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Circulating tumor cells (CTCs) are promising biomarkers for di-
agnosis and therapy in systemic cancer. However, their infrequent
and unreliable detection, especially in nonmetastatic cancer,
currently impedes the clinical use of CTCs. Because leukapheresis
(LA) targets peripheral blood mononuclear cells, which have
a similar density to CTCs, and usually involves processing the
whole circulating blood, we tested whether LA could substantially
increase CTC detection in operable cancer patients. Therefore, we
screened LA products generated from up to 25 L of blood per
patient in two independent studies, and found that CTCs can be
detected in more than 90% of nonmetastatic breast cancer
patients. Interestingly, complete white blood cell sampling en-
abled determining an upper level for total CTC numbers of about
100,000 cells (median, 7,500 CTCs) per patient and identified a corre-
lation of CTC numbers with anatomic disease spread. We further
show that diagnostic leukapheresis can be easily combined with the
US Food and Drug Administration-approved CellSearch system for
standardized enumeration of CTCs. Direct comparison with 7.5 mL of
blood revealed a significantly higher CTC frequency in matched LA
samples. Finally, genomic single-cell profiling disclosed highly aber-
rant CTCs as therapy-escaping variants in breast cancer. In conclusion,
LA is a clinically safe method that enabled a reliable detection of CTCs
at high frequency even in nonmetastatic cancer patients, and might
facilitate the routine clinical use of CTCs as in the sense of a liquid
biopsy. Combined with technologies for single-cell molecular genetics
or cell biology, it may significantly improve prediction of therapy
response and monitoring of early systemic cancer.

minimal residual disease | single-cell analysis | metastasis |
comparative genomic hybridization | gastrointestinal cancer

Circulating tumor cells (CTCs) hold promise as relevant bio-
markers for early detection of systemic cancer spread, sur-

rogate markers for therapy monitoring, and for direct access to
the molecular characteristics of early and advanced metastatic
disease (1, 2). However, in the past 20 y, their infrequent and
unreliable detection has prevented clinical routine use of CTCs.
The search for CTCs in 1–10 mL of peripheral blood by various
methods has generated controversial results. For example, CTCs
were detected in nonmetastatic patients [Union for International
Cancer Control (UICC) stage M0 (nonmetastatic)] between 1 and
100,000 cells per mL of blood in 5–100% of patients (3–8). Al-
though reliable methods for single-cell genomics have been avail-
able for more than 10 y (9), most of the studies did not provide
direct genetic proof of malignancy for the detected cells, raising
doubts about some of the reported results. Successful experiments
using immunomagnetic enrichment of cancer cells expressing the

membranous epithelial cell adhesion molecule (EpCAM) protein
(10) led to the development of the US Food and Drug Adminis-
tration (FDA)-approved CellSearch system, which has become the
most widely used standard for CTC detection (11). With this
method, baseline CTC counts (≥3 or ≥5 CTCs per 7.5-mL blood
sample, depending on the tumor type) are observed in 26–49% of
patients with metastatic cancer (12). The detection rate is even lower
in nonmetastatic cancer (5–24%), usually with a median count of
only one CTC per 7.5 mL (5, 9, 11, 13). Although 20–30 mL of blood
was used in some CellSearch studies in nonmetastatic cancer (13–15)
and more recently developed CTC detection devices claimed higher
detection rates (16), all available systems failed to detect CTCs at
an acceptable rate and yield in a large fraction of patients, espe-
cially in M0 cancer patients. Therefore, the clinical use of CTCs is
currently limited.

