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Detection of circulating tumor cells in pulmonary venous
blood for resectable non-small cell lung cancer
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Abstract. Intraoperative manipulation causes circulating
tumor cell (CTC) shedding into the blood and accelerates
metastasis in non-small cell lung cancer (NSCLC). The
present study was conducted to assess the degree of
dissemination resulting from surgery and to explore the
biological features of CTCs. In patients with NSCLC who
underwent complete resection, the pulmonary vein (PV) was
isolated and stapled following thoracotomy. The number of
CTCs retained per 7.5 ml PV blood (CTC-PV) and peripheral
blood were detected. Following hematopoietic cell depletion,
a xenograft assay was performed using the CTC-PV. A total
of 32 consecutive patients were enrolled in the study, the
majority of whom had CTCs in their PV blood (n=29, 90.6%).
Circulating tumor microemboli (CTM) were identified in
12 patients (37.5%). The CTC-PV and CTM-PV counts were
positively correlated with tumor size (P=0.012 and P=0.028,
respectively). Patients with small tumors (<3.0 cm) also had
considerable CTC-PV and CTM-PV. A total of 8 patients
received platinum-based chemotherapy prior to surgery. The
CTC-PV and CTM-PV counts in patients with partial response
were significantly lower than those in patients with stable
disease or who did not receive induction therapy (P=0.025
and P=0.044, respectively). The enriched CTC-PV from
3 patients were injected into 3 immunodeficient mice, and 1
mouse developed a xenograft tumor. To conclude, the present
study indicates that intraoperative manipulation contributes
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to the hematogenous dissemination of tumorigenic CTCs
and CTM. Lobectomy is recommended for lung cancer of
any tumor size and stage according to oncological principles,
in addition to ligating the PV, if possible, prior to any other
treatment.

Introduction

Lung cancer is the leading cause of cancer-associated mortality
globally (1). Although surgical resection is considered the best
chance for curing patients with early-stage disease and certain
patient subsets with locally advanced disease, the prognosis for
these patients is unfavorable, with poor five-year survival rates
and high recurrence rates (2,3). Hematogenous dissemination
of circulating tumor cells (CTCs) is important in initiating
metastasis and disease recurrence (4). In addition to tumor
biological features, intraoperative manipulation may also
cause CTC shedding into the blood and accelerate metastasis
subsequent to surgery (5,6).

Over the past decade, the CELLSEARCH system (Veridex
LLC, Raritan, NJ, USA), based on immunomagnetic enrich-
ment of epithelial cells and identification by fluorescently
labeled antibodies (7), has been widely used to evaluate CTC
numbers, and by extension, to assess treatment response and
predict prognosis in cancer, including non-small cell lung
cancer (NSCLC) (8-10). Using CELLSEARCH, two studies
on lung cancer surgery evaluated CTC counts in pulmonary
venous (PV) blood and peripheral blood during surgery (11,12).
Although these studies reported the presence of CTCs in
PV blood (CTC-PV) and increased CTC-PV following
intraoperative manipulation, whether their conclusions can
be used to standardize and guide intraoperative surgical
behavior for lung cancer is unclear. In addition, whether
CTCs detected in PV blood are viable and tumorigenic is also
unknown.

The present study was conducted using CELLSEARCH to
assess the extent to which surgical manipulation causes tumor
cell dissemination, to analyze the associated risk factors and to
explore the biological features of tumor cells shed in the blood.
The present study aimed to provide evidence for confirming
oncological principles in lung cancer surgery and guiding
perioperative treatment.



