
lable at ScienceDirect

Cancer Letters 403 (2017) 216e223
Contents lists avai
Cancer Letters

journal homepage: www.elsevier .com/locate/canlet
Original Article
Detection of circulating tumor cells from cryopreserved human
sarcoma peripheral blood mononuclear cells

Heming Li a, Qing H. Meng b, Hyangsoon Noh c, Izhar Singh Batth c, Neeta Somaiah d,
Keila E. Torres e, Xueqing Xia c, Ruoyu Wang a, **, Shulin Li c, *

a Department of Oncology, Affiliated Zhongshan Hospital of Dalian University, Dalian, China
b Department of Laboratory Medicine, The University of Texas MD Anderson Cancer Center, Houston, TX, United States
c Department of Pediatrics, The University of Texas MD Anderson Cancer Center, Houston, TX, United States
d Department of Sarcoma Medical Oncology, Division of Cancer Medicine, The University of Texas MD Anderson Cancer Center, Houston, TX, United States
e Department of Surgical Oncology, Division of Surgery, The University of Texas MD Anderson Cancer Center, Houston, TX, United States
a r t i c l e i n f o

Article history:
Received 13 March 2017
Received in revised form
2 May 2017
Accepted 11 May 2017

Keywords:
Sarcoma
Circulating tumor cells
Cell surface vimentin
Cryopreservation
Peripheral blood mononuclear cells
Abbreviations: CTCs, Circulating tumor cells; CSV, C
Peripheral blood mononuclear cells; EpCAM, Epithe
EMT, Epithelialemesenchymal transition.
* Corresponding author. Department of Pediatrics,

Texas MD Anderson Cancer Center, 1515 Holcombe Bl
** Corresponding author. Department of Medical On
Hospital of Dalian University, No. 6 Jiefang Street, Da

E-mail addresses: Hli15@mdanderson.org (H. Li
(Q.H. Meng), HNoh@mdanderson.org (H. Noh
(I.S. Batth), NSomaiah@mdanderson.org (N. Somaiah
(K.E. Torres), XXia1@mdanderson.org (X. Xia)
(R. Wang), sli4@mdanderson.org (S. Li).

http://dx.doi.org/10.1016/j.canlet.2017.05.032
0304-3835/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t

Circulating tumor cells (CTCs) enter the vasculature or lymphatic system after shedding from the primary
tumor. CTCs may serve as “seed” cells for tumor metastasis. The utility of CTCs in clinical applications for
sarcoma is not fully investigated, partly owing to the necessity for fresh blood samples and the lack of a
CTC-specific antibody. To overcome these drawbacks, we developed a technique for sarcoma CTCs
capture and detection using cryopreserved peripheral blood mononuclear cells (PBMCs) and our pro-
prietary cell-surface vimentin (CSV) antibody 84-1, which is specific to tumor cells. This technique was
validated by sarcoma cell spiking assay, matched CTCs comparison between fresh and cryopreserved
PBMCs, and independent tumor markers in multiple types of sarcoma patient blood samples. The
reproducibility was maximized when cryopreserved PBMCs were prepared from fresh blood samples
within 2 h of the blood draw. In summary, as far as we are aware, ours is the first report to capture and
detect CTCs from cryopreserved PBMCs. Further validation in other types of tumor may help boost the
feasibility and utility of CTC-based diagnosis in a centralized laboratory.

