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ABSTRACT
Circulating tumor cells (CTCs) have a crucial role in the clinical outcome of cancer 

patients. Detection of non-small cell lung cancer (NSCLC) using an antibody against 
epithelial cell adhesion molecule (EpCAM) in captured CTCs has low sensitivity; 
the loss of epithelial markers leads to underestimation of CTCs with mesenchymal 
phenotype. We propose a new approach for detection of viable CTCs, including those 
with epithelial-mesenchymal transition status (EMT-CTCs), using the new telomerase-
specific replication-selective adenovirus (OBP-1101), TelomeScan F35. Peripheral 
venous blood samples and clinicopathological data were collected from 123 NSCLC 
patients. The sensitivity of CTC detection was 69.1%, and for patients with stage I, II, 
III and IV, it was 59.6%, 40.0%, 85.7%, and 75.0%, respectively. Among the EMT-
CTC samples, 46% were vimentin positive and 39.0% of non-EMT-CTC samples were 
EpCAM positive. Patients testing positive for EMT-CTCs at baseline had poor response 
to chemotherapy (P = 0.025) and decreased progression-free survival (EMT-CTC 
positive vs. negative: 193 ± 47 days vs. 388 ± 47. days, P = 0.040) in comparison to 
those testing negative. TelomeScan F35 is a highly sensitive CTC detection system and 
will be a useful screening tool for early diagnosis of NSCLC patients. Mesenchymal-
phenotype CTCs are crucial indicators of chemotherapeutic efficacy in NSCLC patients.

INTRODUCTION

Metastasis-related events contribute to most cancer-
related deaths and circulating tumor cells (CTCs) have a 
pivotal role in metastatic relapse. CTCs are tumor cells 
that detach from the primary tumor and circulate in the 
bloodstream, subsequently metastasizing to distant 
organs. Measurement of CTCs by liquid biopsy can 
non-invasively provide reliable information regarding 
prognosis, recurrence, and treatment response compared 
to invasive diagnostic modalities such as transbronchial or 
fine-needle biopsy and thoracoscopic surgery. 

CTCs include a variety of subtypes with different 
functional characteristics. Epithelial-mesenchymal 
transition (EMT), a process in which epithelial cells 
convert to mesenchymal cells, contributes substantively 
to tumor heterogeneity and is crucial to metastatic 
processes and the acquisition of chemo-resistance 
[1]. EMT typically involves the upregulation of 
mesenchymal markers such as vimentin and the 
downregulation of epithelial markers including EpCAM 
and cytokeratins [2]. Notably, recent studies support that 
EMT markers expressed on CTCs strongly associate 
with cancer metastasis in breast and hepatocellular 
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carcinomas [3–5]. To date, various techniques have 
been proposed for isolating CTCs based on their 
physical features or cell surface antigens. Among 
these, the CellSearch™ System, which detects both 
EpCAM and cytokeratin expression, was the first and 
is the only clinically validated, FDA-cleared system for 
CTC identification [6, 7]. However, methods in which 
CTC capture is based on epithelial marker expression 
generally exhibit low sensitivity in patients with non-
small cell lung cancer (NSCLC). The detection rate 
of the CellSearch™ system ranges from 36.4% to 
75.7% in patients with advanced NSCLC [8, 9], and 
this technology has very low sensitivity in early-stage 
NSCLC [10]. Loss of epithelial markers results in an 
underestimation of CTC subpopulations that have 
undergone EMT in these conventional epithelial-based 
selection systems using anti-EpCAM and/or cytokeratin 
antibodies [1, 11].

Telomerase protects the chromosome ends from 
deterioration and fusion with neighboring chromosomes. 
It elongates the telomeres, which are short repeat 
sequences located at the end of the chromosomes. 
The telomere length determines the cell proliferation 
capacity and telomerase can render cells immortal 
through unlimited telomere lengthening. Whereas 
telomerase is not active in normal somatic cells, it may 
be so in cancer cells; more than 80% of cancer cells from 
various types of cancer are telomerase positive [12]. 
Thus, TelomeScan, an adenoviral vector (OBP-401) for 
cancer cell-specific GFP expression, uses telomerase as 
a cancer-specific marker for CTC detection. Specifically, 
TelomeScan can replicate only in cells in which the 
promoter for hTERT, a key enzyme of the telomerase 
complex, is activated. 