1104

Materials and methods

Patients. The present study corresponds to a prospective
study conducted at the Second Department of Thoracic
Surgery of Peking University Cancer Hospital (Beijing,
China). Between October 2013 and March 2014, a total of
33 consecutive patients were enrolled in the present study,
including 32 patients with lung cancer and 1 with pulmonary
hamartoma. In total, 18 malignant tumors were diagnosed by
bronchoscopy or CT-guided needle biopsy prior to surgery
and the corresponding patients underwent lobectomy; the
remaining patients, including the patient with hamartoma, did
not undergo wedge resection for biopsy prior to lobectomy
during surgery since the tumor was either too large or too
close to the hilum. Resection consisted of 5 pneumonectomies
(15.2%), 3 sleeve lobectomies (9.1%), 1 bilobectomy (3.0%)
and 24 lobectomies (72.7%). All cases met complete resection
(RO) criteria (13). The 32 patients with lung cancer consisted
of 19 males (59%) and 13 females (41%), with the age ranging
between 32 and 78 years (mean, 59.5+8.7 years). The patient
clinical characteristics are listed in Table I. Prior to surgery,
brain magnetic resonance imaging studies, abdomen and
supraclavicular lymph node ultrasound examination, and bone
scans were performed to exclude distant metastases. Positron
emission tomography (PET)-computed tomography (CT)
was used as a diagnostic and staging method. Patients were
excluded if they had concurrent or prior malignancy treated
within the previous 5 years. The Institutional Ethics Board
of Peking University Cancer Hospital approved the study
protocol, and patients who participated in the study provided
written informed consent.

Clinical information. The same surgical team performed all
surgeries, and the following clinical information was care-
fully recorded in detail: Age, sex, histological type, tumor
site, visceral pleural involvement, vessel invasion, tumor size
and primary tumor standard uptake value (SUV). The patho-
logical stage was determined according to the 7th edition of
the tumor-node-metastasis (TNM) classification system (3).
Perioperative treatment, which included neoadjuvant chemo-
therapy, adjuvant chemotherapy and targeted therapy, was also
recorded. Clinical response to neoadjuvant chemotherapy was
evaluated by CT according to the Response Evaluation Criteria
in Solid Tumors (14). Histopathological response to neoadju-
vant chemotherapy was assessed according to the percentage
of residual tumor, which was estimated using hematoxylin and
eosin (H&E)-stained slides of gross residual tumor sections.
The result for each slide was averaged to obtain a mean value.
Follow-up information was collected every 3 months within
2 years after surgery.

Blood collection. All patients underwent lobectomy, sleeve
lobectomy, bilobectomy or pneumonectomy directly. Neither
segmentectomy nor wedge resection was performed during
the operation (Fig. 1A). For accurate N staging (15), system-
atic mediastinal lymph node dissection, and lobar, segmental
and subsegmental node resection were performed. Following
thoracotomy, the PV was first isolated and stapled using Endo
GIA (Covidien Surgical Solutions, Boulder, CO, USA). When
the lung was resected, PV blood samples were immediately
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obtained with a needle (syringe) inserted into the vein (Fig. 1B).
Next, the blood sample was gently injected into a CellSave
Preservative Tube (Janssen Diagnostics, LLC, Raritan, NJ,
USA). Peripheral blood samples were also collected from the
radial artery opposite to the surgical side during the operation,
which were referred to as CTC-peri and served as controls.

Determination of CTCs and circulating tumor microemboli
(CTM).Blood samples (7.5 ml) were collected in 10-ml CellSave
Preservative Tubes (Janssen Diagnostics, LLC), stored at room
temperature and processed within 96 h of collection. CTCs
were evaluated quantitatively using the USA Food and Drug
Administration (FDA)-approved CELLSEARCH (Janssen
Diagnostics, LLC) as described previously (7) and without
knowledge of the patients' clinical characteristics. CTCs
were defined as epithelial cell adhesion molecule-isolated
cells with round to oval morphology and DAPI-stained nuclei
expressing cytokeratins (CKs) 8, 18 and 19 but not the white
blood cell-surface marker cluster of differentiation 45. To
avoid identifying mitotic CTC as microemboli, CTM were
identified as CTC clusters containing =3 distinct nuclei (16).
Fig. 1C depicts the representative images of CTCs and CTM
from two patients.

CTC isolation and tumorigenic assay. To explore the tumori-
genic features of CTC-PV, blood samples were collected
from several patients if they had residual PV blood after
CELLSEARCH analysis. A total of three of 4-6-week-old
female non-obese diabetic/severe combined immunodeficient
(Nod-SCID) mice weighing ~20 g were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China) and maintained in specific pathogen-free conditions
(19-22°C, 12 h light and sterile food and water). Hematopoietic
cells were depleted according to the RosetteSep™ Human
Circulating Epithelial Tumor Cell Enrichment Cocktail proce-
dure (cat. no. 15167; Stemcell Technologies, Inc., Vancouver,
BC, Canada). Next, cells were mixed with Matrigel and
directly injected subcutaneously into the flanks of these
immunodeficient mice. The Peking University Cancer Hospital
and Institute Animal Care and Use Committee approved the
animal protocols.

