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Abstract. The detection of circulating tumor cells (CTCs) is 
limited by the rarity of these cells in the peripheral blood of 
patients with cancer. Understanding tumor biology may be useful 
in the development of novel therapeutic strategies for patients 
with lung cancer. The present study evaluated a novel size‑based 
filtration platform for enriching CTCs from patients with lung 
cancer. Blood samples were obtained from 82 patients with 
lung cancer for CTC analysis. CTC enrichment by size‑based 
filtration was performed on 5‑ml blood samples. The collected 
cells were detected by immunofluorescence using monoclonal 
anti‑human antibodies against protein tyrosine phosphatase, 
receptor type C (CD45) and epithelial cell adhesion molecule 
(EpCAM; an epithelial cell marker), as well as a DAPI nucleic 
acid stain. CTCs were detected in 57 patients (69.5%) using the 
size‑based filtration platform. The mean CTC counts, defined 
as the number of cells with DAPI‑positive, CD45‑negative and 
EpCAM‑positive staining, were 1.48±1.71 per 5 ml blood for 
the 66 stage I‑III patients and 8.00±9.95 per 5 ml blood for the 
16 stage IV patients. The presence of ≥1 CTCs per 5‑ml blood 
sample was significantly associated with pathological stage 
(stage IV vs. stage I‑III, P=0.009), but not with patient age or 
gender, tumor histology, tumor size or lymphovascular invasion. 
The mean CTC count of healthy donors was 0.25±0.55 per 5 ml 
blood. In summary, CTCs from the blood of patients with lung 
cancer were enriched using a size‑based filtration platform and 
immunofluorescent staining with DAPI, CD45 and EpCAM. 
The CTC counts of patients with stage IV cancer were higher 
than those of patients with stages I‑III cancer. These results 

suggest that this novel platform may be a useful tool for deter-
mining the prognosis of patients with lung cancer.

Introduction

Lung cancer is the most common cause of cancer mortality 
worldwide (1). Platinum‑based therapy is a first‑line treatment 
for patients with inoperable lung cancer. The identifications 
the epidermal growth factor receptor (EGFR) gene mutations 
and anaplastic lymphoma kinase (ALK) gene rearrangement 
have improved the clinical outcome of patients with lung 
cancer by treatment with EGFR and ALK inhibitors  (2). 
However, overall survival remains poor (3). Thus, studies on 
the mechanisms of carcinogenesis, clinical characteristics and 
targeted therapeutics are required.

The detection and characterization of circulating tumor cells 
(CTCs) in the blood of patients with cancer may be useful for 
understanding the biology of tumor metastasis and establishing 
novel therapeutic strategies. Among the technologies developed 
to isolate and analyze CTCs, only the CellSearch platform from 
Janssen Diagnostics, LLC (Raritan, NJ, USA) has been approved 
by the US Food and Drug Administration for prognostic use 
in patients with metastatic breast, colorectal or prostate cancer. 
This platform uses antibodies bound to magnetic beads to posi-
tively select for epithelial cell adhesion molecules (EpCAM) 
on CTCs. Although a number of studies have reported on CTC 
quantification in patients with lung cancer using the CellSearch 
system, CTC detection using this system is poor in patients with 
advanced non‑small cell lung cancer (NSCLC) (4,5).

In addition to the CellSearch platform, other platforms 
have been developed, such as the Isolation by Size of Epithelial 
Tumor Cells (ISET) system, which is dependent on tumor 
cell size (6,7) or inertial focusing using a microfluidics plat-
form (8,9). Numerous studies have compared the performances 
of the ISET and CellSearch systems (5,10,11). The aforemen-
tioned studies were able to isolate a greater number CTCs by 
ISET than by the CellSearch method. A size‑based platform 
may be more efficient for capturing all CTCs, including CTCs 
undergoing epithelial‑mesenchymal transition (EMT), which 
typically lose expression of epithelial markers and thus cannot 
be detected by CellSearch (12) However, size‑based platforms 
may not detect small CTCs. The present study evaluated a 
novel CTC detection platform based on cell size (13). CTCs 
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in the blood of patients with lung cancer were detected using 
the size‑based platform and immunofluorescent staining with 
DAPI, and anti‑protein tyrosine phosphatase, receptor type C 
(CD45) and anti‑EpCAM antibodies.