Here we propose a new approach for the detection 
of CTCs including those with EMT status (EMT-CTCs) 
by using the new telomerase-specific replication-selective 
adenovirus, TelomeScan F35 (OPB-1101; rAdF35-142T-
GFP) [13]. This technology allows for counting viable CTCs 
with very high sensitivity. TelomeScan F35 was further 
developed to suppress viral replication and GFP production 
in blood cells by targeting miR-142-3p, which is highly 
expressed only in blood cells [13]. miR-142-3p, which 
can prevent the transcription of downstream sequences 
including GFP, allowed accurate detection of CTCs, 
with a significant reduction in false-positive peripheral 
blood mononuclear cells (PBMCs) as compared to the 
conventional TelomeScan® (OBP-401; rAd-GFP) [14]. To 
investigate the changes in phenotype of CTCs after detection 
by TelomeScan F35, immunocytochemistry was performed 
to evaluate CTCs with EMT status using both the epithelial 
marker EpCAM and the mesenchymal marker vimentin. We 
investigated the sensitivity of detection for CTCs and EMT-
CTCs in NSCLC patients by TelomeScan F35 as a surrogate 
biomarker. 

RESULTS

In vitro TelomeScan F35-based CTC detection 
assay validation in lung cancer cell lines

We first investigated whether the infectivity of the 
TelomeScan F35 viral vector of cancer cells depended 
on hTERT activity. We performed quantitative reverse 
transcription (qRT)-PCR analysis to reveal the correlation 
between the rate of GFP+ cells and hTERT expression 
in various lung cancer cell lines. The hTERT expression 
level varied significantly among the lung cancer cell 
lines; however, the rate of GFP+ cells increased in a dose-
dependent manner with multiplicity of infection (MOI; 
ranging from 1,000–45,000 virus particles (VP)/cell) in 
all lung cancer cell lines and was saturated at the highest 
MOI (Figure 1A, 1B). 

Cells from lung cancer cell lines (A549, PC-9, 
H661, and H69) were spiked into 7.5 mL of blood from 
healthy volunteers as models of cancer patient blood. 
All examined lung cancer cell lines tested GFP+/CD45− 
using TelomeScan F35 and could further be identified by 
immunohistochemical staining of epithelial (cytokeratin, 
E-cadherin, or EpCAM), mesenchymal (vimentin), 
or cancer stem cell (CD133) markers (Figure 1C). As 
expected, the epithelial cancer cell lines were E-cadherin+/
vimentin–whereas the mesenchymal cancer cell lines were 
E-cadherin−/vimentin+. The cancer stem cell marker 
CD133 was detected in GFP+ H69 cells. 

To test the efficacy and accuracy of the assay, we 
determined the sensitivity, specificity, and recovery as the 
mean ratios of GFP-positive cells/cellular marker-positive 
cells, cellular marker-positive cells/GFP-positive cells, 
and detected cells/spiked cells, respectively. Whole-blood 
samples from healthy volunteers were spiked with 100 
A549 cells and then analyzed. The sensitivity, specificity, 
and recovery were 89 ± 10%, 96 ± 4%, and 86 ± 18%, 
respectively, indicating high efficacy and accuracy of the 
assay system (Figure 1D). 

Detection of live CTCs in clinical samples from 
NSCLC patients 

We conducted a pilot study to evaluate the clinical 
feasibility of the detection system in 123 patients 
diagnosed with NSCLC. First, we inoculated lung cancer 
cells in lavage solution from surgically resected solid 
tumors with the TelomeScan F35 virus. TelomeScan F35 
generated green fluorescence in cells that stained positive 
for monoclonal antibodies against markers including 
cytokeratin and CEA (Figure 2A). 

We defined CTCs showing epithelial features and 
E-cadherin+/vimentin– staining as non-EMT-CTCs, and 
CTCs showing mesenchymal features and E-cadherin–/
vimentin+ staining as EMT-CTCs. No synchronous CTCs 
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that expressed dual staining as being both Vimentin and 
EpCAM positive were detected among the single CTCs. 
Human cancer cells undergoing EMT processes are 
considered to acquire cancer stemness characters and to 
exhibit potentiated metastatic abilities [15]. Accordingly, 

CD133 and CEA were detected in some GFP+/EpCAM– 
EMT-CTCs (Figure 2B). Epithelial but GFP– CTCs were 
detected in 20.8% of NSCLC patients by EpCAM staining. 
Notably, these epithelial CTCs were determined to be dead 
based on positive SYTOX Blue staining. Thus, TelomeScan 