Xenograft tumor analysis. Xenograft tumors were collected,
fixed in formalin and paraffin-embedded, and 4-um thick
sections were obtained immediately prior to H&E staining. To
identify the histological types and to analyze the expression
of drug resistance-associated proteins in the xenograft model,
the Department of Pathology of Peking University Cancer
Hospital performed an immunohistochemistry (IHC) staining
series and compared the primary tumor of the patients with
the xenograft tumor. Antibodies against the following proteins
were used: CK7 (cat. no. IR61961; dilution, 1:50), CK20
(cat. no. IR77761; dilution, 1:50), excision repair cross-comple-
menting 1 (cat. no. IR09161; dilution, 1:300), thymidylate
synthase (cat. no. M361401; dilution, 1:300), topoisomerase 11
(cat. no. M718601; dilution, 1:100), epidermal growth factor
receptor (cat. no. M729829; dilution, 1:200; all from Dako;
Agilent Technologies, Inc., Santa Clara, CA, USA), ribo-
nucleotide reductase M1 (cat. no. ZA-0373; dilution, 1:100),
thyroid nuclear factor-1 (cat no. ZM-0250; dilution, 1:50),
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Table 1. Patient characteristics and correlation with CTCs/CTM.
P-value
No. of patients with
Characteristics lung cancer (n=32) CTC-peri CTCs-PV CTMs-PV
Sex
Male 19 (59%) 0.668 0.050 0.440
Female 13 (41%)
Age (range) 32-78 (years) 0.219 0.664 0.829
Histological type
Adenocarcinoma 16 (50%) 0.442 0.734 0.811
Non adenocarcinoma 16 (50%)
Tumor site
Central 8 (25%) 0.764 0.281 0.789
Peripheral 24 (75%)
Visceral pleural involvement
Yes 6 (19%) 0.182 0.176 0.331
No 26 (81%)
Vessel invasion
Yes 6 (19%) 0.182 0.059 0.232
No 26 (81%)
Tumor size range (cm) 1.5-9.0 0.016 0.012 0.028
Lymph node metastasis
Yes 13 (41%) 0.143 0.038 1.000
No 19 (59%)
Pathological TNM staging
I 13 (41%) 0.149 0.048 0.641
I 12 (37%)
11 7 (22%)
CT-guided needle biopsy*
Yes 8 (33%) 0.259 0.646 0.139
No 16 (67%)
SUV’range 2.6-20.5 0.691 0.863 0.537

“Upon excluding 8 patients who received neoadjuvant chemotherapy, 8 of the remaining 24 cases underwent CT-guided needle biopsy prior
to surgery. °Positron emission tomography-CT was performed on 12 patients for preoperative diagnosis and staging. TNM, pathological
tumor-node-metastasis; CT, computed tomography; SUV, standard uptake value; CTC, circulating tumor cell; CTM, circulating tumor

microemboli; PV, pulmonary vein; peri, peripheral blood.

p-tubulin (cat. no. ZA-0581; dilution, 1:100), multidrug
resistance-associated protein (cat. no. ZM-0345; dilution, 1:50)
and P170 (cat. no. ZM-0189; dilution, 1:100; all from OriGene
Technologies, Inc., Beijing, China). Immunohistochemical
staining was performed on the 4-ym formalin-fixed (at
room temperature for 24 h) paraffin-embedded tissue slides.
Briefly, following deparaffinization and rehydration, using
xylene and descending alcohol series, antigen retrieval was
performed between 95 and 100°C citrate buffer (10 gmol/l,
pH 6.0) for 15 min. Subsequently, 3% H,O, in methanol was
used to block endogenous peroxidase activity for 20 min.
Following blocking with goat serum (cat. no. ZLI-9022;
OriGene Technologies, Inc.) in room temperature for 30 min,
the primary antibodies were added to the slides overnight
at 4°C. Subsequently, tissue sections were incubated with

a secondary goat anti-mouse horseradish peroxidase
(HRP)-conjugated antibody (cat. no. SAB3701044; dilution,
1:1,000; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
in room temperature for 30 min. HRP activity was visualized
using the Liquid DAB Plus Substrate kit (cat. no. ZLI-9018;
OriGene Technologies, Inc.) according to manufacturer's
protocol. Automated hematoxylin was used to counterstain
the nucleus for 3 min at room temperature. Sections were
examined under light microscope (magnification, x20).