Significance

The infrequent detection of circulating tumor cells (CTCs) has
hindered their clinical implication and their potential use in the
sense of a “liquid biopsy” for cancer diagnosis and therapy.
Hypothesizing that the limited blood volume commonly used
for CTC analysis (1–10 mL) accounts for variable detection rates,
we used leukapheresis to screen large blood volumes for CTCs.
This enabled a more reliable detection of CTCs at high fre-
quency even in nonmetastatic cancer patients. Thus, diagnostic
leukapheresis may facilitate the routine clinical use of CTCs as
biomarkers for personalized medicine. Combined with tech-
nologies for single-cell molecular genetics or cell biology, it
may significantly improve prediction of therapy response and
monitoring, especially in early systemic cancer.
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We reasoned that this problem could be overcome by sub-
stantially increasing the analyzed peripheral blood (PB) volume.
To this end, leukapheresis (LA) is a standard clinical method
that is frequently used to isolate mononuclear cells (MNCs) from
blood for various applications including stem cell harvest. LA
enables the extracorporeal continuous density-based cell sepa-
ration of MNCs with a density of 1.055–1.08 g/mL from several
liters of total processed blood (TPB) volume. Because one to
three blood volumes are commonly processed in adults and be-
cause the density of epithelial cells falls in the optimal range of
LA, we reasoned that CTCs could be collected together with
MNCs and enriched in LA products. The high processed blood
volume would then reduce sampling error of venipuncture. To
test our hypothesis, we analyzed two independent LA sample
sets for CTC prevalence: a historical sample collective from M0
breast cancer patients, and LA samples from a prospective val-
idation study in gastrointestinal cancer and breast cancer of
different disease stages.

Results
Cytokeratin-Positive Cells Are Frequent in Products Generated from
High-Volume LAs. In a first set of experiments, we screened his-
torical LA products for CTCs that were harvested after resection
of the primary tumor in a controlled clinical trial (AM-01) (17)
testing a regimen of high-dose chemotherapy for nonmetastatic
breast cancer (patient cohort 1; Table S1). We applied immu-
nohistochemistry to slides prepared from 48 LA samples of 24

breast cancer patients using the anti-cytokeratin antibody A45-B/
B3 directed against the cytokeratins (CKs) 8, 18, and 19 for CTC
detection. For each patient, one LA sample had been collected
before induction of chemotherapy (pre-IC) and one after in-
duction of chemotherapy (post-IC). In total, we detected CK-
positive cells in 91.7% (44/48) of LA samples, which we desig-
nated CK+CTCs (Fig. 1A). In contrast, we could not detect CK+
cells in LA samples from 10 healthy female donors (Fig. 1B). The
median CK+CTC count in LA samples isolated from cancer
patients was 0.86 per 106 MNCs (range, 0.3–10 CK+CTCs),
a concentration about 20-fold higher than typically reported for
the analysis of peripheral blood (13). Interestingly, the pre-IC
samples displayed significantly higher CK+CTC counts than
matched post-IC samples (1.86 vs. 0.57; Wilcoxon test, P <
0.001). Furthermore, we noted a trend that advanced tumor
stages correlated positively with CK+CTC counts in the pre-IC
samples (Spearman r = 0.39, P = 0.06) but not in the post-IC
samples (Spearman r = –0.004, P = 0.98) (Fig. 1C).

Highly Aberrant CK+CTCs in Transplanted LA Products Are Associated
with Early Metastasis. Next, we wanted to confirm the malignant
nature of CK+CTCs and performed single-cell comparative ge-
nomic hybridization (CGH) to assess chromosomal gains and
losses characteristic for cancer cells. We successfully isolated and
analyzed 65 single CK+CTCs from 19 of the 24 patients with LA
samples. The observed chromosomal alterations (Fig. 1D) were