Figure 1: In vitro validation of the use of OBP-1101 for CTC detection using lung cancer cell lines with different 
hTERT expression levels. The ratios of GFP+ cells in human NSCLC cell lines were determined by FACS analysis. (A) NSCLC 
cell lines were examined 24 h after inoculation of OBP-1101 at 1,000–45,000 VP/cell. Cell images were acquired under a fluorescence 
microscope. hTERT mRNA expression in human NSCLC cell lines was determined with qRT-PCR analysis. (B) hTERT mRNA expression 
was normalized to the expression in A549. (C) OBP-1101 could detect any type of lung cancer cells stained with epithelial (cytokeratin, 
EpCAM), mesenchymal (vimentin), or stem cell (CD133) markers. (D) For assay validation, we determined the sensitivity (GFP+ cells/
marker+ cells), specificity (marker+ cells/GFP+ cells), and recovery (detected cells/spiked cells). To this end, 100 A549 cells were spiked 
into healthy blood and processed according to sample preparation methods. Cytokeratin was used as a cell marker.
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F35 could specifically detect viable cancer cells including 
EMT-CTCs (Figure 2B). No clusters of viable CTCs 
(circulating tumor microemboli) were detected [7, 16] and 
all viable CTCs were present as single cells.

Some GFP-positive cells detected by the 
TelomeScan F35 in NSCLC patients with ALK-
rearrangement were subjected to fluorescence in situ 
hybridization (FISH) analysis; the representative results 
are shown in Figure 2C. The nuclei of GFP-positive cells 
presented a split positive pattern with separation between 
the 5′ ALK green part and the 3′ ALK red part of the FISH 
probe, which is consistent with an ALK rearrangement.

Prevalence of CTCs in NSCLC patients

CTCs were detected in 85/123 (69.1%) of patients. 
EMT-CTCs were detected in 57/123 (46.3%) of patients, 
whereas non-EMT-CTCs were detected in 48/123 (39.0%). 

Both EMT-CTCs and non-EMT-CTCs were detected in 
20/123 (16.3%) of patients.

The CTC count did not correlate with disease stage 
(Figure 3). When 1 or more cells were GFP+/CD45– in 
the 7.5-mL peripheral blood sample, it was defined as 
positive (2.3 ± 0.3 cells/7.5 mL, range: 1–15 cells/7.5 mL) 
(Figure 3). However, the sensitivity of total CTC detection 
tended to be higher at the advanced stage (Table 1). The 
detection sensitivity was not significantly different between 
lung adenocarcinoma and squamous cell carcinoma cells 
(Table 1). The sensitivity of EMT-CTC detection slightly 
tended to increase in patients who showed pathological 
blood vessel invasion (P = 0.085); however, lymphovascular 
invasion and other histopathological classifications did 
not show significant differences in assay sensitivity 
(Supplementary Table 1). Pathologically, increased vessel 
invasion may be the reason for increased CTC release from 
primary tumors following the occurrence of EMT.

Table 1: Characteristics of patients and sensitivity of CTC according to final diagnosis
Sensitivity

(≥ 1 cell/7. 5 mL of peripheral blood tested positive)
CTC phenotype Total CTC EMT-CTC Non-EMT-CTC EMT-CTC +Non-EMT-CTC
Primary NSCLC

 All patients (n = 123) 85 (69.1%) 57 (46.3%) 48 (39.0%) 20 (16.3%)

Histological type

 Adenocarcinoma (n = 100) 67 (67.0%) 43 (43.0%) 40 (40.0%) 15 (15.0%)

 Squamous cell carcinoma (n = 19) 13 (68.4%) 10 (52.6%) 6 (31.6%) 3 (15.8%)

 Others (n  = 4) 4 (100%) 3 (75.0%) 2 (50.0%) 2 (50.0%)

Stage

 0 (n  = 5) 2 (40.0%) 2 (40.0%) 0 (0%) 0 (0%)

 I (n = 57) 35 (59.6%) 24(42.1%) 17 (24.6%) 6 (9.7%)

 II (n = 15) 12 (40.0%) 7 (46.7%) 7 (46.7%) 2 (13.3%)

 III (n = 14) 12 (85.7%) 7 (50.0%) 10 (71.4%) 5 (35.7%)

 IV (n = 32) 24 (75.0%) 17 (53.1%) 14 (48.8%) 7 (21.9%)

Table 2: Diagnostic values of CTC detection and serum CEA level at selected cut-off points in 
early-stage (0–IA) NSCLC patients

CEA > 5.0 Positive Negative
n = 43 Pts. (%) Pts. (%) p-value

Total CTC (+) 2 (4.7%) 23 (53.5%)
(−) 3 (7.0%) 15 (34.9%) p = 0.3818

CEA > 3.0 Positive Negative
n = 43 Pts. (%) Pts. (%) p value

Total CTC (+) 8 (18.6%) 17 (39.5%)
(−) 8 (18.6%) 10 (23.3%) p = 0.4049
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CTC detection for early diagnosis of NSCLC