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA). The
association between CTC/CTM counts and clinical vari-
ables was analyzed with the Mann-Whitney (two groups) or
Kruskal-Wallis (=3 groups) test for discrete variables, and
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Figure 1. Blood collection and identification of CTCs and CTM. (A) Patient with a tumor in the right lower lobe of the lung (red arrow). (B) Upon lobectomy,
a syringe was inserted into the pulmonary vein, and a 7.5-ml blood sample was immediately collected. (C) Tumor cells were defined as those merged
fluorescent images (from two patients) with round to oval morphology containing DAPI-stained nuclei and expressing CKs but not CD45. CTM were identified
as CTC clusters containing =3 nuclei (magnification, x100). CK, cytokeratin; CTC, circulating tumor cell; CTM, circulating tumor microemboli; CD45, cluster

of differentiation 45.
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Figure 2. Correlation between CTC/CTM counts and clinical variables. Correlation analysis of CTC-PV with (A) CTM-PV and (B) CTC-peri counts.
Association between (C) CTC-PV and (D) CTM-PV counts and tumor size. CTC, circulating tumor cell; CTM, circulating tumor microemboli; PV, pulmonary
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Figure 3. Patient computed tomography images and correlation between CTC/CTM counts and clinical variables. (A) The large tumor in the left upper lobe of the
lung was 9.0 cm at its largest diameter and 3,500 CTCs and 24 CTM were detected/7.5 ml PV blood following lobectomy in this patient. (B) A patient with lung
cancer and a 2.5 cm tumor in the right middle lobe of the lung was pathologically diagnosed with stage IA disease. However, the CTC-PV count was 120 and the
CTM-PV count was 3. (C) The PV blood from a patient with stage IB disease and a 5.0 cm tumor contained no CTCs or CTM. Distribution of (D) CTC-PV and
(E) CTM-PV according to response to neoadjuvant chemotherapy. (F) Tumor in the left upper lobe of another patient with lung cancer (red arrow). (G) The tumor
achieved PR following 2 cycles of induction chemotherapy with gemcitabine plus cisplatin (red arrow). Although the pathological stage was IIIA, there were only
8 CTC-PV and no CTM in this patient. (H) Another patient with stage IA disease (2.0 cm tumor) without induction therapy had 23 CTC-PV and 2 CTM-PV (red
arrow). CTC, circulating tumor cell; CTM, circulating tumor microemboli; PV, pulmonary vein; PR, partial response; SD, stable disease.

with Spearman's correlation analysis for continuous variables.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Detection of CTC-PV/CTM-PV and CTC-peri/CTM-peri
counts. The majority the 32 patients with lung cancer had CTCs
in their PV blood (n=29, 90.6%; range, 1-8,000; median, 18;
mean, 617). CTM-PV were also detected in 12 patients (37.5%;
range, 1-100; median, 4; mean, 17). Only 8 patients had
CTCs in their peripheral blood (25%; range=1-14), whereas
no CTM-peri were detected. Neither CTCs nor CTM were
detected in the PV or peripheral blood of the patient with
pulmonary hamartoma. Correlation analysis revealed a signif-
icant association between the CTC-PV counts and CTM-PV

(P<0.001) and CTC-pericounts (P=0.012) (Fig. 2A and B,
respectively).

Correlation between CTC-PV/CTM-PV counts and
clinical variables. Table I lists the association between
CTC-PV/CTM-PV counts and the corresponding clinical
parameters. Statistical analysis indicated that tumor size,
lymph node metastasis and pathological staging were
significantly correlated with increased CTC-PV counts.
Furthermore, tumor size was also positively associated with
increased CTM counts (Fig. 2C and D). Although patients
with vessel invasion tended to have higher CTC-PV counts,
this association was not significant (P=0.059). In addition,
pre-surgery CT-guided needle biopsy and PET-CT evalu-
ation of primary tumor SUV had no impact on CTC count
(Table I). All 3 patients with >1,000 CTC-PV had large tumors
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Table II. CTC-PV/CTM-PV counts of 12 patients with lung
cancer and small tumors (<3.0 cm).