Materials and methods

Patients. The present study was approved by the Institutional 
Review Board of the Samsung Medical Center (Seoul, Korea; 
no. 2011‑12‑024). A total of 82 patients with NSCLC under-
going surgery from December 2012 to September 2013 at the 
Samsung Medical Center (Seoul, Korea), from whom 5 ml blood 
per patient was drawn, were enrolled in the study. All patients 
provided informed consent to participate in the present study 
prior to surgery. The patients did not receive anticancer treatment 
prior to blood sample collection. Only patients with histologi-
cally confirmed lung cancer were included. Demographic and 
clinical data, including medical history, physical examination 
and radiographic findings were collected. The current 7th 
American Joint Committee on Cancer/Union for International 
Cancer Control Tumor‑Node‑Metastasis (TNM) Cancer 
Staging classification was used (14). All patients underwent 
chest computed tomography, positron emission tomography 
and brain magnetic resonance imaging. Distal metastases were 
verified in symptomatic patients by appropriate imaging studies 
and pathological results from biopsies. Blood samples were also 
collected from healthy volunteers as normal controls.

CTC collection. Whole blood samples were collected by veni-
puncture into BD Vacutainer tubes containing anticoagulant 
citrate dextrose solution A (catalog no. 364606; BD Biosciences, 
Franklin Lakes, NJ, USA), layered on 1.077 g/ml density 
Ficoll‑Hypaque gradients (GE Healthcare Life Sciences, 
Chalfont, UK) and centrifuged for 20 min at 400 x g at room 
temperature (RT). The peripheral blood mononuclear cells and 
Ficoll layers were collected and transferred to new tubes that 
were then filled with PBS (pH 7.4) and centrifuged for 10 min 
at 400 x g at RT. The cells were resuspended in 10 ml PBS and 
passed through a microfabricated porous filter (Cytogen, Inc., 
Seoul, Korea) to obtain non‑leukocyte, nucleated cells (13). 
The cells were recovered from the filter and harvested onto 
microscope slides using Shandon Cytospin 4 (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA).

Identification of CTCs. The cells on the microscope slides 
were fixed with 2% paraformaldehyde in PBS for 5 min and 
permeabilized with 0.2% Triton X‑100 (Sigma‑Aldrich; Merck 
Millipore, Darmstadt, Germany) for 10 min. The fixed cells 
were blocked with bovine serum albumin in PBS for 30 min 
at RT and incubated with an anti‑human EpCAM monoclonal 
antibody (mAb) (clone VU1D9; catalog no. 2929; dilution, 
1:200; Cell Signaling Technology, Inc., Danvers, MA, USA) for 
1 h at RT. To enhance the EpCAM signal, a Tyramide Signal 
Amplification Kit (catalog no. MP‑20911; Invitrogen; Thermo 
Fisher Scientific, Inc., Rockford, IL, USA) was used. The 
cells were washed three times with PBS and incubated with 
an anti‑human CD45 mAb (clone H230; catalog no. sc‑25590; 
dilution, 1:10; Santa Cruz Biotechnology, Inc., Heidelberg, 
Germany) for 90 min at 37˚C. Following three washes in PBS, 
the cells were incubated with Alexa Fluor 594‑conjugated 

goat anti‑rabbit secondary antibody (cat. no. A‑11012; dilution, 
1:300; Invitrogen; Thermo Fisher Scientific, Inc., Rockford, 
IL, USA) for 90 min at 37˚C and counterstained with DAPI 
(MaxVision Biosciences, Inc., Bothell, WA, USA) to visualize 
the nuclei.