As we could demonstrate high sensitivity 
of CTC detection by TelomeScan F35 in the early 
stage, TelomeScan F35 may be a useful tool for early 
diagnosis of NSCLC. To test this, we compared the 
detection sensitivity of TelomeScan F35 with that of the 
serum CEA, which is a popular tumor maker for early 
detection and screening of cancers, including lung cancer  
(Table 2). Patients with one or more CTCs were judged 
positive, whereas for serum CEA, two cut-off values 
were used. In early-stage (0–IA) lung adenocarcinoma 
patients, the TelomeScan F35-based detection sensitivity 
was 58.2%, whereas the sensitivity of CEA detection 
(cut-off value of 5.0 ng/mL) was only 11.7%. However, 

by combining both assays, we could achieve 65.1% 
sensitivity for the detection of early-stage NSCLC (CTC 
and CEA double-negative patients in stage 0–IA: 34.9%). 
Notably, 53.5% of early-stage patients tested negative in 
the CEA assay but positive for TelomeScan CTC detection 
(Table 2).

CTCs as surrogate markers of drug response

We analyzed whether changes in CTC detection 
and count according to the phenotype could predict the 
outcome of chemotherapy. To evaluate the relationship 
between CTC detection and drug response, tumors were 
categorized as either “responder” (complete response 
[CR] + partial response [PR]) or “non-responder” (stable 

Figure 2: Viable CTC detection and phenotype characterization in NSCLC patients. Cancer cells from lung cancer tissues 
were infected with OBP-1101 and characterized by immunostaining for cell markers. (A) Lung cancer cells in lavage solution. EpCAM 
and cytokeratin were used as epithelial markers, whereas vimentin and CEA were used as a mesenchymal and cancer marker, respectively. 
(B) Dead CTCs showing positive epithelial marker signal and viable CTCs showing mesenchymal marker signal. CTCs were detected by 
green fluorescence produced by OBP-1101 in NSCLC patients. These CTCs were viable because the virus can replicate only in viable cells. 
Additionally, these CTCs were classified as having a mesenchymal phenotype because they were stained by an antibody against vimentin, 
which is a typical mesenchymal cell marker. The epithelial albeit GFP-positive CTCs were detected by EpCAM staining and these epithelial 
CTCs were positive in live/dead staining. CD133 and CEA were positive in CTCs with vimentin positive detected by OBP-1101. (C) FISH 
analysis of GFP-positive cells. To show ALK-rearrangement, GFP-positive cells in blood samples from the metastatic NSCLC patients 
with confirmed ALK-rearrangement in tumors were subjected to FISH analysis. The nuclei present a split positive pattern with separation 
between the 5′ ALK green part and the 3′ ALK orange part of the FISH probe, which is consistent with ALK rearrangement.
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disease [SD] + progressive disease [PD]) (Table 3). Only 
EMT-CTCs at baseline were significantly associated 
with poor drug response (P = 0.025). Detection of both 
EMT-CTCs and total CTCs was significantly negatively 
associated with prolonged PFS (EMT-CTC-positive vs. 
-negative: 193 ± 47 days vs. 388 ± 47 days, P = 0.040 
and total CTC-positive vs. -negative: 231 ± 38 days vs. 
393 ± 74 days, P = 0.042, respectively). In contrast, non-
EMT-CTCs and total CTCs after 1 cycle of chemotherapy 
were not associated with drug response and prolonged 
progression-free survival (PFS). 

Notably, only the EMT-CTC count at baseline was 
significantly associated with drug response as indicated by 
logistic regression analysis (P = 0.017) (Supplementary 
Figure 1) and showed a negative correlation with PFS 
(P = 0.010) (Supplementary Figure 2). Changes in CTC 
count after 1 cycle of chemotherapy were measured  
(n = 11). The total CTC count decreased in 5 out of 11 
(45.5%) patients, whereas 3 out of these 5 patients did not 
show a response. Moreover, 2 out of 4 patients showed 
a response even though the CTC number increased 
after 1 cycle of chemotherapy. Similarly, the non-EMT-
CTC count did not predict treatment response before 
and after administration of 1 cycle of chemotherapy. 
Overall, four out of 5 (80.0%) patients did not respond 
to therapy although EMT-CTCs decreased after 1 cycle 
of chemotherapy in these patients. Notably, all 5 patients 
who had no detectable EMT-CTCs at baseline showed a 
positive response to treatment. Taken together, our results 

indicated that patients positive for EMT-CTC at baseline 
demonstrated poor clinical response to anticancer drugs 
(Supplementary Figure 3).