Patient Tumor size

no. (cm) LN Stage CTC-PV* CTM-PV®
1 1.8 NO 1A 0 0
2 1.5 NO IA 1 0
3 20 NO IA 1 0
4 2.7 NO 1A 6 1
5¢ 20 NO 1A 23 2
6! 2.5 NO 1A 120 3
7 1.5 NO 1B 16 1
8 2.5 NO IB 23 0
9 2.7 N1 ITIA 14 0
10 2.7 N1 ITA 14 0
11 2.7 N1 ITA 63 0
12 2.9 N2 IIIA 20 0

“Mean + SD, 23.8+40.1; P=0.495. "Mean + SD, 0.9+1.1; P=0.105.
“The CT image of this patient is shown in Fig. 3H. “The CT image of
this patient is shown in Fig. 3B. LN, lymph node; CTC, circulating
tumor cell; CTM, circulating tumor microemboli; PV, pulmonary
vein; SD, standard deviation; CT, computed tomography.

(>6.0 cm). Fig. 3A demonstrates the CT images of a patient
with a large primary tumor. However, patients with small
tumors also had considerable CTC counts in their PV blood
regardless of their pathological stage (P=0.495; Table II).
Table II lists the CTC-PV/CTM-PV counts and clinical char-
acteristics of 12 patients with tumors <3.0 cm. The median
and mean CTC-PV counts of these 12 patients were 15 and 25,
respectively. Fig. 3B and C demonstrate the CT images of
patients with varying tumor sizes.

Perioperative treatment, CTC/CTM counts and survival
result. Of the 32 patients, 8 received platinum-based chemo-
therapy prior to surgery, and partial response (PR) was noted
in 6 patients. Table III lists the CTC/CTM counts in 8 patients
who received neoadjuvant chemotherapy. Statistical analysis
revealed that the CTC-PV and CTM-PV counts in the PR
cases were significantly lower than those in patients with stable
disease (SD) or patients who did not receive induction therapy.
(P=0.025 and P=0.044, respectively; Fig. 3D and E). Fig. 3F-H
demonstrate the CT images of patients who had or had not
undergone induction chemotherapy. Upon surgery, 11 patients
received four cycles of platinum-based adjuvant chemotherapy
based on their pathological stage, while another 5 patients diag-
nosed with stage II-IITA adenocarcinoma with EGFR mutation
were enrolled in an ongoing phase-II study and received adju-
vant targeted therapy (icotinib). The median follow-up time
was 12 months; 4 patients recurred postoperatively, 3 of whom
succumbed to the disease. All 4 patients had received perioper-
ative therapy, and their CTC-PV and CTM-PV counts are listed
in Table I'V. Compared with the patients who did not experience
a recurrence, no significant correlation was observed between
CTC-PV/CTM-PV counts and disease recurrence (P=0.266
and P=0.394, respectively; Table IV).

LV et al: DETECTION OF CTCs IN PULMONARY VENOUS BLOOD FOR NSCLC

Xenograft assay and tumor analysis. PV blood (15 ml) was
collected from 3 patients in the overall cohort to perform a
xenograft assay. Table V lists the patient characteristics and
CTC/CTM counts. The PV blood of one of the patients, who
had 167 CTCs and 15 CTM per 7.5 ml PV blood as detected
by CELLSEARCH, formed a subcutaneous xenograft tumor
in the injected mouse. Fig. 4A depicts CT images of a patient
and a mouse xenograft tumor. H&E staining, and CK7,
CK20 and TTF-1 THC results revealed concordant typical
adenocarcinoma between the primary tumor and the matched
xenograft. In addition, there was similar positive expression
of drug resistance-associated proteins in the xenograft tumor
compared with that in the patient. Fig. 4B and C demonstrate a
series of H&E and THC results of a patient primary tumor and
the xenograft tumor.