Statistical analysis. The descriptive statistics for the clinical, 
imaging and pathological variables were determined using 
median and interquartile range or number with percent, as 
appropriate. The counts were compared using the χ2  test. 
Continuous data were compared using the Mann‑Whitney 
U test. P<0.05 was considered to indicate a statistically signifi-
cant difference. All statistical manipulations were performed 
using JMP 9.2 for Windows (SAS Institute, Inc., Cary, NC, 
USA).

Results

Patient characteristics. The characteristics of the enrolled 
patients are summarized in Table I. Age, gender, histology, 
tumor location, pathological stage, lymphovascular invasion and 
tumor size were documented. The study included 66 patients 
with stage I‑III NSCLC and 16 patients with stage IV NSCLC, 
with 65 patients (79.3%) receiving major pulmonary resection 
and 17 (20.7%) receiving chemotherapy without surgery.

CTC counts for individual patients were unchanged between 
two time points. To test whether CTC counts, determined by 
the size‑based filtration platform, were consistent over a short 
duration, tests were performed at two time points. CTCs were 
counted in blood samples from 3  patients with advanced 
lung cancer at days 1 or 3 subsequent to the first blood draw. 
The CTC counts at the two time points were similar (Fig. 1). 
Thus, CTC enrichment with the size‑based filtration platform 
produced consistent results.

CTC count correlates with pathological stage. CTCs in blood 
from the patients with lung cancer (n=82) were counted using 
a triple‑color staining protocol, including DAPI staining for 
nucleated cells, CD45 mAb staining as a leukocyte marker, 
and EpCAM mAb staining as an epithelial cell marker. 
CTCs of epithelial origin are negative for CD45 and positive 
for EpCAM, while blood cells are positive for CD45. All 
DAPI‑positive, CD45‑negative and EpCAM‑positive cells 
were counted as CTCs (Fig. 2). The mean CTC count in the 
16 patients with stage IV cancer (8.00±9.95 per 5 ml) was 
significantly higher compared with that in patients with stage I 
(1.22±1.51 per 5 ml; n=37; P<0.001), stage II (1.81±1.94 per 
5 ml; n=16; P=0.022) or stage III cancer (1.85±1.95 per 5 ml; 
n=13; P=0.035) (Fig. 3). The mean CTC count of the healthy 
donors was 0.25±0.55 per 5 ml blood.

CTCs were detected in 57 patients (69.5%; Table II). When 
patients were grouped according to disease stage, the percent-
ages of samples with ≥1 CTC per 5 ml blood were 59.5% for 
stage I, 68.7% for stage II, 69.2% for stage III and 93.7% for 
stage IV. The proportion of CTC‑positive patients grouped 
according to gender, age, histology, pathological stage, tumor 
size and lymphovascular invasion are presented in Table III. 
Among patients positive for ≥1 CTC per sample, no significant 
associations with patient characteristics were identified, with 
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the exception of tumor stage (P=0.009). Additionally, the mean 
CTC count in patients with stage IV cancer was significantly 
higher than in patients with stage I‑III cancer (8.00±9.95 vs. 
1.48±1.71 per 5 ml blood; P=0.009).

Discussion

The clinical significance of CTCs is well known and has been 
described previously  (4,15). Monitoring the CTC count of 
patients during treatment may aid in establishing guidelines 
for surrogate endpoints of anticancer treatments. For example, 
CTCs are recommended by the American Society of Clinical 

Oncology as an acceptable breast cancer marker (16). The 
significance of CTCs has not been well established for lung 
cancer; however, several studies have reported that the detection 
of CTCs may be a prognostic factor for lung cancer subsequent 
to surgical and chemotherapeutic treatment  (17‑19). Since 
NSCLC lacks validated biomarkers, a radiological response 
is recognized as a surrogate for survival or recurrence (20). 
CTC count may be an additional prognostic factor for survival, 
recurrence and response to treatment.