DISCUSSION

In the present study, we validated the TelomeScan 
F35 in vitro assay system for CTC detection using lung 
cancer cell lines with different phenotypes and varying 
hTERT expression that were spiked in blood from 
healthy volunteers, revealing close to 90% sensitivity, 
specificity, and recovery. TelomeScan F35 was found to 
be a highly sensitive detection system for viable CTCs in 
blood samples when compared to the serum CEA level in 
patients with early-stage (0–IA) NSCLC, and thus, might 
provide a useful screening tool for early diagnosis. We 
demonstrated that CTCs with mesenchymal phenotype 
(EMT-CTCs) were common in all stages. Notably, EMT-
CTCs existed in early-stage NSCLC patients, even before 
surgical resection. The presence of EMT-CTCs predicted 
poor clinical outcome and is a potential surrogate indicator 
of chemotherapeutic efficacy in NSCLC patients. 

Even after complete surgical resection, 30% 
of patients diagnosed with stage I NSCLC show 
tumor recurrence and die [17, 18]. The existence of 
micrometastatic tumor cells in distant organs and 
peripheral blood has been reported [19–23]. NSCLC 
patients having occult micrometastatic cancer cells in 
the lymph nodes were associated with a poor prognosis, 

Figure 3: Distribution of CTC count in 7.5 mL peripheral blood from NSCLC patients according to stage. (A) Total 
CTCs, (B) EMT-CTCs, (C) Non EMT-CTCs. 
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even at the early stage I [23]. EMT generates cells that 
are able to invade the blood stream [24] from tumor 
tissue and it has been suggested that CTCs undergo EMT 
in order to migrate to distant organs [25]. NSCLC or 
breast cancer patients testing CTC-positive at the time 
of definitive surgery showed short recurrence periods  
[10, 26, 27]. Recently, CTCs were detected one month 
after surgery in patients who underwent radical resection 
for NSCLC, and the presence of CTCs was significantly 
associated with early recurrence and shorter disease-free 
survival [28]. We could detect EMT-CTCs with high 
sensitivity in resected NSCLC patients, even at the early 
stage. Moreover, patients with detectable levels of EMT-
CTC before complete resection may have a higher risk 
of relapse. Thus, EMT-CTC detection may be a reliable 
biomarker for use in decision making regarding adjuvant 
chemotherapy targeting EMT-CTCs following curative 
resection in future clinical studies. CTCs were detected 
in patients with various pathological types including 
pleomorphic carcinomas with NSCLC components known 
to be associated with rapid relapse and histologically poor 
differentiation, and the EMT-CTCs tended to be higher in 
NSCLC patients with pathological vessel invasion. Our 
results indicate that EMT-CTCs may provide a reliable 
biomarker to predict recurrence-free survival after 
curative resection in combination with information on 
histopathological background from resected tumor tissues.

In resected primary tumors, increased expression 
of EMT markers TWIST1 and Snail has been observed 
in stage I NSCLC [29, 30]. Overexpression of the EMT 
markers in stage I NSCLC was associated with worse 
overall survival and shorter recurrence-free survival. 
Furthermore, monitoring of CTC-positive chronic 
obstructive pulmonary disease patients with clinically 
undetectable lung cancer by CT-scan screening allowed 
detecting early-stage lung cancer, which showed an EMT 
marker phenotype similar to that of the CTCs [31]. These 

reports support the notion that the appearance of EMT-
CTCs may be a sensitive biomarker for early diagnosis, 
even in the case of clinically undetectable lung cancer. 
Notably, the present study demonstrated that measurement 
of CTCs using TelomeScan F35 allowed the detection 
of EMT-CTCs from stage 0 in patients with NSCLC 
pathologically diagnosed as adenocarcinoma in situ.

Among blood-based biomarkers, serum CEA is the 
most extensively examined, especially in adenocarcinoma 
of the lung, to determine tumor progression and prognosis. 
However, routine use of serum CEA in clinical practice 
is not recommended mainly because of insufficient 
sensitivity and specificity. Thus, we assessed the 
diagnostic performance of CTC count in comparison with 
that of serum CEA in the present study. A large fraction 
(53.5%) of early-stage (stages 0–IA) patients detected 
to be CTC-positive tested CEA-negative. Our results 
indicate that CTC detection by TelomeScan F35 could be 
a useful non-invasive screening tool for the early diagnosis 
of NSCLC in patients who cannot be diagnosed on the 
basis of current clinical biomarkers but only via invasive 
diagnostic modalities including transbronchial or fine-
needle biopsy and thoracoscopic surgery because of small 
primary lesions.

