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Abstract. Malignant mesothelioma (MM) is a highly 
aggressive malignant tumor, predominantly associated with 
job‑related exposure to asbestos. Development of effective and 
non‑invasive modalities for diagnosis is an important issue in 
occupational medicine. Circulating tumor cells (CTCs), which 
are tumor cells that are shed from primary tumors and circu-
late in the peripheral blood, may be detected at an earlier stage 
than malignant tumors, and detection of CTCs may provide 
a novel insight into the diagnosis of MM. In a previous study 
evaluating clinical utility of CTCs, detected with a widely 
used system ‘CellSearch’, the authors indicated a significant 
however insufficient capability in the diagnosis of MM, 
suggesting need for a more sensitive system. Accordingly, 
the authors developed a novel microfluidic system to capture 
CTCs (CTC‑chip), and demonstrated that the CTC‑chip 
effectively captured MM cells (ACC‑MESO‑4) spiked in the 
blood by conjugating an anti‑podoplanin antibody. The results 
of the present study demonstrated that the CTC‑chip coated 
with the anti‑podoplanin antibody captured another MM cell 
(ACC‑MESO‑1). However, the capture efficiencies were lower 
than those for ACC‑MESO‑4. In addition, an anti‑mesothelin 
antibody was used to capture CTCs, however the CTC‑chip 
coated with the anti‑mesothelin antibody failed to effectively 
capture MM cells, possibly due to low mesothelin expression. 
Overall, the CTC‑chip may capture specific types of CTCs 
by conjugating any antibody against an antigen expressed on 
CTCs, and may be a useful system for the diagnosis of malig-
nant tumors, including MM.

Introduction

Malignant mesothelioma (MM) is a highly aggressive tumor 
of the mesothelial origin associated with asbestos exposure, 
and most commonly develops in the pleura (1‑3). MM is rare, 

but is increasingly prevalent in many industrialized countries 
including Japan even after a ban of asbestos usage probably 
because of its long latency period between asbestos exposure 
and development of MM (3‑5). Thus, the prevention, diagnosis 
and therapy of MM are important issues in occupational 
medicine.

The diagnosis of MM is usually confirmed by histo-
logical examination of biopsied samples, which are usually 
obtained invasive procedures such as thoracoscopic pleural 
biopsy (6,7). These invasive procedures may not be appro-
priate for mass‑screening to identify MM patients among 
high‑risk population with history of asbestos‑exposure, or 
cannot be performed for patients with impaired organ func-
tions. Among less invasive procedures for the diagnosis, 
radiographic examinations such as chest roentgenogram and 
computed tomography (CT) are most commonly employed, 
but do not provide definitive diagnosis of MM. Blood‑based 
tests may be promising, but the serum mesothelin related 
protein (SMRP), the only clinically approved blood‑test, may 
not provide sufficient diagnostic sensitivity (8,9). Accordingly, 
a novel blood‑based test for the diagnosis of MM should be 
established for early diagnosis as well as improvement of 
prognosis of MM patients.

Circulating tumor cells (CTCs) are tumor cells that are 
shed from the primary tumor and circulate in the peripheral 
blood (10). CTCs may be promising marker as a surrogate of 
micro‑metastasis, but detection of rare tumor cells contami-
nated in a vast majority of normal hematological cells may 
present a technical challenge (10,11). The ‘CellSearch’ system 
(Veridex LCC, Raritan, NJ, USA) is an automated detection 
system of CTCs using an antibody against an epithelial marker 
(EpCAM), which is the only approved system for the clinical 
use (only in USA) (12). In a previous study, we evaluated CTCs 
with the‘CellSearch’ in peripheral blood sampled from patients 
with diagnosis or suspicion of MM. The CTC‑test provided a 
significant prognostic value in discrimination between MM 
patients and non‑MM patients such as asbestos pleurisy 
(P=0.036), but the sensitivity was only modest (32.7%) mainly 
due to negative or low expression of EpCAM on MM cells, 
which may not be effectively captured with an anti‑EpCAM 
antibody (13). These results clearly indicate the need for a 
sensitive system for capture EpCAM‑negative CTCs, and 
we have developed a high efficient system to capture CTCs 
using a microfluidic device ‘CTC‑chip’ (14,15). In the system, 
CTCs are captured to numerous micro‑posts coated with an 
antibody against an antigen expressed on target tumor cells, 
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and the most important advantage is capability of conjugating 
any antibody to capture CTCs. In fact, we effectively captured 
and isolated EpCAM‑negative MM cells (ACC‑MESO‑4 
cells) with the CTC‑chip coated with an antibody against a 
mesothelial marker (podoplanin) (15), indicating its potential 
capability of capturing a wide variety of CTCs by conjugating 
appropriate capture antibodies. In the current study, we expand 
and examined capture efficiencies of the ‘universal’ CTC‑chip 
for another MM cell‑line (ACC‑MESO‑1) and with another 
capture antibody against another mesothelial marker (meso-
thelin) to improve sensitivity in detection of CTCs for clinical 
application in the diagnosis of MM.