© 2017 Elsevier B.V. All rights reserved.
Introduction

Sarcoma is a rare group of mesenchymal origin tumors, ac-
counting for nearly 20% of pediatric malignancies and less than 2%
of adult neoplasms [1,2]. Despite the low incidence of sarcoma, it
represents a much larger proportion in adolescents and young
adults with high mortality rate due to late diagnosis and relapse. A
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potential new approach for the early detection of relapse is to
capture the circulating tumor cells (CTCs) from peripheral blood of
sarcoma patients who are under remission. CTCs are “seed” cells
for tumor metastasis that are shed into the circulatory or
lymphatic system from the primary tumor [3,4]. These cells have
attracted attention due to their potential role in early diagnosis
and monitoring of therapeutic response to anti-cancer drugs
[5e7]. At present, the CellSearch system is the only technique
approved by the US Food and Drug Administration for the detec-
tion and enumeration of CTCs in metastatic breast, colorectal, and
prostate cancers in the clinical setting [8e11]. CellSearch captures
CTCs by utilizing the epithelial cell adhesion molecule (EpCAM)
which, as its name suggests, is overexpressed only in epithelial
cancer types [12,13]. However, this marker is not effective in
capturing CTCs originating from mesenchymal tumors such as
sarcoma, and might even miss some of CTCs undergoing epi-
thelialemesenchymal transition (EMT) [12,14]. Thus, a novel
technique for accurately detecting CTCs from sarcoma patients'
peripheral blood is quite necessary.
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Previously, we have reported that cell-surface vimentin (CSV) is
a marker unique to different types of tumor cells [15e17]. By uti-
lizing CSV as a specific target, we captured and enumerated
mesenchymal-derived CTCs and EMT-like CTCs from fresh blood
samples of patients bearing different types of cancer with high
sensitivity and specificity [14,18]. However, to the best of our
knowledge, the current CTCs capture techniques require fresh
blood samples [19]. A reliable and reproducible cytometric tech-
nique for the enumeration of CTCs from cryopreserved samples is
still lacking. Fresh samples have to be processed within 72 h as
collection to maintain the reproducibility [20]. Transportation from
multiple laboratories is not only expensive but also may affect the
reproducibility of CTCs measurement. All the above barriers limit
the application of current CTCs isolation techniques for large
multiple-center trials. To boost CTCs assay utility, cryopreserved
sample-based CTCs capture should be investigated.

In the current study, we investigated an assay for capturing CTCs
from cryopreserved peripheral blood mononuclear cells (PBMCs)
from patients with various types of sarcoma using the tumor spe-
cific CSV antibody 84-1. The new isolation step can be highly time
limiting, which prevents large numbers of samples being processed
on the same day. Such a technology will boost the feasibility and
utility of CTC-based diagnosis and therapeutic treatment moni-
toring in large multiple-center trials.

Materials and methods

Patient eligibility and recruitment

Patients with metastatic cancer disease were consented in the Department of
Laboratory Medicine and Sarcoma Center at The University of Texas MD Anderson
Cancer Center. Blood was drawn either before or at least 7 days after intravenous
therapy. Blood samples from healthy donors were obtained from Gulf Coast Blood
Center in Houston, Texas. The healthy donors had no known disease or infection at
the time of blood draw and no history of malignant disease. The study was approved
by our institutional review board (Protocol: PA13-0353 and LAB06-0581). Informed
and written consent was obtained from all the patients involved in this project.

Blood collection and cryopreserved PBMC preparation

Freshly drawn blood samples from patients were collected from patients in 10-
mL BD Vacutainer tubes with K2 EDTA (BD Diagnostics Franklin Lakes, New Jersey)
(Fig. 1A). A total of 500 mL of fresh blood from healthy donors was also collected.
Blood was processed into 50 mL of Buffy Coat, which contained mononuclear cells
and neutrophils, as well as smaller numbers of contaminating red blood cells,
plasma, and platelets (Fig. 1B). All the blood samples were processed within 2 h of
blood collection for best results. Obtained blood was pooled into 50-mL conical
tubes and diluted with room-temperature phosphate-buffered saline (PBS) con-
taining 2% fetal bovine serum (FBS). Next, the diluted blood was layered carefully
over 15mL of Ficoll-Paque PLUS density gradient medium (Ficoll Paque Premium, GE
Healthcare, Pittsburgh, PA) in a 50-mL SepMate™ tube (StemCell™ Technologies,
Vancouver, Canada) while continuously pipetting the diluted blood down the side of
the tube (Fig. 1C).

The samples were centrifuged at 1200� g for 10 min at room temperature with
the brake on. After density gradient centrifugation, differential migration of cells
during centrifugation resulted in the formation of layers containing different cell
types. The bottom layer contained erythrocytes and granulocytes. PBMCs could be
found together with other low-density slowly sedimenting particles (e.g., platelets)
at the interface between the plasma and the Ficoll-Paque layer (Fig. 1C). The PBMCs
were harvested by pouring the top layer, transferred to a new tube and thenwashed
twice with PBS containing 2% FBS at room temperature. The cell pellet was resus-
pended with medium at room temperature. After cell counting, PBMCs were cry-
opreserved at 6 � 106 (6 million, nearly 6 mL of whole blood) cells per 1 mL and
placed inside a Nalgene® Mr. Frosty® Cryo 1 �C Freezing Container (Thermo Fisher
Scientific, Waltham, MA) container at �80 �C for 48 h, and the cells were later
transferred to liquid nitrogen until further experiments were performed.