Lung cancer patients exhibiting high CTC counts at 
baseline are associated with poor prognosis [7, 16]. Some 
previous studies have indicated that the clinical stage 
does not correlate with CTC count [32–34]. Similarly, 
the number of CTCs detected by TelomeScan F35 did 
not show a clear correlation with staging, although the 
sensitivity of CTC detection tended to be higher in the 
advanced than in the early stage. Thus, it remains unclear 
whether the total CTC count associates with staging. The 
EMT-CTC population increased when patients acquired 
drug resistance and developed recurrence [1]. Increased 
staining of CTCs with CD133, a lung cancer stem cell 
marker, or the presence of EMT-CTCs was significantly 

Table 3: Correlation between CTC detection/count and treatment response

Responder Non-responder Pearson PFS (days) Student t

Pts. (%) Pts. (%) p-value Pts. (%) Mean ± SE P-value

EMT-CTC (+) 3 (10.0%) 12 (40.0%) 14 (50.0%) 193.1 ± 47.4

(−) 9 (30.0%) 6 (20.0%) 0.0253 14 (50.0%) 338.1 ± 47.4 0.0402

Non EMT-CTC (+) 10 (33.3%) 9 (30.0%) 17 (60.7%) 267.8 ± 45.4

(−) 2 (6.67%) 9 (30.0%) 0.0634 11 (39.3%) 262.2 ± 60.7 0.9414

Total CTC (+) 10 (33.3%) 14 (46.7%) 22 (78.6%) 231.0 ± 38.4

(−) 2 (6.67%) 4 (13.3%) 0.7094 6 (21.4%) 392.7 ± 73.5 0.0415

Total CTC (+) 3 (27.3%) 3 (27.3%) 6 (54.5%) 291.2 ± 77.2

(After 1 cycle) (−) 2 (18.2%) 3 (27.3%) 0.7401 5 (45.5%) 322.2 ± 84.5 0.7933
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associated with shortened PFS in NSCLC patients who 
were administrated platinum-based chemotherapy [35]. 
We observed that NSCLC patients who tested positive for 
the presence of EMT-CTCs with some CD133+ staining 
before treatment showed short PFS, although for some 
patients, EMT-CTCs went from positive at baseline to 
negative after 1 cycle of chemotherapy. Thus, detection 
of CD133+ EMT-CTCs and positive EMT-CTC assay 
results at baseline predicted poor clinical outcome. Our 
results support the previous studies and suggest that the 
population of CTCs with mesenchymal phenotype, rather 
than total CTC count, potentially represents a sensitive 
surrogate biomarker. 

However, in breast cancer patients with persistently 
increased CTCs as determined with the CellSearch™ 
System, which detects only non-EMT-CTCs, early 
switching to an alternate cytotoxic therapy after 1 cycle 
of first-line chemotherapy failed to prolong overall 
survival in a randomized trial (SWOG S0500) [36]. 
Alternatively, detecting the presence of the echinoderm 
microtubule-associated protein-like 4 (EML4)-anaplastic 
lymphoma kinase (ALK) fusion gene, termed the 
ALK-rearrangement, is routinely performed in lung 
adenocarcinomas and allows the treatment of such patients 
with anti-ALK targeted therapy. FISH assays for the 
detection of CTCs with ALK-rearrangements can therefore 
provide additional valuable information that may be 
clinically helpful for treatment planning [37]. Thus, further 
studies are warranted to provide molecular evidence 
of the predictive value of CTCs for early diagnosis of 
recurrence in patients with lung cancer under various 
treatment regimens. However, our findings indicate that 
CTCs, especially, EMT-CTCs, can be expected to be more 
reliable markers for drug response and prognosis.

In conclusion, TelomeScan F35 achieved high 
sensitivity for viable CTCs, even in patients with 
early-stage NSCLC. Unlike the EpCAM selection 
system, TelomeScan F35 allows detecting CTCs with 
mesenchymal phenotype. We observed that EMT-CTCs 
were quite common in NSCLC. Because EMT determines 
the metastatic potential and the acquisition of therapeutic 
resistance, CTCs with the mesenchymal phenotype may 
be a more reliable biomarker for predicting clinical 
outcome in lung cancer patients and a potential surrogate 
indicator of chemotherapeutic efficacy in NSCLC 
patients. In the present study, the small sample number 
was a limitation; accordingly, the clinical significance of 
CTC detection using our highly sensitive TelomeScan 
F35 detection system according to the CTC phenotype 
should be independently validated in “at risk” patients in 
larger clinical prospective studies. Finally, the predictive 
value of EMT-CTCs as biomarkers for prognosis, relapse, 
and drug response need to be further clarified in future 
studies.

MATERIALS AND METHODS

Cell culture

The human NSCLC cell lines H661, A549, H522, 
H322, H226, H1975, H1703, and H460 and the human 
SCLC cell line H69 were purchased from American Type 
Culture Collection (Manassas, VA). PC-9 was provided 
by the RIKEN BRC through the National Bio-Resource 
Project of the MEXT, Japan. All cell lines were cultured 
with Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% FCS, 100 μg/mL penicillin, and 
250 μg/mL streptomycin in a humidified atmosphere of 
5% CO2. 