Materials and methods

Cell lines. Human mesothelioma cell lines, ACC‑MESO‑1 
and ACC‑MESO‑4 established in Aichi Cancer Research 
Center  (16) as well as a human lung adenocarcinoma cell 
line, PC‑9, were purchased from Riken BioResource Center 
(Tsukuba, Japan). These cells ware cultured in RPMI‑1640 
medium (Wako Pure Chemical Industries, Osaka, Japan) 
supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C 
and 5% CO2.

Flow cytometry. Cells were collected and incubated with 
a primary antibody, an anti‑EpCAM antibory (clone 
HEA125; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), an anti‑podoplanin antibody (clone E1; Santa Cruz 
Biotechnology, Inc.), or an anti‑mesothelin antibody (clone 
K1; Santa Cruz Biotechnology, Inc.). Then, cells were incu-
bated with a goat anti‑mouse IgG antibody conjugated with 
FITC (BD Biosciences, San Jose, CA, USA). Flow cytometry 
analysis was performed using EC800 Cell Analyser (Sony 
Biotechnology, Tokyo, Japan) and FlowJo software (Tree Star, 
Inc., Ashland,. OR, USA). The percentage of positive cells and 
the mean fluorescence intensity (MFI) was determined by 
comparison with negative control.

Preparation of CTC‑chip. The polymeric CTC‑chip system 
was used after two‑step coating with an antibody to capture 
CTCs as described previously  (15). In brief, the chip 
was first incubated with a goat anti‑mouse IgG antibody 
(SouthernBiotech, Birmingham, AL, USA), and then was 
incubated with an anti‑EpCAM antibody (clone HEA125), 
an anti‑podoplanin antibody, or an anti‑mesothelin antibody 
(clone K1) to capture tumor cells; the antibody‑coated chip 
was referred to as ‘EpCAM‑chip’, ‘podoplanin‑chip’, and 
‘mesothelin‑chip’, respectively. After washing with PBS, the 
chip surface was kept wet.

Sample preparation and evaluation of cell‑capture effi‑
cacy. Sample preparation and flow test were performed as 
described previously (15). In brief, 500 tumor cells, labeled 
with CellTrace™ CFSE Cell Proliferation Kit (Thermo Fisher 
Scientific, Inc.) and suspended in 1 ml of phosphate‑buffered 
saline (PBS) containing 5% BSA were applied to the CTC‑chip 
system.

Images and movies of cells in the chip were monitored and 
recorded with a fluorescence microscope CKX41 (Olympus 

Corporation, Tokyo, Japan) and a digital video camera (Sony 
Biotechnology), and determined the actual number of cells 
(N‑total) that were sent into the chip by counting the number 
of cells that passed through the inlet of the chip as well as 
the number of captured cells (N‑captured) by counting 
CFSE‑labelled cells remained on the chip. The cell capture 
efficiency was represented as N‑captured/N‑total  (14,15). 
The average and standard error (SE) of capture efficiency 
were calculated from results obtained in triplicated experi-
ments. Data were compared using a non‑parametric test 
(Mann‑Whitney U‑test for comparison between 2 groups 
or Kruskal‑Wallis H‑test for comparison among 3 groups). 
P<0.05 was considered to indicate a statistically significant 
difference. All statistical analyses were performed with the 
SPSS software package (version 21.0; IBM Corp., Armonk, 
NY, USA).

The study was reviewed and approved by the Institutional 
Review Board of the University of Occupational and 
Environmental Health, Japan.

Results

Expression of EpCAM and podoplanin on ACC‑MESO‑1 
cells. ACC‑MESO‑1, a human MM cell line, did not express 
EpCAM and modestly expressed podoplanin (Fig. 1A).

