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Abstract

Background: Circulating tumor cells (CTCs) have been described as a population of cells that may seed metastasis,
which is a reliable target for the prevention of metastases in lung cancer patients at the early stage. The culturing of
CTCs in vitro can be used to study the mechanism of lung cancer metastasis and to screen antimetastasis drugs. This
study aims to establish CTC cell line in vitro and explore the potential mechanism of its metastasis.

Methods: A mixture of EpCAM- and EGFR-coated immunomagnetic microbeads in microfluidic Herringbone-Chip
was used to capture CTCs. The CTCs, 95-D and A549 cells was evaluated by cell proliferation assays, clonal formation
assays, migration assays and drug resistance. Flow cytometry and cytokine protein chip were used to detect the dif-
ference in phenotype and cytokine secretion between CTCs, 95-D and A549 cells. The NOD/SCID mice were used to
study tumorigenicity, lung organ colonization and metastasis of CTCs. The H&E staining, immunohistochemistry and
immunofluorescence assay were used to detect the pathological status of CTCs.

Results: The number of EpCAM(+)/EGFR(+)/CK(+4)/CD45(—) lung CTCs showed a weak negative correlation with
clinical stages in patients with non-small cell lung cancer (NSCLC). In a phase lla lung cancer patient, we successfully
establish a permanent CTC cell line, named CTC-TJH-01. In vitro studies showed the CTC-TJH-01 cells were in the inter-
mediate stage of epithelial to mesenchymal transition (EMT), had stem cell characteristics and were drug resistant.

In vivo studies showed that CTC-TJH-01 cells can induce tumorigenesis, lung organ colonization and metastasis after
xenografting in immunodeficient mice. In addition, the low expression level of CX3CL1 and high expression level of
CXCL5 in the CTC-TJH-01 cells may be an important mechanism for their metastasis.

Conclusions: We successfully established a permanent CTC cell line with metastatic ability, which can be used to
screen antimetastatic drugs and study the mechanism of lung cancer metastasis.
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Background

Metastasis is the main leading cause of death in lung
cancer, and currently lacking effective anti-metastatic
drugs [1]. The main reason is that the existing treat-
ments and drug development are based on the design of
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the primary tissues and cells of lung cancer, rather than
the seeds of metastasis—circulating tumor cells (CTCs),
which are the key cause of the poor curative effect [2].
Several large-scale clinical trials and meta-analyses
have shown that the CTC count is an important indi-
cator of the therapeutic effect, risk of progression and
death in lung cancer patients [3, 4]. Cheng and his col-
leagues reported that the CTCs number appears to be
significantly associated with bone metastasis from lung
cancer [5]. In addition, the molecular characteriza-
tion of single CTCs has revealed important informa-
tion about the genotype and phenotype of these tumor
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cells, and has demonstrated their striking heterogene-
ity [6]. However, the current challenge is to analyze
and identify subgroups of CTCs that can actually cause
metastasis, and to design anti-metastatic drugs for
this subgroup. Therefore, it is urgent to amplify CTC
in vitro and establish a stable CTC cell line.

There has been an increasing effort to develop CTC
capture methods, and the focus is now on expand-
ing the quantity of CTCs using cell culture systems to
provide sufficient cells for functional analyses. To the
best of our knowledge, permanent CTC cell lines have
only been reported for breast cancer, pancreatic can-
cer, small cell lung cancer and colon cancer [7-10]. Two
other reports described a three-dimensional co-culture
system for prostate cancer and early stage lung can-
cer CTCs in which the cells survived for only 14 days
[11, 12]. The main reason is that the number of CTC in
peripheral blood is very rare, and the condition of CTC
culture in vitro is complicated. Despite this, we found
that the establishment of functional CTC cell line mod-
els is now feasible.