FACS analysis

Cells were trypsinized with 0.25% trypsin-EDTA 
(Cat No. 4049-500ML, Sigma-Aldrich, St. Louis, MO) 
and fixed with 4% paraformaldehyde following 24-h 
inoculation of OBP-1101 at 1,000–45,000 VP/cell. Fixed 
cells were analyzed using a MACSQuant® Analyzer 
(Miltenyi Biotec, Bergisch-Gladbach, Germany) to 
determine the ratio of GFP+ cells.

qRT-PCR analysis

Total RNA was extracted from human NSCLC 
cell lines using the RNeasy Plus Mini Kit (Cat No. 
74134, Qiagen, Venlo, The Netherlands). qRT-PCR was 
performed using the PrimeScript RT reagent kit (TaKaRa, 
Shiga, Japan) and SYBR Premix EX Taq II (Tli RNaseH 
Plus, TaKaRa) on a 7500 Fast real-time PCR system 
(Applied Biosystems, Foster City, CA). The following 
gene-specific primers were used: hTERT F (5′-CGG AAG 
AGT GTC TGG AGC AA-3′), R (5′-GGA TGA AGC 
GGA GTC TGG A-3′), GAPDH F (5′-TCG ACA GTC 
AGC CGC ATC TTC TTT-3′), R (5′-ACC AAA TCC GTT 
GAC TCC GAC CTT-3′). Thermal cycling conditions 
were as follows: 95°C for 1 min followed by 45 cycles of 
95°C for 10 s, 57°C for 30 s, and 72°C for 30 s. GAPDH 
was used as an internal control [38].

Patient characteristics

Peripheral venous blood samples were obtained 
from 123 patients who were pathologically diagnosed as 
having primary NSCLC at Juntendo University Hospital 
from July 2013 to December 2015. The procedures for 
obtaining peripheral blood from patients with lung cancer 
were approved by the Institutional Review Board at the 
Juntendo University School of Medicine (No. 2013067). 
All patients and volunteers provided written informed 
consent. Thoracotomy was performed in 82 primary lung 
cancer patients who were all p-stage 0-IIIA. In addition, 
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9 patients with c-stage III disease and 32 patients with 
c-stage IV disease were diagnosed without thoracotomy 
(Table 1). Overall, 100 patients had adenocarcinoma 
and 19 patients had squamous cell carcinoma. Of the 
remaining 4 patients, 3 had pleomorphic carcinoma with 
adenocarcinoma component and 1 had large cell carcinoma. 
For 30 patients with relapsed or advanced NSCLC who 
received chemotherapy at Juntendo University Hospital, 
CTCs were measured within 2 weeks before starting 
standard chemotherapy. For 11 out of these 30 patients, 
CTCs were also measured after the first cycle of first-
line chemotherapy. PFS was determined as the duration 
between the first day of standard chemotherapy and the 
date of objective disease progression. Response Evaluation 
Criteria in Solid Tumors (ver. 1.1) was applied for the 
evaluation of tumor response using computed tomography. 

Sample preparation and viral infection

Briefly, 7.5-mL blood samples were collected from 
patients who were histologically diagnosed with NSCLC 
and healthy volunteers and sent to Clinical Laboratory 
Center, Oncolys BioPharma Inc. for analysis within one 
day. The blood samples were processed with red blood 
cell lysis buffer containing ammonium chloride (NH4Cl) 
(pH 7.3, custom-made, Wako Pure Chemical Industries, 
Osaka, Japan) for 5 min followed by centrifugation 
at 300 × g for 5 min at 25°C to collect the white blood 
cells (WBCs). Isolated WBCs were washed with DMEM 
containing 10% fetal bovine serum (FBS, Cat No. 10437-
028, Gibco, Gaithersburg, MD) twice (first in 12 mL and 
then in 5 mL). The cell pellet was transferred to a 1.5-mL 
tube and incubated with 1 × 109 VP of OBP-1101 (rAdF35-
142T-GFP) in 1 mL of DMEM containing 10% FBS at 
37°C on a rotator (WKN-2210, Waken Btech, Kyoto, 
Japan) for 24 h. No GFP+ PBMCs were detected from 
healthy donors (n = 17) following inoculation with 1 × 109 
VP indicating that this amount was suitable to accurately 
detect CTCs without producing false-positive cells in 
patients (13). For this reason, the presence of more than 
1 CTC in 7.5 mL of blood was defined as positive in this 
study. The OBP-1101 used in this study was from Oncolys 
BioPharma Inc. (OBP-1101, lot no. γ-1, Tokyo, Japan). 
The study protocols described above were approved by 
the institutional review boards of Juntendo University and 
Kenshokai Fukushima Healthcare Center, which is the 
affiliated institution of Oncolys BioPharma Inc.