Expression of Mesothelin on PC‑9, ACC‑MESO‑1, 
ACC‑MESO‑4 cells. PC‑9, a human lung adenocarcinoma cell, 
did not express mesothelin, and ACC‑MESO‑1 and MESO‑4, 
human MM cell lines, weakly expressed mesothelin (Fig. 1B).

Cell capture efficiency. When ACC‑MESO‑1 cells were spiked 
in PBS, cells were not captured by the EpCAM‑chip (average 
capture efficiency, 3.5%); cells were captured with the podo-
planin chip (Fig. 2, Table I. P=0.005), but the average capture 
efficiency was only modest (average capture efficiency, 52.7%) 
as compared with that (78.3%) for ACC‑MESO‑4 obtained in 
the previous study (15). The average captures efficiency of the 
mesothelin‑chip for PC‑9, ACC‑MESO‑1, and ACC‑MESO‑4 
were 2.9, 4.3 and 5.4%, respectively (Fig. 3, Table II).

When ACC‑MESO‑1 cells were spiked in PBS, cells were 
captured by the podoplanin‑chip (average capture efficiency, 
52.7%). It was significantly higher than with the EpCAM 
chip, the average capture efficiency was 3.5% (Fig. 2, Table I. 
P=0.005, calculated by Mann‑Whitney U‑test), but the average 
capture efficiency was only modest (average capture efficiency, 
52.7%) as compared with that (78.3%) for ACC‑MESO‑4 
obtained in the previous study (15). The average captures effi-
ciency of the mesothelin‑chip for PC‑9, ACC‑MESO‑1, and 
ACC‑MESO‑4 were 2.9, 4.3, and 5.4%, respectively (Fig. 3, 
Table II. P=0.329, calculated by Kruskal‑Wallis H‑test).

Discussion

In the present study, we showed that the novel CTC‑chip 
can capture mesothelioma cells (ACC‑MESO‑1) when 
coated with an antibody against podoplanin that is a specific 
antigen expressed on the surface of mesothelial cells (17‑19). 
In the previous study, we showed that the ‘podoplanin‑chip’ 
effectively captured mesothelioma cells of another cell line, 
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Figure 1. Flowcytometry analysis of cell surface antigen. EpCAM and podoplanin expression on ACC‑MESO‑1 cells (A). Mesothelin expression on PC‑9, 
ACC‑MESO‑1, ACC‑MESO‑4 cells (B).
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ACC‑MESO‑4 (15), indicating that the novel CTC‑chip is 
a promising modality to detect some kinds of tumor cells 
including EpCAM‑negative cells due to non‑epithelial origin 
(e.g., mesothelioma cells) or undergoing epithelial‑mesen-
chymal transition (EMT). Among a variety of systems 
for capture EpCAM‑negative CTCs such as size‑based or 
density‑based separation systems (20), we employed a micro-
fluidic system to capture CTCs called CTC‑chip (14,15). The 
CTC‑chip had been originally developed in USA (21), but 
the original CTC‑chip can capture only EpCAM‑positive 
CTCs because an anti‑EpCAM antibody to capture CTCs 
is conjugated and another antibody is not available in the 
system. In contrast, the novel CTC‑chip can be easily conju-
gated with any antibody, and can capture a variety of CTCs 
regardless of EpCAM expression status, which referred as 
a ‘universal’ CTC‑chip (15). In fact, as shown in this study, 
the CTC‑chip can actually capture EpCAM‑negative and 
podoplanin‑positive mesothelioma cell (ACC‑MESO‑1) 
when conjugated with an anti‑podoplanin antibody, and can 
capture EpCAM‑positive PC‑9 cells when conjugated with an 
anti‑EpCAM antibody (15).

The current study showed a modest efficacy of the podo-
planin chip to capture ACC‑MESO‑1 cells spiked in PBS with 
an average capture efficiency of 52.7%, which was somewhat 
lower than that for ACC‑MESO‑4 (average capture rate, 78.3%) 
obtained in the previous study (15). In the previous study, the 
average capture efficiency of the EpCAM‑chip to capture 
PC‑9 cells with strongest EpCAM expression was 100% and 
still higher than that (78.3%) of the podoplnin‑chip to capture 
ACC‑MESO‑4 cells with enhanced podoplanin expression, 
indicating that the capture efficiency might be influenced 
antigen‑antibody interaction caused mainly by degree of 
antigen expression on the surface of tumor cells  (15). The 
current study also showed that the capture of ACC‑MESO‑1 
cells with modest podoplanin expression was less effective 
by the ‘podoplanin‑chip’ (Table III). We also tried to capture 
another mesothelioma cell line, MSTO‑211H derived from 
biphasic mesothelioma patient, with CTC‑chip coated with 
the anti‑podoplanin antibody (clone E1). However it could not 
capture well (8.3%, N‑captured/N‑total; 51/611), because 211H 
cells did not express podoplanin (data not shown). We have 

Figure 2. Captured ACC‑MESO‑1 cells with the ‘podoplanin‑chip’.
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to try other MM cells in the future. For clinical samples, it is 
under consideration about optimal detection methods.