Fig. 1. CK+CTCs are highly prevalent in LA samples and display genomic alterations characteristic for cancer cells. (A) Immunocytochemistry of an LA product.
The black arrow points to a CK-positive cell, and the white arrows point to examples for CK-negative cells. (B) Number of CK-positive cells in healthy G-CSF–
treated controls (HC; n = 10) in breast cancer cases (M0) before induction of chemotherapy (pre-IC, n = 24) and after induction of therapy (post-IC, n = 24),
respectively. The horizontal black bars indicate the median. (C) Correlation of the number of CK+ cells with the UICC stage. The slope of the line for the pre-IC
samples (n = 24) was 1.444 [95% confidence interval (CI), 0.4317–2.456] and the correlation coefficient (r2) was 0.285. The slope deviated significantly from
zero (P = 0.0073). For post-IC samples (n = 24), the slope of the line was 0.133 (95% CI, 0.3416–0.6074; r2 = 0.015). The slope did not deviate significantly from
zero (P = 0.57). The dots illustrate the mean value; error bars indicate the SEM. The regression line is shown as a dotted line. (D) Horizontal view of the
chromosomal gains (above the horizontal line in green) and losses (below the horizontal line in red) detected by CGH in 32 of the 65 single CK-positive cells
isolated from cohort 1. The mean aberration number of CK+CTCs with detectable CGH alterations was 5.5 (range, 1–25). (E) Survival of CTC-positive cases with
higher (>10) vs. lower (≤10) mean number of chromosomal aberrations.
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generally consistent with breast cancer [compared with those in
the Progenetix database (18); n > 2,000], and comprised gains at
chromosomes 3q, 8q, and 17q and losses at chromosomes 4 and
8p. Notably, 51% of the CK+CTCs (n = 33) displayed a balanced

CGH profile without chromosomal gains or losses. Despite this,
we detected aberrant cells in 17 of the 19 (89%) patients in
which we could isolate CK+CTCs, validating the malignant na-
ture of the CK+CTCs in most analyzed patients. Because it was
previously shown that highly aberrant disseminated tumor cells
(DTCs) isolated from bone marrow indicated metastatic disease
in breast cancer (19), we tested whether the extent of chromo-
somal alteration of CK+CTCs confers risk for disease pro-
gression. Our analysis revealed that >10 alterations per CTC in
the transplanted (post-IC) apheresis product were associated
with significantly shorter metastasis-free survival (log-rank test,
P = 0.023; Fig. 1E, Fig. S1, and Table S2).

Validating the High CTC Frequency in LA Products of M0 Patients in
a Prospective Study. We then performed a prospective study to
directly compare the CTC prevalence in fresh LA products with
matched PB samples using the standardized CellSearch CTC
isolation system. The CellSearch assay enriches EpCAM-positive
cells and identifies CTCs by positive cytokeratin staining in the
absence of the pan-leukocyte marker CD45 (CK+/CD45– cells).
Application of this strict criterion for CTC identification was
important, because we noted a high background of CK+/CD45+
double-positive cells in healthy donors (Fig. 2A). We deem it
likely that such cells result from false-positive CK+ staining of
leukocytes, especially in LA samples with high white blood cell
counts. Excluding CK+/CD45+ double-positive cells, only one
single CK+/CD45– cell was observed in LA samples from 14
healthy donors (Fig. 3A). We next tested tumor cell recovery of
the CellSearch system for LA products using healthy donor
samples spiked with varying numbers of SK-BR-3 breast cancer
cells. This experiment revealed a linear detection rate across the
entire tested analytical range (Fig. 2B and Table S3).

Fig. 2. Adapting the CellSearch system to DLA products. (A) Representative
examples for a dual positive cell (Upper) as frequently observed in DLA
products and a CK+/CD45– cell determined to be a CTC (Lower). Comp,
composite image of PE, DAPI and APC; PE, phycoerythrin; APC, allophyco-
cyanin. (B) Recovery of known numbers of spiked SK-BR-3 cells (n = 0, 2, 9,
10, 45, and 224) within the background of DLA products (1–2 × 108 white
blood cells in a volume of 7.5 mL) from healthy donors. Three independent
experiments were done, and each filled circle represents an individual data
point (n = 18). The dotted lines above and below the regression line (straight
black line) display the 95% confidence interval (slope, 0.947; 95% CI, 0.915–
0.979; r2 = 0.996).