84-1þ cell selection

The selection and validation methods used to isolate and enrich 84-1þ cells
were previously described [15]. Briefly, an antibody against human Fc receptor
(Miltenyi Biotec, Auburn, CA) was added to the PBMCs cell suspension to reduce
nonspecific binding. CD45þ immune cells were then depleted using an EasySep
human CD45 depletion kit (StemCell™ Technologies) according to the manufac-
turer's recommendation. Later, the CD45-cell fractions from the blood were labeled
with the 84-1 anti-vimentin antibody, followed by the addition of mouse IgG-
binding microbeads (Miltenyi Biotec) to the mixture after incubation. The labeled
cells were then extracted using the magnetic column according to the manufac-
turer's protocol (Miltenyi Biotec). The 84-1þ and CD45-cells obtained were
CSV þ CTCs ready for further analysis (Fig. 1D).

Immunofluorescence imaging

For immunofluorescence, the cell pellet was mixed with MACS buffer (Miltenyi
Biotec) and stained with 84-1 antibody (1:200) in tube at room temperature for 1 h.
Cells were cytospun onto Polysine™ microscope adhesion slides (Thermo Fisher
Scientific) by Cytofuge (Iris, Westwood, MA). Cells were fixed with 4% para-
formaldehyde (Fisher Scientific) and blocked in blocking buffer (1% FBS in PBS) for
1 h. For the staining of other markers, such as CD45 (1:100; Abcam, Cambridge, MA),
a-SMA (1:100; Abcam), CD117 (1:100; Cell Signaling Technology, Danvers, MA), and
MDM2 (1:100; Santa Cruz Biotechnology Santa Cruz, CA), the cells were incubated
with primary antibody overnight in a cold room followed by permeabilization in PBS
(pH 7.4)/0.2% NP40 (Sigma Aldrich) for 20 min. Next, the slides were washed with
PBS three times and stained with Alexa Fluor-555 secondary antibody (1:100;
Invitrogen, Carlsbad, CA) for CD45, Alexa Fluor-647 (1:100; Invitrogen) for 84-1, and
Sytox Green (1:200; Invitrogen) for nuclei staining for 1 h at room temperature.
Then the slides were washed with PBS three times and mounted in Slow fade
antifade (Invitrogen). All slides were visualized by Zeiss LSM 510 confocal micro-
scope using LSM 5 3.2 image capture and analysis software (Carl Zeiss, Thornwood,
NY).

Spiking assay

First, all cells used for the spiking assay were subjected to 84-1þ expression
selection one day before the analysis. After being labeled with CFSE tracking dye
(eBioscience, San Diego, CA), the cells were diluted to the required count numbers.
For sensitivity analysis, 0, 5, or 25 LM7 cells (see below) labeled with CFSE were
spiked into 6 million PBMCs (nearly isolated from 6mL of whole blood). PBMCs with
spiking cells were cryopreserved with an initial 1 mL of prepared ice-cold freezing
media (90% FBS and 10% DMSO). Spiking assays were performed in triplicate to test
the reproducibility of the cell recovery rate using this method.

LM7 cell line and culture conditions

Human osteosarcoma cell line LM7 was kindly provided by Dr. Eugenie S.
Kleinerman (MD Anderson). LM7 cells were cultured in DMEM/F12 (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% FBS and 10 U/mL penicillin and streptomycin
(Life Technologies, Carlsbad, CA) in an atmosphere of 5% CO2 at 37 �C. Cells were
subcultured every 2e3 days and harvested in the logarithmic phase of growth. Cell
viability was assessed using the trypan blue dye (Life Technologies) assay. Live cells
with viability greater than 98% were used for spiking assay experiments.

Statistical analysis

The average spiking cell recovery data were expressed as the mean ± standard
deviation and representative results were from at least three independent experi-
ments. The correlation between spiking cell count and recovered cell count, as well
as reproducibility of CTC measurements, was assessed using liner regression and
Bland-Altman analysis. For Bland-Altman analysis, the error of each CTC count was
determined by the difference in the CTC count between two samples divided by the
mean CTC count of both samples, and these errors were plotted on a graph. All
statistical analyses were performed using GraphPad Prism software. P values less
than 0.05 were considered significant.