We previously evaluated a platform for the recovery of 
various cancer cell lines transfused into whole blood (13), and 
subsequently performed a clinical validation study of 82 patients 
with NSCLC. To avoid chemotherapeutic interference with CTC 
quantification, blood was drawn from patients prior to surgery or 
chemotherapy. The results revealed that the mean CTC count for 
patients with stage IV cancer was significantly higher than that 
of patients with cancer of lower stages. Chen et al (19) reported 
that CTC count in lung cancer correlates with pathological 
TNM stage, consistent with the results of the present study.

Of 82 patients undergoing treatment for NSCLC, 53 were 
diagnosed with stage I or II cancer, among which 33 patients 
(62.3%) were identified to have ≥1 CTC per 5‑ml sample. The 
CTC status of the patients with early‑stage lung cancer will 
continue to be monitored. Patients with CTC positivity may 
be candidates for postoperative chemotherapy if additional 
investigation reveals that ≥1 CTC correlates with recurrence or 
poor survival. If so, CTC count may be a clinicopathological 
parameter for liquid biopsy.

To identify changes in CTC count in individual patients, 
blood was drawn at different time points and subjected to CTC 
enrichment using the size‑based filtration platform. The results 
showed that CTC count did not change with time, suggesting 
that the platform produces consistent CTC counts.

A number of reports on CTC capture using ISET 
technology have been published since the initial report 

Table I. Characteristics of the NSCLC patients (n=82).

Characteristic	 Value

Age, yearsa	 64.5 (56.0‑70.3)
Gender, n (%)
  Male	 51 (62.2)
  Female	 31 (37.8)
Histology, n (%)	
  Adenocarcinoma	 60 (73.2)
  Squamous cell carcinoma	 20 (24.4)
  Other NSCLC	 2 (2.4)
Location of the tumor, n (%)
  RUL	 20 (24.4)
  RML	 5 (6.1)
  RLL	 24 (29.3)
  LUL	 25 (30.5)
  LLL	 8 (9.8)
Pathological stage, n (%)
  I	 37 (45.1)
  II	 16 (19.5)
  III	 13 (15.9)
  IV	 16 (19.5)
Lymphovascular invasion, n (%)
  Present	 16 (19.5)
  Absent	 66 (80.5)
Tumor size, cma	 3.7 (2.0‑5.5)
Treatment, n (%)
  Surgery	 65 (79.3)
    Wedge resection	 6 (7.3)
    Segmentectomy	 4 (4.9)
    Lobectomy	 52 (63.4)
    Pneumonectomy	 3 (3.7)
    Chemotherapy	 17 (20.7)

aContinuous variables are presented as the median (interquartile 
range). NSCLC, non‑small cell lung cancer; RUL, right upper lobe; 
RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; 
LLL, left lower lobe.

Figure 1. CTC counts for individual patients did not change when measured 
at two time points. Blood from 3 patients with advanced cancer was assayed 
and analyzed. ADC samples were tested twice, on the day of first blood 
draw and either on day 1 or day 3 subsequent to the first blood draw. SCC 
samples were tested twice, once on the day of first blood draw and again on 
day 1 subsequent to first blood draw. All blood samples were divided into two 
subsamples and processed individually. The light grey and dark grey bars 
are presented as the CTC number from 2 independent 5‑ml blood samples. 
CTCs were counted by immunofluorescence following staining with DAPI, 
an anti‑human protein tyrosine phosphatase, receptor type C mAb and an 
anti‑human epithelial cell adhesion molecule mAb. CTC, circulating tumor 
cell; ADC, adenocarcinoma; SCC, squamous cell carcinoma; mAb, mono-
clonal antibody.
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in 2000 by Vona et al (7). ISET may have an advantage over 
the CellSearch method for enriching rare CTCs in the blood, 
as the ISET enrichment principle is based on size rather 
than specific tumor antigens. Although the specificity and 
sensitivity of ISET are low, the retrieved cells are viable and 
negatively selected; therefore, ISET may be combined with 
other approaches for CTC detection and identification.