Fig. 3. Prospective study to validate the high prevalence of CTCs in diagnostic leukapheresis products using standardized CTC detection. (A) Number of CTCs
detected via CellSearch per mL in DLA and PB samples (Ca, cancer, n = 29; HC, healthy control, n = 14). (B) DLA-CTC counts per 106 MNCs before (pre-OP) and
after surgery (post-OP) (n = 6). (C) CTC numbers detected in HC (n = 14), UICC1–2 samples (pre-OP; n = 15), and UICC3–4 samples (pre-OP/pretherapy; n = 5).
Patients who received neoadjuvant therapy were excluded. P values were calculated with Mann–Whitney tests. Whiskers represent total range. (D) MNCs per
mL in peripheral blood samples (n = 29) versus DLA samples from cancer patients (n = 29). (E) CTC counts in 7.5 mL of PB equivalent calculated from DLA data
(blue) vs. 7.5 mL of PB sample (red). Gray highlights the values below the detection limit set at 1.0 for 7.5 mL of PB equivalents that were scored as CTC-
negative. Horizontal lines indicate the median.
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Having established the suitability of the CellSearch system for
LA products, we prospectively performed 29 diagnostic LA
(DLA) in 23 patients with different cancer types, including
breast, colorectal, esophageal, and pancreatic cancers (patient
cohort 2; Table 1). Just before starting the DLA, we drew 7.5 mL
of PB and subjected both sample types to the CellSearch assay.
Strikingly, we detected CTCs in 21 of the 29 DLA samples
(72%), whereas only 8 of the 29 (28%) PB samples (Fisher’s
exact test, P = 0.0014) were positive for CTCs. The CTC count
per mL was also markedly higher in DLA samples compared
with their matched PB samples (Fig. 3A; Mann–Whitney test,
P < 0.0001). Importantly, we could confirm the high CTC de-
tection rate of 90% for breast cancer-derived DLA samples,
similar to the first patient cohort (CTC positivity, DLA 9/10 vs.
PB 3/10; Fisher’s exact test, P = 0.0198). Investigating post-
operative DLA in a subset of patients (n = 6) confirmed that
CTCs persist after tumor resection (Fig. 3B). Despite the rela-
tively small number of performed postoperative DLAs in cohort
2, the CTC prevalence in this subset was significantly different
when tested against the healthy control patients (6/0 vs. 1/14;
Fisher’s exact test, P < 0.001). Next, we asked whether the CTCs
detected in DLA products by CellSearch reflect the tumor stage.
As before with pre-IC breast cancer samples, the CTC frequency
was correlated to the UICC stage (Spearman r = 0.45, Spearman
correlation, P = 0.03) (Fig. 3C).
Finally, we checked whether the high CTC detection rate in

DLA products could be attributed mainly to the increased blood

volume that was screened. Because MNCs are the main cell pop-
ulation isolated by DLA (Fig. 3D), we used this population as
a reference and calculated the CTC number per 106 MNCs for
each matched PB–DLA sample pair. Thereby, we determined
a median peripheral blood volume of 60.2 mL as equivalent to the
DLA volume that we screened (median, 2.3 mL) in the CellSearch
assay. Then, we extrapolated from our DLA results the number of
CTCs in 7.5 mL of PB and found a high congruency to the observed
counts in the empirical PB sample (8/29 vs. 10/29; Fisher’s exact
test, P = 0.79; Fig. 3E). This indicates that CTCs are concentrated
together with the MNC population (Fig. 3D) during DLA.
Assuming a homogeneous distribution of CTCs in DLA

products, we calculated the total number of CTCs per patient.
The median blood volume of cohort 2 patients comprised 4.5 L,
and on average we collected MNCs from 62% of the blood
volume. The total number of CTCs in the circulation ranged
from 29 to 13,102 in CTC-positive patients of cohort 2 (median,
613; calculations are provided in SI Materials and Methods). In
cohort 1, total CTC numbers can be estimated to range from
2,455 to 81,854 (median, 7,364).