Immunofluorescence staining

Cells were immunostained with primary antibodies 
at room temperature for 30 min following fixation and 
permeabilization with 4% paraformaldehyde (PFA) 
(Cat No. 09154-85, Nacalai-Tesque, Kyoto, Japan) and 
0.15% Triton X-100, (Cat No. 93343-100ML, Sigma) 

respectively. Primary antibodies used were anti-CD45 
(Cat No.304002, 1:100 or 304032, 3:100; BioLegend, 
San Diego, CA), anti-CD45 conjugated with Brilliant 
Violet 421 (304032, 3:100; BioLegend), anti-EpCAM 
(ab7504, 1:100; Abcam), anti-CD133 (130-090-422, 
1:20; Miltenyi Biotec), anti-vimentin (ab45939, 1:200; 
Abcam, Cambridge, UK), anti-pan-cytokeratin (628602, 
1:100; BioLegend), anti-cytokeratin 19 (628502, 1:100; 
BioLegend), and anti-CEA (M707229, 1:50; Dako Corp., 
Carpenteria, CA). For signal amplification, secondary 
antibodies (A21422, A21235, A11046, A21245, 1:200; 
Invitrogen, Carlsbad, CA) or a labeling kit (Z25005, 
Invitrogen) were used. Nuclear DNA was stained with 
SYTOX Blue (Molecular Probes, Eugene, OR) to confirm 
the viability of the CTCs. Cell surface markers were 
immunostained before fixation.

FISH for GFP-positive cells

Cells infected with OBP-1101 were blocked with 
10% FBS and 0.02 µg/µL DNase (Cat No. 11284932001, 
Roche, Madison, WI) in PBS (Cat No. 164-25511, 
Wako) and incubated with an anti-human CD45 antibody 
(1:200 dilution) at room temperature for 30 min. Cells 
were washed with washing buffer (2% FBS in PBS) and 
incubated with Alexa Fluor 647 goat anti-mouse IgG 
(1:200 dilution; Cat No. A21235, Life Technologies, 
Carlsbad, CA) at room temperature for 30 min, washed, 
and fixed with 4% PFA in PBS. CTCs were collected on 
slide glass (Cat No. S9441, Matsunami, Bellingham, WA) 
using a PicoPipet system (NEPAGENE, Ichikawa, Japan), 
air dried, and dehydrated by EtOH (Cat No. 057-00456, 
Wako). To demonstrate the ALK rearrangement in nuclei 
of GFP-positive cells, FISH was performed using the 
Food and Drug Administration-approved FISH test (Vysis 
LSI ALK Dual Color Break Apart FISH probe, Abbott 
Molecular, Inc., Abbott Park, IL) with a Abbott Histology 
FISH Accessory kit (Vysis Paraffin & Post-Hybridization 
Wash Buffer kit, Abbott Molecular, Inc.) following the 
manufacturer’s instructions.

Fluorescence microscopy for CTC detection

Immunostained cells were resuspended in 2% 
FBS/PBS and transferred into 96-well plates. GFP+ or 
marker+ cells were detected by fluorescence microscopy 
(Eclipse Ti, Nikon) at a magnification of 20×. Cell images 
were acquired on a Metamorph (Molecular Devices, 
Sunnyvale, CA) using each filter set (DAPI/FITC/RFP/
CY5, Olympus, Tokyo, Japan). GFP+ CTC and false-
positive cells were discriminated based on their anti-CD45 
staining status as follows: CTC (GFP+/CD45−) and false 
positive (GFP+/CD45+). Fluorescence intensity of anti-
CD45 staining was quantified from acquired cell images 
using the NIS-elements software (Nikon, Tokyo, Japan). 
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Statistical analysis

The association of the number of CTCs with 
clinical characteristics, serum carcinoembryonic antigen 
(CEA) level, and treatment response were evaluated 
using Pearson’s Chi-squared test for categorical variables 
as appropriate. The association of the number of CTCs 
with treatment response was analyzed using Spearman 
rank correlation and logistic regression analysis, and the 
Wilcoxon test was used for comparing groups before and 
after treatment. The Mann-Whitney U test was used for 
comparisons between two groups and the Kruskal-Wallis 
test was used for comparisons among three or more groups 
if the sample distribution was asymmetrical. For each test, 
P-values < 0.05 were considered statistically significant. 
All statistical analyses were done using the JMP 10.0 
software for Windows. 
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