If the CTC cell line can be successfully cultured and
established in vitro, it will be used not only for single-
cell sequencing, but also for surface marker detection,
drug susceptibility testing, and construction of circu-
lating tumor cell-derived xenograft (CDX) models. A
recent study shown that exon allele mutations in pros-
tate cancer CTCs were more frequent than in primary
and metastatic tumors, and that CTCs were more het-
erogeneous [13]. Scholch also found that most colo-
rectal cancer CTCs were dormant and had immune
escape phenotype [14]. In addition, Yu et al. found that
CTC cell lines from breast cancer patients have some
tumorigenicity in immunodeficient mice, which also
found that CTC cell lines were sensitive to paclitaxel
and capecitabine, but resistant to fluvastatin, adriamy-
cin and olaparib in drug sensitivity tests [7]. The above
studies reveal the biological properties of CTC in vari-
ous aspects.

In this study, we explore the relationship between the
number of CTC and the clinical stage of NSCLC. Fur-
thermore, we used a microfluidic chip combined with
immunomagnetic separation technology to establish cir-
culating tumor cell line from peripheral blood samples of
NSCLC. We have systematically studied CTC-TJH-01,
95-D and A549 cells, and tried to elucidate the mecha-
nism of CTCs metastasis.

Methods

Patients and CTCs analysis

This single institution prospective study was conducted
at the Longhua Hospital (Shanghai, China). A total of
109 consecutive patients with pathologically confirmed

Page 2 of 14

NSCLC patients with stage I, II, III, or IV disease were
enrolled into the study between November 2014 and
January 2016. Patients were due to commence treatment
with standard cytotoxic therapy. Those who underwent
postsurgical chemotherapy, radiotherapy, or targeted
therapy to the primary tumor or the sites of metastasis
were permitted entry to the study after 8 weeks. Other
inclusion criteria included World Health Organiza-
tion Performance Status 0—2 and the ability to provide
fully informed, written consent. Patients with a history
of prior malignancy within 5 years of study entry were
excluded. All patients gave written, informed consent
and the study was approved by the ethics Committee of
the Longhua Hospital.

Peripheral blood (5 ml) was collected from each patient
into EDTA-containing blood collection tubes. A one-step
method of CTCs detection was performed using a micro-
fluidic Herringbone-Chip and immunomagnetic micro-
beads, as previously published [15]. Data on patient age,
histological subtype, treatment received, clinical stage
and the cell culture were collected. Isolated CTCs were
cultured in non-adherent plate with a culture medium
containing RPMI-1640 medium, epidermal growth factor
(EGF), fibroblast growth factor 2 (FGF2) and B27 supple-
ment. The detailed procedure can be found in our previ-
ous study [15].

CTC culture

CTC-TJH-01 cells were obtained from the peripheral
blood of patients with Stage Ila female lung adenocarci-
noma after operation. A549 and 95-D human lung can-
cer cell lines were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). CTC-
TJH-01 and A549 cells were grown in F12K medium con-
taining 10% FBS and penicillin—streptomycin (Gbico Life
Technologies, Carsbad, CA, USA). 95-D cells were grown
in RPMI-1640 medium (Corning, Shanghai, China) con-
taining 10% FBS and penicillin—streptomycin. All cells
were grown at 37 °C in a humidified atmosphere with 5%
CO,.

Animals

Male NOD/SCID and C57BL/6 mice were born and
housed in Shanghai Biomodel Organism Science & Tech-
nology Development under pathogen-free conditions
in accordance with the Guide for the Care and Use of
Laboratory Animals. All procedures were approved by
the Animal Research Committee of Longhua Hospital
Shanghai University of Traditional Chinese Medicine.