Discussion
CTCs hold great promise for diagnosis and therapy of systemic
cancer as a “liquid biopsy,” but low detection rates are thus far
hindering their clinical routine use. Standard CTC blood tests
usually analyze a restricted volume of 1–10 mL of PB. Our study
reveals that such low blood volumes are insufficient. Instead,

Table 1. UICC stages and CTC numbers detected in PB and DLA samples of cohort 2

Patient no./
DLA no. Diagnosis

UICC
stage

PB samples DLA samples

CTCs per
7.5 mL

CTCs per
106 MNCs*

CTCs in
analyzed sample

CTCs per
DLA product

CTCs per
106 MNCs*

1/1 BC 1a 0 0.00 1 24 0.01
2/2 BC 2a 1 0.07 0 0 0.00
2/3 BC 1 0.05 5 150 0.05
3/4 BC 2a 0 0.00 0 0 0.00
4/5 BC 2a 0 0.00 5 109 0.03
4/6 BC 0 0.00 2 35 0.01
5/7 BC 2b 1 0.03 3 108 0.03
6/8 BC 2b 0 0.00 13 1,148 0.29
6/9 BC 0 0.00 11 678 0.23
7/10 BC 3a 0 0.00 18 400 1.04
7/11 BC 0 0.00 51 884 0.53
8/12 PAC 1 0 0.00 0 0 0.00
9/13 PAC 2b 0 0.00 1 9 0.01
10/14 PDAC 2b 0 0.00 2 4 0.01
11/15 PDAC 2b 0 0.00 0 0 0.00
12/16 PDAC 2b 0 0.00 0 0 0.00
13/17 PDAC 2b 1 0.05 14 467 0.09
14/18 PDAC 2b 7 0.40 6 300 0.12
14/19 PDAC 0 0.00 12 563 0.11
15/20 PDAC 4 5 0.23 32 240 0.18
16/21 PDAC 4 1 0.05 1 8 0.01
17/22 PDAC 4 0 0.00 4 110 0.05
18/23 PDAC 4 3 0.24 20 500 0.17
19/24 CRC 2a 0 0.00 2 77 0.01
20/25 ESCC 1a 0 0.00 0 0 0.00
20/26 ESCC 0 0.00 2 17 0.02
21/27 ESCC NA 0 0.00 0 0 0.00
22/28 EAC NA 0 0.00 8 134 0.08
23/29 EAC NA 0 0.00 0 0 0.00

For cases in which pre- and postoperative DLAs were perfomed UICC information is provided only once. BC, breast cancer; CRC, colorectal cancer; EAC,
adenocarcinoma of the esophagus; ESCC, squamous cell carcinoma of the esophagus; NA, no UICC stage is available because of neoadjuvant therapy (no. 21,
yT0N0M0; no. 22, yT0N1M0; no. 23, yT0N0M0); PAC, ampullary cancer; PDAC, pancreatic ductal adenocarcinoma.
*Values provided here are rounded to two decimal places.
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large blood volumes need to be screened for a reliable detection
of CTCs, especially in nonmetastatic cancer patients. CTCs are
concentrated along with the targeted MNC population during
DLA, which significantly enhances the CTC detection fre-
quency. The implementation of DLA as a marker-independent
preanalytic CTC enrichment step into clinical workflows was
unproblematic, and all patients tolerated the DLA procedure
quite well.
The fraction of the DLA product that we analyzed in the