The present study had four main limitations that require 
attention. Firstly, CTCs that did not express EpCAM may 
have been excluded. EpCAM expression on CTCs has been 
debated, as cancer cells that undergo EMT lose EpCAM 
expression on the cell surface (12,21). Using flow cytometry, 
we have observed that the lung cancer PC‑9 and H358 cell 
lines express EpCAM (unpublished data). In the present 
study, immunofluorescent staining of the the collected cells 
was performed using anti‑EpCAM and anti‑CD45 mAbs, and 
the EpCAM‑positive and CD45‑negative cells were counted, 
excluding CD45‑positive cells as leukocytes. To more accu-
rately count CTCs, a cocktail of antibodies targeting a broad 
spectrum of tumor antigens is required.

The second limitation of the present study was that the 
size‑based filtration platform was unable to detect CTCs 
in patients with early‑stage cancer. Negligible CTC counts 
from patients with early‑stage NSCLC suggest that only a 

Figure 2. Representative immunofluorescent images at different cancer stages. Images show different cell sizes and shapes detected in two representative 
samples from each cancer stage. Collected cells were stained with DAPI (blue staining) and antibodies against CD45 (red staining) and EpCAM (green 
staining). Leukocytes (bottom row) were stained as a control for DAPI‑ and CD45‑positive cells. Magnification, x400. Merge, merged images; CD45, protein 
tyrosine phosphatase, receptor type C; EpCAM, epithelial cell adhesion molecule.

Figure 3. CTC count correlated with pathological stage. Pathological stage 
was determined by a pathologist at the Samsung Medical Center (Seoul, 
Korea) from tissue biopsies. Subsequent to the blood draw, the cells were 
processed directly using the proposed platform, and the collected cells were 
immunofluorescently stained with an anti‑human protein tyrosine phospha-
tase, receptor type C, CD45 mAb and an anti‑human epithelial cell adhesion 
molecule, EpCAM mAb, as well as DAPI. All DAPI‑positive, CD45‑negative 
and EpCAM‑positive cells were counted under a fluorescence microscope. 
Data are presented as the CTC numbers from 5 ml blood samples. Stage I, 
n=37; stage II, n=16; stage III, n=13; stage IV, n=16; C, n=20. CTC, circu-
lating tumor cell; mAb, monoclonal antibody; C, healthy donors.
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small number of CTCs migrate from the primary tumor site 
to the bloodstream. Numerous studies have suggested that 
current CTC detection technologies may only be applied 
to patients with advanced cancer  (4,22). Studies using the 
CellSearch platform found that the CTC count of patients with 
early‑stage cancer is error‑prone and too low to determine 

tumor prognosis (23‑25). Thus, based on the present results, 
we propose that the CellSearch platform be used to monitor 
only the CTC counts of patients with advanced cancer.

Thirdly, CTCs may be lost during processing steps such 
as cell transfer and centrifugation. The size‑based filtration 
platform worked well with blood transfused with cancer cell 
lines of a uniform size (13). However, cancer cells are typically 
heterogeneous in size and deformable, which may allow them 
to pass through the pores of the filters used in the size‑based 
filtration platform.

Finally, additional evidence is required to determine 
whether EpCAM‑positive cells are actually CTCs. Captured 
cells must be additionally characterized using assays targeting 
specific mRNAs or genomic DNA such as quantitative poly-
merase chain reaction (PCR), chromosomal fluorescence in situ 
hybridization assays and next‑generation sequencing (26,27).

CTC detection and identification may be used as an early 
prognostic tool and for personalized therapeutic applica-
tions. The majority of patients with pulmonary nodules must 
undergo fine‑needle biopsies to be diagnosed by cytological 
examination. More convenient and precise diagnostic markers 
for cancer progression are required. In addition, early detection 
and diagnosis platforms with higher sensitivity and specificity 
should be developed. More evidence is also required to 
conclude that CTC quantification and identification can be 
used to accurately determine cancer status.