Discussion

The present study detected numerous CTCs and CTM in 7.5 ml
PV blood compared with those in peripheral blood. Although
previous studies have demonstrated that intraoperative manipu-
lation increases hematogenous dissemination in patients with
NSCLC (5,6,17), whether the PV should be ligated first remains
controversial. Hashimoto er al reported that the increased
CTC-PV count prior and subsequent to surgical manipulation
for lobectomy was not significantly associated with the sequence
of vessel interruption (12). Refaely er al also demonstrated that
the sequence of vessel interruption was not a risk factor for
recurrence (18). Therefore, ligating the pulmonary artery first
remains an option during lobectomy based on the preference of
the surgeon (11) or the minimally invasive surgery technique
used, particularly for upper lobectomy (19). Different from a
previous study (11), the PV was stapled prior to other surgical
manipulation in the present study. Following lobectomy, a large
number of CTCs and CTM were retained and detected in PV
blood. Okumura et al and Hashimoto et al reported no significant
correlation between CTC-PV count and patient characteris-
tics (11,12). However, the present study observed an apparent
increase in CTC-PV in patients with large primary tumors and
lymph node metastasis, which indicated that, for these patients,
surgical behavior such as retracting the lobe, exposing the
hilum or manipulating the tumor may present a high risk for
disseminating tumor cells into the blood during surgery. The
present study also analyzed the CTC-PV count in 12 patients
with small tumors (<3.0 cm), and noticed that the majority of
patients had CTCs in their PV blood (n=11,91.7%). Furthermore,
8 of these 12 patients were diagnosed as pathological stage 1
(stage TA, 6; stage 1B, 2), but 50% of them were CTM-positive
(n=4, 50.0%). Although the immune system would clear the
majority of tumor cells shed into the blood, and only a small
portion of CTCs can develop metastases (20), several studies
have demonstrated that CTCs detected in PV blood predict
poor clinical outcome (21,22). Therefore, even though the
impact of intraoperative manipulation on survival remains
unclear, lobectomy may be recommended for lung cancer of
any tumor size and stage according to oncological principles,
in addition to ligating the PV, if possible, prior to any other
treatment.

Besides surgical resection, the correlation between
CTC-PV counts and the outcome of perioperative treatment,
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Table III. CTC-PV/CTM-PV counts of 8§ patients with lung cancer who received induction chemotherapy.

Patient Chemotherapy No. of Residual

no. Histology ¢cTNM regimen cycles Response ypTNM tumor (%) CTC-PV CTM-PV
1 Squamous cT2bNOMO GP 1 PR ypT1bNOMO 20 0 0

2 Adenocarcinoma c¢T2aNOMO TP 3 PR ypT1aNOMO 95 1 0

3 Squamous cT3NIMO GP 2 PR ypT3NOMO 95 3 0

4* Squamous c¢T2aN2MO GP 2 PR ypT2aN2MO 95 8 0

5 Squamous cT3NOMO GP 2 PR ypT2aNOMO 95 16 1

6 Squamous c¢T3N2MO GP 2 PR ypT2aNOMO 80 23 0

7 Large cell cT3NIMO GP 2 SD ypT3NOMO 30 214 4

8 Squamous cT3N1MO GP 2 SD ypT3NIMO 80 8,000 48

*Computed tomography images of this patient are shown in Fig. 3F and G. PR, partial response; SD, stable disease; GP, gemcitabine/platinum;
TP, paclitaxel/platinum; cTNM, clinical tumor-node-metastasis; ypTNM, pathological tumor-node-metastasis following therapy; CTC, circu-
lating tumor cell; CTM, circulating tumor microemboli; PV, pulmonary vein.

Table IV. CTC-PV/CTM-PV counts of 4 patients with lung cancer andpostoperative recurrence.

Patient no. Histology Tumor size (cm) Stage CTC-PV  CTM-PV  DFS (months)  OS (months)
1 Squamous 7.0 pT2bNOMO 9 0 7 10

2 Squamous 2.5 ypT2aNOMO 23 0 3 4

3 Adenocarcinoma 55 pT2bN2MO 101 6 2 6

42 Adenocarcinoma 9.0 pT3NOMO 3,500 24 13 Alive

*The computed tomographyimage of this patient is shown in Fig.3A. CTC, circulating tumor cell; CTM, circulating tumor microemboli;

PV, pulmonary vein; DFS, disease-free survival; OS, overall survival.

Table V. CTC-PV/CTM-PV counts of 3 cases of lung cancer whose PV blood was used for xenograft assay.