CellSearch assay was equivalent to a PB volume of around 60 mL
(theoretically eight CellSearch assays per patient). Notably, our
data perfectly fit hypothetical detection rates that were predicted
for a volume of 50–75 mL of PB when calculated from Cell-
Search assays (20). Another factor that might contribute to
a more reliable CTC detection by DLA is that the final LA
products were generated from at least more than half of the
whole circulating blood volume (cohort 2), thereby reducing the
sampling error of a simple venipuncture. Eifler et al. suggested
by their proof-of-concept study using apheresis products spiked
with cancer cell lines that an additional elutriation step might
even further enhance CTC recovery after high-volume screening
for CTCs by apheresis (21).
However, because of the high blood volumes screened and

because DLA is not known to destroy cells, we think our ap-
proach provides a reliable upper estimate for cytokeratin-posi-
tive and cytokeratin/EpCAM double-positive CTCs, at least for
nonmetastatic patients. The total number of CTCs in the circu-
lation ranged from 29 to 13,102 in CTC-positive patients of co-
hort 2 (median, 613) and from 2,455 to 81,854 (median, 7,364) in
cohort 1. This discrepancy may reflect the differences of cohort 1
in comparison with cohort 2: a significantly higher median TPB
processed (15.1 vs. 2.7 L; Mann–Whitney test, P < 0.0001), the
administration of growth factors for stem cell mobilization, and
the use of an EpCAM-independent CTC detection assay. How-
ever, these numbers are in striking contrast to previous reports
(22) that found a range from to 2.2 × 104 to 3.7 × 106 CTCs in
patients with different types of metastatic cancer and in localized
prostate cancer [a median of 2.2 × 105 CTCs given 50 CTCs per
mL (16)], although that approach used EpCAM enrichment and
cytokeratin detection as we did. Importantly, only around 1 mL
of PB was investigated in these studies. Our data put a caveat on
these claims of excessive CTC numbers in M0 patients (4, 22),
particularly because LA is not known to damage or destroy cells.
Therefore, DLA provides an upper estimate for minimal residual
disease (MRD) in the circulation, comprising usually less than
10,000 CTCs per patient, and we deem it unlikely that CTC
numbers are several-fold higher. Whether CTCs increase on
average 100-fold in M1-stage patients, as suggested by other
approaches (22, 23), needs to be explored. Among our patients,
M1-stage patients harbored about 10-fold more CTCs than M0-
stage patients.
The reliable and high CTC detection rates in LA products

allowed us to gain insight into MRD in M0-stage breast cancer
patients. Notably, we could observe in this MRD situation de-
creasing CTC counts over time. Whether the dropping CTC
counts were a direct consequence of the adjuvant chemotherapy,
for example, as described for CTCs in peripheral blood by
Bozionellou et al. (24), or reflect the natural course of MRD (25)
remains unclear; however, this question should be addressed in
future DLA studies comparing patients treated with and without
adjuvant systemic therapies. Further, our data indicate that CTC
numbers correspond to anatomical disease spread even weeks
after resection of the primary tumor in locally advanced breast
cancer. The missing correlation in the case of post-IC samples may
then reflect individual therapy responses of the residual disease,
blurring the footprint of the original disease stage. From our
comprehensive genomic analysis of single CTCs, we learned that
CTCs with more than 10 chromosomal aberrations are associated

with early relapse. Therefore, highly aberrant CTCs may either
inform about a more advanced evolutionary stage of minimal re-
sidual cancer that readily progresses to metastasis or that those
highly aberrant CTCs, once retransplanted, might drive disease
relapse after high-dose chemotherapy. Obviously, these conclu-
sions are drawn from a limited dataset and warrant further val-
idation by future studies in larger cohorts. However, consistent
with the latter thought are observations that after high-dose
chemotherapy, transplantation of purified LA-CD34+ stem cells
resulted in significantly longer survival of metastatic breast can-
cer patients (26). On the other hand, about 50% of CK+CTCs
showed a balanced metaphase CGH profile. Although the origin
of these cells currently remains unclear, this finding is reminis-
cent of MRD in bone marrow, where likewise 50% of cytoker-
atin-positive DTCs were found to harbor normal karyotypes (19)
but were subsequently shown to display breast cancer-associated
loss of heterozygosity and amplifications when investigated at
higher resolution (27). It is therefore tempting to speculate that
genomically nonprogressed DTCs can be mobilized from the
bone marrow during hematopoietic stem cell harvest.
In conclusion, we show that commonly analyzed blood vol-

