

preclinical spiking experiments, and have reported a
greater CTC yield from blood samples obtained from
metastatic cancer patients than immunomagnetic bead
platforms (10). The improved performance has been
attributed to the use of a steady laminar flow rate; how-
ever, this rate cannot exceed 1 mL of blood per hour
per trial without negatively affecting sensitivity. The
rigid micrometer substrate geometry additionally
restricts the flexibility to simultaneously select cells
using both positive and negative markers and physical
character, a feature which is unique to FACS. As a conse-
quence of the heterogeneity of metastatic disease and
the lack of a specific CTC marker, a combination of mul-
tiple parameters is anticipated to improve the sensitivity
and specificity of their enrichment and isolation (46,52–
54).

There are few systems capable to process a large
blood volume, and all are associated with increased cost
and time, and necessitate the use of multiple steps to
collect, enrich, and isolate CTCs decreasing the overall
sensitivity of the process (55). Leukapheresis is the most
common technique used to collect cells from a large
blood volume. It represents a minimally invasive proce-
dure requiring an experienced clinic, and can only be
used for patients in relatively good standing with no
contradictions to the procedure including organ dys-
function, active infection, immune deficiency, and active
autoimmune disease (25). Following leukapheresis,
CTCs may be enriched and isolated with any combina-
tion of techniques which offers a high process flexibility
according to the desired outcome and the competencies
of the research lab. Elutriation and FACS are both semi-
automated systems in need of little material handling
minimizing cell loss and the inherent variability of the
process. However, each can be operated only by trained
personnel, and elutriation requires the use of specialized
disposable tubing sets adding further process cost. In
conclusion, the combined use of elutriation and multi-
parameter rare event FACS was equivalent to or out-
performed current techniques with regard to the

Table 2
Comparison of Leading Circulating Tumor Cell (CTC) Enrichment Techniques

Parameter
Density

gradient (15) l-Filtration (19)
Magnetic

Bead (12,20) Microfluidics (10) Elutriation & FACS

Enrichment Method OncoquickVR ISET
(8 lm pores)

CellSearchTM

(anti-EpCAM)
CTC-chip

(anti-EpCAM)
Elutriation & FACS

Cytometric detection CKþ/hematoxylinþ CKþ/7AADþ CKþ/DAPIþ/CD45� CKþ/DAPIþ/CD45� CFSEþ/EpCAMþ/CD45�

Spike ratio (CTC/mLa) 7 3 3–150 50–50,000 26b

Capacity (mLa/test) 15 1 � 12 wells 7.5 1–2 TBV
Enrichment factor 4.5 � 102 5 � 103c 4.0 � 104 7.1 � 104c 10.8 � 104

Recovery (%) 55 80 85 61 66
Purity (%) 0.04 0.2 1.4 50 90

CK, anti-pan-cytokeratin antibody; ISET, isolation by size of epithelial tumor cells; 7AAD, 7-aminoactinomycin D; DAPI, 4,6-dia-
midino-2-phenylindole; TBV, total blood volume (�5 L for the avg. adult).
Expected values from flow cytometry detection are reported for Elutriation & FACS.
Sensitivity is equivalent to recovery.
aMilliliters of blood.
bSpike ratio ¼ number of CTCs per 106 peripheral blood mononuclear cells (�60 CTCs/mL blood).
c1 mL of blood assumed to contain 7.1 �x 106 leukocytes (30).
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enrichment, recovery, and purity of isolated tumor cells.
When combined with leukapheresis, the described pro-
cess has at least a 500-fold greater capacity, expected to
increase CTC yield and incidence (Table 2). Tumor cells
and leukocytes isolated by this three-step process were
also found to be viable, and easily identified and distin-
guished using multiple cytometric and molecular techni-
ques. Based upon the findings of this study, the next
step will be to evaluate the three-step process with can-
cer patients in direct comparative studies with current
leading enrichment methods. An increase in CTC yield
and incidence would improve the diagnostic utility of
CTCs facilitating the early detection of minimal residual
disease and the real-time monitoring of therapeutic ben-
efit. In combination with a high purity, the increased
yield would allow a robust phenotypical and molecular
analysis of isolated viable CTCs increasing the potential
to characterize the metastatic process more fully, iden-
tify and investigate new therapeutic targets and novel
CTC markers, and develop an in vitro metastatic disease
model to assess treatment response preclinically and re-
alize individualized therapy.
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