Results

The modified technique enables capture of CTCs from cryopreserved
PBMCs

We previously established a method in which enriched CSV-
positive CTCs were stained with 84-1 antibody after fixation for
immunofluorescence imaging [14]. However, this methodwas not a
feasible approach for cryopreserved PBMC samples. CSV-positive
CTCs, captured from cryopreserved samples, stained positive for
84-1 antibody both on the cell surface (CSV) and in the cytoplasm
(intracellular vimentin; Fig. 2A). Our previous published results
showed that CSV was specific to cancer cells and did not appear on
normal immune cells occasionally co-captured with CTCs when
using fresh blood samples. However, normal CD45þ immune cells
were also stained positively with CSV antibodywhen newly thawed
PBMCs were used (Fig. 2B). It appeared that the thawed cells were
too fragile to be membrane-permeabilized during spinning and
fixation with paraformaldehyde. Thus, it was not feasible to



Fig. 1. Isolation of human peripheral blood mononuclear cells (PBMCs) and selection of cell-surface vimentin (CSV)-positive circulating tumor cells (CTCs). (A) Vacutainers
used to collect the blood. (B) Buffy coat containing mononuclear cells, neutrophils, smaller numbers of contaminating red blood cells, plasma and platelets. (C) Separation of blood
cell types in the SepMate™ tubes. (D) Schematic representation of 84-1þ/CD45- CTCs selection, enumeration and analysis.

Fig. 2. Modified technique for CSV marker staining in captured CTCs from osteosarcoma patient and normal PBMCs that have been cryopreserved and thawed. (A-B)
Immunofluorescent staining for 84-1 and CD45 antibody in both captured CTCs and normal immune cells after fixation. (C-D) Immunofluorescent staining for 84-1 and CD45 in
both captured CTCs and normal immune cells before fixation (non-permeabilized cells). CSV (84-1, green), CD45 (red) and nuclear stain (blue). Scale indicates 10 mm.
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accurately measure CSV-positive CTCs from cryopreserved samples
via the previous stainingmethod, although the CTCs were generally
large (>10 mm). Plus, there tended to be more contamination with
normal blood cells when cryopreserved samples were used, which
made counting difficult. Therefore, the current CTCs staining
technique must be modified to reduce non-specific staining in CTCs
analysis.

To solve this problem, we stained the captured CTCs from newly
thawed osteosarcoma patient samples with 84-1 antibody before
spinning the cells onto slides and fixing the cells. Compared with
cells stained after spinning on slides and fixation, those stained
prior to spinning on slides and fixation showed specific staining of
vimentin on the tumor cell surface (Fig. 2C). Additionally, normal
CD45þ immune cells were not observed with CSV staining in the
newly thawed PBMCs (Fig. 2D). These results indicated that staining
cells with 84-1 CSV antibody prior to spinning on slides and fixa-
tion holds the key for specifically detecting CSV on CTCs captured
from cryopreserved and thawed PBMCs. This assay also improved
the quality of CTCs staining in fresh blood samples (data not
shown).
Fig. 3. Spiking assay results. (A) Micrographs showing CFSE-labeled LM7 cells in the fresh a
tables show the recovery rates for each concentration of spiked cells in the fresh samples (B
experiments (error bars indicate standard deviation). Correlations of CTCs counts betwee
opreserved samples (E). CSV (84-1, red), tracker dye CFSE (green) and nuclear stain (blue).
The modified technique is highly sensitive according to the cell
spiking assay

To examine the sensitivity of the modified technique for
enumerating CTCs in cryopreserved PBMC samples, we performed
the spiking assay using cryopreserved PBMCs from healthy donors.
Different concentrations of CFSE-labeled LM7 cells were spiked into
1 mL of PBMCs (isolated from 6 mL of blood). Some of the fresh
samples spiked with LM7 cells were processed immediately using
the CSV-positive CTC isolation protocol described above (schematic
representation in Fig. 1D), and the rest were cryopreserved and
processed 1 week later. The live recovered cells in the thawed
samples were subjected to immunofluorescence staining with the
84-1 antibody, using the modified technique.