umes of 1–10 mL are too low to detect rare CTCs but that the
clinically safe DLA reliably enables detection of CTCs in M0-
stage cancer patients. The high CTC numbers observed in leu-
kapheresis products might enable a more comprehensive bi-
ological and functional characterization of CTCs to determine
cells with metastatic capacity among the heterogeneous CTC
population. The clinical value of DLA, which is more invasive
than a simple venipuncture, is clearly related to the further
molecular and functional characterization of CTCs in the
context of personalized molecular therapies. We envision that
screening high volumes of blood will enable a true liquid biopsy
for solid cancers and opens the possibility of using CTCs as
biomarkers to guide and monitor systemic therapies even in the
adjuvant therapy setting.

Materials and Methods
Historical LA Samples from M0 Breast Cancer Patients: Cohort 1. We retro-
spectively studied retained cryopreserved samples of LA products from 24
patients participating in theWest Germany Study Group AM-01 trial (17). This
phase III trial compared an intensive double-cycle high-dose chemotherapy
regimen with an accelerated conventionally dosed regimen as an adjuvant
therapy in nonmetastatic high-risk breast cancer. The experimental arm
underwent two LAs for stem cell support after the primary tumor was
completely resected, one before the first administration of chemotherapy as
a backup procedure and the second apheresis after the administration of the
first two cycles of epirubicin and cyclophosphamide as induction therapy.
The median TPB of the LAs was 15.1 L (range, 7.7 L–25.2 L). LA was per-
formed via a central catheter, and stem cell mobilization was augmented by
growth-factor support (G-CSF; filgrastim 10 μg/kg body weight) (17). For our
study, we identified 24 cases for which remaining LA-retained cell samples,
stored in liquid nitrogen, from both time points were available (Table S1). LA
procedures were performed between November 1995 and April 1998. The
median postsurgical time period was 18 d (range, 13–28 d) for the first LA
sample and 76 d (range, 61–105 d) for the second sample. In addition, 10
retained cryopreserved LA samples from unrelated sex-matched healthy
G-CSF–mobilized donors were prepared and analyzed according to the pro-
tocols used in the cancer patients. The study was approved by the ethics
committee of the Heinrich Heine University Düsseldorf. All patients/healthy
donors gave written informed consent to use surplus material of LA
products not needed for clinical use for medical research. The cry-
opreserved samples were rapidly thawed in a 37 °C water bath, diluted
1:1 RPMI 1640/15% (vol/vol) FCS containing dornase alfa (Pulmozyme;
Hoffmann-La Roche) at 250 U/mL, and incubated for 5 min to prevent
clotting. After the incubation, the samples were slowly transferred to 30
mL of RPMI 1640 medium to wash the cells. After a washing step with
PBS, 2 mM EDTA, 0.5% inactivated BSA, the cells were centrifuged at 400 × g
for 5 min (without a break). MNCs were resuspended at a cell dilution of
1 × 106 cells per mL of PBS and were placed on positively charged glass
slides (Menzel) at a density of 250,000 cells per 227 mm2. After sedimenta-
tion for 45 min, the slides were dried overnight and stored at –20 °C until
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further analysis. The detection, isolation, and characterization of CK+ cells
were done as previously described (19, 28). A more detailed description is
provided in SI Materials and Methods.