With the increased importance of CTCs, numerous studies 
have performed DNA sequencing from single CTCs to charac-
terize mutational status (26,28). Maheswaran and Haber (28) 
reported capturing CTCs from the blood of patients with 
NSCLC using microfluidic device microposts coated with 
antibodies against epithelial cells. The authors performed 
EGFR mutational analysis using allele‑specific PCR ampli-
fication. Lohr et al (26) reported on an integrated process 
for the isolation, validation and whole‑exome sequencing of 
CTCs in patients with prostate cancer. Genomic analysis of 
CTCs showed that mutations in CTCs resemble mutations 
in primary tumors and metastases. These data affect the 
potential clinical utility of CTCs as part of a liquid biopsy. 
In additional studies, next‑generation sequencing will be 
required to improve the understanding of CTC biology in the 
blood of patients with lung cancer and of the mechanisms of 
metastasis.

Table II. Number of CTCs per 5‑ml blood sample stratified by cancer stage.

Number	 Stages I‑III	 Stage I	 Stage II	 Stage III	 Stage IV	 Control
of CTCs	 (n=66)	 (n=37)	 (n=16)	 (n=13)	 (n=16)	 (n=20)

0	 24 (36.4)	 15 (40.5)	 5 (31.3)	 4 (30.8)	 1 (6.3)	 16 (80.0)
1	 17 (25.8)	 10 (27.0)	 4 (25.0)	 3 (23.1)	 2 (12.5)	 3 (15.0)
2	 13 (19.7)	 8 (21.3)	 3 (18.8)	 2 (15.4)	 4 (25.0)	 1 (5.0)
3	 3 (4.6)	 1 (2.7)	 0 (0)	 2 (15.4)	 2 (12.5)	 0 (0)
4	 2 (3.0)	 0 (0)	 2 (12.5)	 0 (0)	 2 (12.5)	 0 (0)
5	 4 (6.1)	 2 (5.4)	 1 (6.3)	 1 (7.7)	 0 (0)	 0 (0)
>5	 3 (4.6)	 1 (2.7)	 1  (6.3)	 1 (7.7)	 5 (31.3)	 0 (0)

Data are presented as the number of patients (%). CTCs, circulating tumor cells; Control, healthy donors.

Table III. Number of circulating tumor cells according to 
patient characteristics.

	 Circulating tumor
	 cell count ≥1
	 Total number	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 of patients	 n (%)	 P‑value

Gender			   0.470
  Male	 51	 34 (66.7)	
  Female	 31	 23 (74.2)	
Age, years			   0.117
  <70	 59	 44 (74.6)	
  ≥70	 23	 13 (56.5)	
Histology			   0.069
  Adenocarcinoma	 60	 44 (73.3)	
  Squamous cell carcinoma	 20	 13 (65.0)
  Other NSCLC	   2	 0 (0.0)	
Pathological stage			   0.009a

  I‑III	 66	 42 (63.6)	
  IV	 16	 15 (93.8)	
Tumor size, cm			   0.252
  ≤3	 35	 21 (60.0)	
  >3	 40	 29 (72.5)	
  Unknown	   7	‑	
Lymphovascular invasion			   0.158
  Positive 	 16	 13 (81.3)	
  Negative 	 57	 36 (63.2)	
  Unknown	   9	 ‑	

aStatistically significant (P<0.05); NSCLC, non‑small cell lung 
cancer.
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In conclusion, the present study evaluated a novel, size‑based 
filtration platform for CTC quantification. CTCs in the blood of 
patients with lung cancer were enriched using the size‑based 
filtration platform and immunofluorescently stained with DAPI, 
CD45 and EpCAM. The CTC count in patients with stage IV 
cancer was significantly higher than that of patients with 
stages I‑III cancer. These results suggest that the novel platform 
may be a useful tool for determining lung cancer prognosis.
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