Confocal microscopy revealed that CFSE-labeled cells captured
from cryopreserved PBMCs using the modified staining technique
described above were as easily detectable as those in the fresh
samples (Fig. 3A). The recovery rates were >75% in both the fresh
and cryopreserved samples (Fig. 3B, D). As expected, the coefficient
of variation for cryopreserved samples increased as the number of
nd cryopreserved peripheral blood mononuclear cells from healthy donors. Graphs and
) and cryopreserved samples (D). The mean results are from at least three independent
n the numbers of recovered cells and spiked cells in the fresh samples (C) and cry-
Scale indicates 10 mm. SD, standard deviation; CV, coefficient of variation.
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spiked cells decreased, ranging from 5.26% at 25 spiked cells to
13.3% at 5 spiked cells (Fig. 3D). Linear regression analysis yielded a
positive correlation between the number of detected LM7 cells and
the number of LM7 cells spiked in both of the fresh and cry-
opreserved PBMCs (P < 0.05; Fig. 3C, E). These results indicated
high sensitivity for CSV-positive CTCs capture in both cry-
opreserved samples and fresh samples using the modified
technique.

CTCs capture from cryopreserved PBMCs using the modified
technique is reproducible in patient blood samples across duplicate
tubes

To measure the reproducibility of CTCs capture with the modi-
fied technique, we collected six blood samples from metastatic
osteosarcoma patients. Each sample was aliquoted into two tubes
and stored in liquid nitrogen for up to 2e3 years before analysis.
Vimentin was specifically detected on the cell surface in these 12
cryopreserved samples using the modified staining technique
(Fig. 4A). Regression analysis indicated a slope of 1.33 and a cor-
relation coefficient (R2) of 0.934 (P ¼ 0.002) across duplicate tubes
(Fig. 4B). The data from all samples with an average duplicate CTCs
counts (n ¼ 12) were analyzed using a Bland-Altman plot (Fig. 4C).
The error of each CTC enumeration was represented by the differ-
ence in the CTCs counts between tube1 and tube2 divided by the
average of both CTCs counts. The largest differences in the average
CTCs counts were located within the range of mean difference
±1.96 standard deviation (SD;�7.12 to 12.78), and no value was out
of the range.

To validate this cryopreserved sample-based and modified
staining technique further, we also enumerated CTCs in 11 pairs of
fresh and cryopreserved PBMCs from patients with various types of
metastatic sarcoma to confirm the reproducibility. The blood
sample was divided into two tubes after PBMCs isolation. CTCs
Fig. 4. Comparison of CTCs counts between matched samples. (AeC) Duplicate sample
measured. (DeF) Matched fresh and cryopreserved samples from multiple types of metastat
vimentin and CD45. (B, E) Correlations between CTCs counts for matched samples. (C, F) Bl
green), CD45 (red), nuclear stain (blue). GIST, Gastrointestinal stromal tumor. Scale indicates
referred to the web version of this article.)
enumeration using the modified technique was performed imme-
diately in one tube and after 1 week of cryopreservation at �80 �C
in the other. We did not observe any obvious effect of the freeze-
thaw procedure on morphologic features or biomarker staining in
the matched samples (Fig. 4D). Positive correlation of CTCs counts
was shown between the fresh and cryopreserved PBMCs from the
same patient (P < 0.001; Fig. 4E). Furthermore, duplicate mea-
surements showed very little variability in CTCs counts; the largest
differences in the average CTCs counts were located within the
range of mean difference ±1.96 standard deviation (SD) and no
values were outside of the range according to Bland-Altman anal-
ysis (Fig. 4F). The error of each CTC measurement was represented
by the difference in the CTCs counts between fresh and cry-
opreserved samples divided by the average of both CTCs counts.
These results collectively confirmed that the CTCs counts obtained
using the modified technique were reproducible.