Prospective Study for CTC Enrichment by Diagnostic LA: Cohort 2. To validate
our data from cohort 1 in an independent patient cohort, we performed
a prospective study. We determined the CTC detection rate in fresh DLA
products and compared it with the CTC detection rate in peripheral blood
immediately drawn before DLA. For this we used the FDA-approved Cell-
Search assay for CTC detection in PB and DLA samples. Patients with clinically
diagnosed breast cancer, pancreatic cancer, and other gastrointestinal cancer
types (Table 1) were included in the study. In cancer patients scheduled for
surgery, we conducted DLA at least 1 d before. DLA after surgery was carried
out around the 14th postoperative day. To increase patient comfort and
clinical applicability, the DLA differed from the LA procedure for hemato-
poietic stem cell harvesting in cohort 1 as follows: (i) no growth-factor
support was used in cohort 2; (ii) instead of a central catheter, only pe-
ripheral vein access was used to process peripheral blood; and (iii) the me-
dian processed blood volume of 2.6 L (range, 0.8–6.2) was significantly lower
compared with cohort 1 (Mann–Whitney U test, P < 0.001). We also included
14 healthy donors whose LA samples were prepared identically by collecting
MNCs using cell separator COBE Spectra software version 7.0, MNC program
(Terumo BCT). Blood was anticoagulated with citrate dextrose solution A
(ACD-A solution; Fresenius HemoCare) at a ratio starting from 12:1 up to
20:1. DLA products were adjusted to at least a 12:1 ACD-A ratio (with ACD-A).
The prospective study was approved by the ethics committee of the Heinrich
Heine University Hospital Düsseldorf. All participating patients and healthy
donors gave written informed consent.

CellSearch Analysis of Fresh Diagnostic LA Samples. All CTCs of cohort 2 were
enumerated with the CellSearch system (Veridex) in PB and DLA samples by
trained personnel. DLA and PB samples were collected in CellSave Pre-
servative Tubes, maintained at room temperature until use, and processed
within 96 h using the CellSearch Circulating Tumor Cell Kit and CellTracks
Auto Prep System. CTCs were identified using Cell Tracks Analyzer II strictly
according to CellSearch criteria. PB samples (7.5 mL) were drawn immediately
prior to leukapheresis and were further processed as recommended by the
manufacturer. From each cancer patient, 1–6 mL (median, 2.3 mL) of the
fresh DLA product and 7.5 mL of PB were subjected in parallel to CellSearch
analysis. Up to 2 × 108 white blood cells (WBCs) of each patient’s DLA

product were brought up to a final volume of 4–8 mL with CellSearch Cir-
culating Tumor Cell Kit Dilution Buffer before analysis and processed as
a control within the CellTracks Auto Prep System.

To determine CTC recovery rates from DLA products, up to 2 × 108 WBCs
from healthy donors were spiked with ∼225, 45, 10, 9, 2, and 0 fixed cells of
breast cancer cell line SK-BR-3 (Table S3). At least three independent
experiments were done for each SK-BR-3 concentration. In parallel, an ali-
quot of SK-BR-3 cells in dilution buffer was analyzed per run and used as
a reference for calculating expected values.

Statistical Analysis. To test the equality of two binomial proportions, Fisher’s
exact test was performed. The significance of differences between groups
with a nonparametric data distribution was analyzed with the Mann–
Whitney U test for two independent groups. For comparison of paired
nonparametric data, we used the Wilcoxon test. CK+CTC counts were cor-
related with UICC stages of the patients by linear regression analysis.

We used the R software package (www.r-project.org) to compute the
estimated Kaplan–Meier–based mean relapse-free survival based on the
continuous covariate “CGH aberration per CTC” (29) (SI Materials and
Methods). Differences in relapse-free survival regarding >10 chromosomal
aberrations were analyzed with the log-rank test.

To validate the results of cohort 1, we conducted a prospective validation
study. Assuming a prevalence of CK-positive cells in healthy volunteers,
apheresis products of 5% (observed in 0%of healthy controls of cohort 1) and
in cancer patients of 95%, seven individuals per group should detect this
difference at a significance level of 0.01 (two-sided) and with a power of 95%
(30). Thus, we studied 29 diagnostic leukapheresis products from 23 clinically
diagnosed cancer patients and compared this with 14 healthy controls in our
validation study (cohort 2).

Differences between groups were considered significant if the P value
was <0.05 in a two-tailed test. If not otherwise stated, the statistical data
analysis was carried out using Prism 5 (GraphPad Software), SPSS 19 (IBM),
and Excel (Microsoft).
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