In the current study, we employed and examined a novel 
antibody, an anti‑mesothelin antibody clone K1, to capture MM 
cells as mesothelin is one of useful biomarkers of MM (22). 
However, the ‘mesothelin‑chip’ failed to provide effective 
capture performance (Fig. 3B), mainly due to lower meso-
thelin expression on MM cells (Fig. 1B). We tried to capture 
MSTO‑211H cells using CTC‑chip coated with anti‑mesothelin 
antibody clone K1. Mesothelin expression of MSTO‑211H 
cells were measured by flow cytometry and compared with 
ACC‑MESO‑4 cells as positive control. A sample without the 
primary antibody was used as negative control. Consequently, 
the mesothelin expression of MSTO‑211H cells were almost 
negative (data not shown), it was in consistent to the previous 
report (23), and these cells failed to capture effectively using 
‘mesothelin‑chip’. The capture efficiency of MSTO‑211H 
cells was 6.2% (28/453) (data not shown). In addition, we 
tried to capture using another anti‑mesothelin antibody, 
clone 5B2 mouse monoclonal antibody. For ACC‑MESO‑1 or 
ACC‑MESO‑4 cells, capture efficiency were 14.3% (12/84), 
7.3% (6/82) respectively (data not shown). They were hardly 

Figure 3. Capture efficiency of the ‘CTC‑chip’ coated with various antibody 
to capture tumor cells. Mean ± SE of three experiments. Capture efficiency 
of the ‘EpCAM‑chip’ or ‘Podoplanin‑chip’ when (A) ACC‑MESO‑1 cells 
spiked in PBS. Capture efficiency of the ‘Mesothelin‑chip’ when (B) PC‑9, 
ACC‑MESO‑1 or ACC‑MESO‑4 cells were spiked in PBS.

Table II. Capture from the cell suspension spiked in PBS with ‘Mesothelin‑chip’.

	 Mesothelin‑chip
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	  		  Cell capture	
	 No. of cells	 No. of	 efficiency (%)	 Standard
	 captured	 total cells	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 Error
Variable	 (N‑captured)	 (N‑total)	 Values 	 Average	 (SE)

PC‑9	 6	 535	 1.1 	 2.9 
	 17	 518	 3.3 		  0.95
	 27	 632	 4.3
ACC‑MESO‑1	 37	 706	 5.2 	 4.3
	 28	 614	 4.6 		  0.66
	 23	 762	 3.0
ACC‑MESO‑4	 38	 591	 6.4 	 5.4
	 15	 469	 3.2 		  1.12
	 50	 749	 6.7

EpCAM, epithelial cell adhesion molecule. P=0.329 (Kruskal‑Wallis H‑test).

Table III. Capture efficiency of tumor cells spiked in PBS.

		  ACC‑	 ACC‑
Variable	 PC‑9	 MESO‑1	 MESO‑4

EpCAM‑chip	 101.1a	 3.5	 2.3a

Podoplanin‑chip	 3.0a	 52.0 	 78.3a

Mesothelin‑chip	 2.9	 4.3	 5.4 

EpCAM, epithelial cell adhesion molecule. aData for PC‑9 and 
ACC‑MESO‑4 were obtained in previous experiment and presented 
in a previous manuscript (ref. 15).
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captured as well as anti‑mesothelin antibody clone  K1 
(MESO‑1: 3.0‑5.2%, MESO‑4: 3.2‑6.7%). It is need to 
examine by obtaining other cell lines more expressed meso-
thelin or using other mesothelin antibody. In future studies, 
other antibodies such as an antibody against CD146, a recently 
identified mesothelial marker (24), will be tested to capture 
MM cells. In conclusion, the ‘universal’ CTC‑chip might be 
a useful system as less‑invasive blood‑based modality in the 
diagnosis of MM.
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