Time lapse between collection and cryopreservation of PBMCs
affects the reproducibility of CTCs capture

To determine whether time lapse between collection and
cryopreservation of PBMCs affects the reproducibility of CTC mea-
surement, we compared the number of CTCs in both fresh and
cryopreserved samples for different time lapses between collection
and cryopreservation of PBMCs in seven metastatic sarcoma sam-
ples and six epithelial cancer samples. As shown in Figs. 5A and 2
hours may be the maximum allowable delay time for cryopreser-
vation because CTCs captured later than this were stained posi-
tively with vimentin both on the cell surface and in the cytoplasm
in the newly thawed samples. From this time point on, intracellular
vimentin began to leak out and was stained with 84-1 owing to the
broken membrane after thawing in most of the CTCs isolated from
aged blood samples. Compared with newly thawed samples, fresh
samples stored at room temperature for 2 h, 24 h or 48 h did not
s of osteosarcoma PBMCs (N ¼ 6) that had been cryopreserved for 2e3 years were
ic sarcoma were compared (N ¼ 11). (A, D) Immunofluorescent staining for cell surface
and-Altman plots of the average differences between the matched samples. CSV (84-1,
10 mm. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 5. Comparison of CTCs counts within different time lapse before cryopreserving PBMCs. (A) Micrographs showing cell surface vimentin staining in the fresh and cry-
opreserved samples with different time lapse before cryopreserving PBMCs: less than 2 h, 24 h and 48 h. Graph shows the results of CTCs counts among fresh sarcoma samples (B)
and cryopreserved ones (C) with different time lapse before isolating PBMCs: less than 2 h, 24 h and 48 h. CSV (84-1, green), nuclear stain (blue). GIST, Gastrointestinal stromal
tumor. Scale indicates 10 mm. The group of time-lapse less than 2 h was used as the reference.*P < 0.05.
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affect the morphology or the reproducibility of CTCs measurement
(Fig. 5A and B). However, with the delayed time lapse on: 24 h and
48 h before cryopreservation of PBMCs, CTC numbers noticeably
decreased compared to the group of time-lapse less than 2 h
(Fig. 5C). Additionally, CTCs counts between fresh blood and stored
overnight blood prior to cryopreservation of PBMCs were highly
variable in both metastatic sarcoma and epithelial cancer
(Supplementary Fig. 1). These results indicated that waiting longer
than 2 h before cryopreserving PBMCs affected the reproducibility
of CTCs capture and detection.
The modified technique detects CTCs that express independent
tumor markers

To further verify that the isolated CTCs from cryopreserved
PBMCs were of cancerous origin, we further characterized the cells
captured from patients with sarcoma by independent specific
marker staining. As shown in Fig. 6, the isolated CSV-positive CTCs
were validated by the presence of specific mesenchymal markers,
namely a-SMA for osteosarcoma, a-SMA and MDM2 for myxoid
liposarcoma, CD117 for gastrointestinal stromal tumor, across
samples of different types of sarcoma. These molecular character-
ization results verified that CTCs captured from cryopreserved
samples using the modified staining technique originated from
sarcoma.
Discussion

In this study, we addressed a technological challenge faced by
the entire CTCs research field: how to isolate CTCs from cry-
opreserved samples? As demonstrated by our findings, we firstly
revised the cryopreserved PBMCs preparation for CTCs capture and
then modified the established CTCs detection protocol, which was
designed for fresh blood samples [15]. In short, we stained the
captured CTCs with 84-1 antibody prior to spinning and fixation for
immunofluorescent analysis. This is the first feasible technique for
detecting CTCs from cryopreserved PBMCs in multiplies types of
sarcoma tumors. The modified CSV staining time also improved
CTCs detection quality for the fresh blood samples. A benefit of this
new technology is that it will improve CTCs utility in clinical set-
tings for sarcoma patients.

Current CTCs capture technologies are based on the properties
of CTCs that distinguish them from normal immune cells, including
physical properties (size, density, electric charges, and deform-
ability) and biological properties (cell surface protein expression,
viability, and invasive capacity) [21]. CellSearch, considered the



Fig. 6. Independent tumor markers staining against captured CTCs using modified technique. Captured CSV-positive CTCs validated by the presence of specific mesenchymal
markers across 6 samples: a-SMA (red) for osteosarcoma, MDM2 (red) and a-SMA (red) for myxoid liposarcoma, and CD117 (red) for gastrointestinal stromal tumor (GIST). CSV (84-
1, green), nuclear stain (blue). GIST, Gastrointestinal stromal tumor. Scale indicates 10 mm.
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gold standard for CTC detection methods, utilizes EpCAM, an
epithelial-derived tumor marker that allows for the capture of CTCs
[22,23]. However, EpCAM-positive circulating epithelial cells have
been observed in patients with benign colon diseases [24]. More-
over, carcinoma cells of mesenchymal origin or undergoing EMT
cannot be detected using this technology [12]. Consequently,
EpCAM cannot be considered a universal biomarker for isolating
CTCs.