Patient no. Histology Tumor size (cm) Stage CTC-PV  CTM-PV  Successful xenograft tumor
1 Adenocarcinoma 55 pT2bN2MO 101 6 No
2 Adenocarcinoma 5.0 pT2aN1MO 167 15 Yes
3 Squamous 35 ypT3NOMO 3 0 No

CTC, circulating tumor cell; CTM, circulating tumor microemboli; PV, pulmonary vein.

particularly induction chemotherapy, was also analyzed in the
present study. Despite the fact that only 8 patients received
platinum-based chemotherapy prior to surgery, a promising
tendency for the CTC count to markedly decrease was noted
in patients who achieved response through induction therapy
compared with that in other patients. The pathological result
revealed that the majority of patients had >80% of residual
tumor, but the patient whose tumor size was 3.0 cm with
only 20% of residual tumor had no CTCs or CTM in his PV
blood. Previous studies have reported that the percentage
of viable tumor cells is a significant predictor of overall
survival and disease-free survival in patients with neoadju-
vant-treated NSCLC, but not in patients who undergo surgery
alone (23,24). It can be hypothesized that the neoadjuvant
chemotherapy-mediated inhibition of tumor cell metastatic

characteristics and changes in the percentage of tumor cells in
primary disease reduces CTC shedding into the blood during
surgery. In addition, it has been reported that tumor cells within
CTM have survival advantage and relative resistance to cyto-
toxic drugs (16). Consistently, the present study revealed that,
among 6 PR cases, 5 were free from CTM-PV. The CTM-PV
count in PR cases was significantly less than that in SD cases
or patients who did not receive induction therapy. This finding
implies that CTCs/CTM in PV blood may indirectly determine
the response to induction therapy, and suggests to a certain
degree, that neoadjuvant treatment contributes to the reduc-
tion of intraoperative hematogenous dissemination in patients
with locally advanced disease or heavy tumor burden. As the
follow-up period was short, the correlation between CTC-PV
count and disease recurrence or the postoperative result of
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Figure 4. Xenograft assay and IHC staining. (A) Patient with a tumor in the left upper lobe of the lung (left panel) and mouse xenograft tumor formed following
injection with circulating tumor cells from the pulmonary vein of the patient (right panel). (B) H&E and CK7-positive, CK20-negative and TTF-1-positive
THC staining of the primary tumor from the patient and the mouse xenograft tumor. (C) IHC staining of a series of drug resistance-associated proteins in
the primary and xenograft tumors (magnification, x20). H&E, hematoxylin and eosin; CK, cytokeratin; TTF-1, thyroid nuclear factor-1; ERCCI, excision
repair cross-complementing 1; RRMI, ribonucleotide reductase M1; TS, thymidylate synthase; MRP, multi-drug resistance-associated protein; TOPO-II,
topoisomerase II; EGFR, epidermal growth factor receptor; IHC, immunohistochemistry.
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adjuvant therapy was not determined. It should be mentioned
that CTC/CTM counts are not always consistent with clinical
characteristics, which indicates that tumor cell shedding into
the blood is not only influenced by TNM stage, but is also
associated with tumor biological behavior. Therefore, in addi-
tion to TNM staging, future studies should determine whether
CTC and CTM counts could guide adjuvant chemotherapy
following surgery.

Although the CELLSEARCH system has been approved in
the USA by the FDA for monitoring hematogenous metastasis
in patients with cancer, no direct evidence indicates that the
captured CTCs are true tumor cells and that they are able to
form distant metastases (11). In the present study, the results
of a xenograft assay demonstrated that the CTCs and CTM
detected in the PV blood of patients were tumorigenic. Similar
human CTC-derived xenograft models have been reported for
breast cancer, hepatocellular carcinoma and SCLC (25-27).
In addition, CTC culture has been established successfully
from patients with early-stage NSCLC (28). An additional
assay was performed in the present study to compare differ-
ences in protein expression between the primary tumor and
the xenograft model in order to explore whether the mouse
xenograft tumor derived from CTC-PV differed from that of
the patient in terms of drug resistance. However, there were
various limitations, as the xenograft assay was performed
using cells from only 3 patients, and only 1mouse developed
a xenograft tumor. To confirm these results, future studies
should enroll additional patients for xenograft assay and cell
culture to explore CTC-PV tumorigenicity and to analyze its
tumor biological features.

To conclude, numerous CTC-PV/CTM-PV are tumorigenic
and correlate positively with tumor size and stage. Despite the
limited case number and short follow-up time, the present
study provides evidence for adhering to oncological principles
in lung cancer surgery, and reports a potential biomarker
for guiding perioperative treatment. The impact of surgical
behavior on survival will be evaluated in further studies.
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