Physical properties of CTCs are different from normal immune
cells: CTCs are larger and exhibit a more obvious nucleus-to-
cytoplasm ratio with different nuclear morphology than normal
immune cells [25]. Various approaches have been used to detect
CTCs in blood samples using these physical properties. The micro-
fluidic size-based CTCs capture system allows for the manipulation
with relatively small volumes of biological fluids [26]. It has been
reported that a higher purity and larger number of CTCs can be
detected by the microfluidic system than the CellSearch system
[27]. However, the main drawback of this method is the difficulty of
eliminating immune cells with the same or larger size from CTCs.
Although a wide range of techniques have been developed for
isolating and characterizing CTCs, most of the reliable and repro-
ducible methods for CTCs isolation require fresh blood samples and
do not use a CTC-specific antibody. These limitations reduce the
utility of these technologies in large multiple center clinical trials.
To address these shortcomings, we used a tumor specific mono-
clonal antibody, 84-1, that was developed by our group. The 84-1
antibody showed high specificity for targeting CSV on both
mesenchymal CTCs and EMT-CTCs but not in normal immune cells
from fresh blood samples in patients with sarcoma, colon and
prostate cancer [14,15,18]. Furthermore, enumeration of CTCs using
CSV enrichment was shown to be a more reliable predictor of
therapeutic outcome than CellSearch in metastatic breast cancer
patients [16].

In the current study, in addition to using CSV as a specificmarker
to detect CTCs in blood samples from patients with multiple types
of sarcoma tumors, we sought to solve the technological challenge
of how to efficiently capture CTCs in cryopreserved samples. First,
we modified the cryopreserved PBMCs preparation protocol. Blood
samples should be processed within less than 2 h of blood collec-
tion for the best results. We compared the CTCs enumeration and
morphology results at different time intervals between blood
collection and PBMCs isolation: less than 2 h, overnight, 24 h and
48 h. We found that longer elapsed time before cryopreservation
resulted in lower reproducibility rate of CTC measurement, dirty
background, and strange cell morphology. Second, we used the
SepMateTM-50 tube for isolation of PBMCs, which could eliminate
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the need for meticulously layering the blood onto the Ficoll-
Paque™ Premium and allowed for fast and easy harvesting of the
isolated PBMCs with a simple pour. Density gradient centrifugation
eliminated unwanted cell pellet along with erythrocytes, leaving
the PBMCs untouched and highly purified. Third, PBMCs were
cryopreserved at 6 � 106 (6 million) cells per 1 mL for further ex-
periments. Cell viability during freeze-thaw would be decreased if
the cells were cryopreserved at a concentration of less than 6
million per 1 mL. Last but not least, we improved the technique for
the capture and CSV-positive CTCs staining from cryopreserved
blood samples by staining live cells in tube before fixation. This
technique allowed the cell surface vimentin to remain intact so that
84-1 antibody binding was specific to the cell surface but not the
cytoplasm.

Compared with a previous retrospective analysis in detection of
tumor-associated cells from cryopreserved samples [28], this
modified technique yields higher reproducibility for capturing CTCs
in a relative large number of patients' peripheral blood samples. In
addition, all the samples were processed using the immuno-
magnetic CTC isolation technique, which was based on antibody-
conjugated magnetic nanoparticles [29,30]. This technique could
attain high recovery and purity rates, as demonstrated by our
previous data [15]. However, we only analyzed the immuno-
magnetic method platform using our modified technique in the
current study. Whether this new procedure works with other
antigen-independent cell capture techniques is unknown. Further
study is required to determine whether our modified technology is
compatible with other CTC detection and enumeration platforms.

It is noteworthy that this is the first technique demonstrated to
be suitable for CTCs capture and enumeration from cryopreserved
PBMC samples isolated from patients with different types of sar-
coma tumor. The modified technology described here will enable
bio-banking of samples to be processed in large numbers, reducing
the effects of transportation of samples between laboratory loca-
tions. Most importantly, this technique allows for the wide use of
CTC-based diagnosis and treatment in clinical settings.
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