Que et al. Cancer Cell Int (2019) 19:21 Page 3 of 14

Table 1 CTCs counts, isolation and ex vivo expansion Table 1 (continued)

Patient ID CTC detection by one- Ex vivo Patient ID CTC detection by one- Ex vivo
step microfluidics-based CTC step microfluidics-based CTC
immunomagnetic isolation culture immunomagnetic isolation culture

N=89 N=4 N=85 N=2 N=89 N=4 N=85 N=2

1 22 48 18

2 3 49 16

3 81 50 6

4 49 51 187

5 1 52 5

6 28 53 1

7 147 54 102

8 10 55 177

9 2 56 17

10 22 57 72

M 8 58 1

12 1 59 18

13 143 60 5

14 M 61 9

15 39 62 2

16 15 63 9

17 6 64 8

18 22 65 27

19 21 66 0

20 33 67 65

21 4 68 8

22 3 69 10

23 212 Yes 70 15

24 18 71 17

25 9 72 12

26 5 73 0

27 7 74 16

28 4 75 1

29 227 76 6

30 57 77 279

31 0 78 7

32 13 79 3

33 1 80 7

34 25 81 7

35 0 82 1

36 139 83 3

37 12 84 12

38 1 85 28

39 3 86 10

40 8 87 2

41 26 88 9

42 5 89 4

43 @ From the female patients with IIA stage, we were able to expand CTCs in cell
44 culture

45 3

46 130 Yes?

N
~
€]
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Table 2 Analysis of the correlation between CTCs counts
with NSCLC clinical stage

Stage No. CTC count 95% Cl rg P-value
of cases (mean=+SD)
(n)

I 26 494641334 26.04-8081 —0.25 0015

Il 17 235341332 5.28-52.53

Il 16 29.88+13.66 6.29-58.37

% 30 14.63+438 842-23.50

CTC circulating tumor cells

Morphological observation

A Leica DMI3000B inverted microscope (Wetzler, Ger-
many) and a DFC310FX Digital Camera were used for
capturing images of the CTC-TJH-01, 95-D, and A549
cells.

In vitro cell growth assays

CTC-TJH-01, 95-D, and A549 cells were plated at a den-
sity of 1x 10* cells/ml in 200 pl/well culture medium
in 96-well plates. Cells were counted every 24 h using a
cell counting kit-8 (CCK-8) assay (Dojindo) and growth
curves were prepared.

Colony formation assay

CTC-TJH-01, 95-D, and A549 cells (500 cells/well) were
seeded into 6-well dishes and grown for 10 days in com-
plete medium. Colonies were fixed in 4% paraformalde-
hyde and then stained with Giemsa. Plated were scanned,
and colonies were counted.

Cell migration assay

Quantitative cell migration assays were performed as
described previously [16]. Briefly, the lower chamber was
filled with 600 pl culture medium containing 30% FBS,
and 1 x 10° cells/ml in 100 pl serum-free medium were
added into the upper chamber. Cells were allowed to
migrate for 12 h at 37 °C. The remaining cells were then
removed from the upper membrane surface by scraping
with a cotton swab, and migrating cells were fixed with
methanol, stained with Giemsa, and then photographed
using an inverted microscope. The migration rate was
assessed by counting the number of stained cells from 10
random fields at 200x magnification.

Drug sensitivity assay
CTC-TJH-01, 95-D, and A549 cells were plated at a den-
sity of 2 x 10* cells/ml in 200 pl/well culture medium in
96-well plates. After 24 h, the cells were treated with tax-
otere and cisplatin for 48 h, and cell viability was assessed
using a CCK-8 assay.
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Flow cytometry assay

Flow cytometric analysis of surface phenotypic mark-
ers and nuclear factor for CTC-TJH-01, 95-D, and A549
cells was performed as per the manufacturer’s recom-
mendation. Cells were collected and stained with differ-
ent antihuman antibodies for 60 min, and combined with
the corresponding fluorescence secondary antibody. The
stained cells were analyzed by Cell Quest software on a
FACScan flow cytometer (BD Biosciences, CA). Anti-
bodies against E-cadherin, N-cadherin, Twist and Snail
were purchased from Proteintech. Antibodies against
CD47, CK-7, ALDH1 and CD45 were purchased from
Abcam. Antibodies against Sox-2, PD-L1 and CD44 were
purchased from cell signaling Technology (Cell signal-
ing, US). An antibody against CD133 was obtained from
Miltenyi.

Cytokine chip assay

To study the underlying mechanism of metastasis in
CTC-TJH-01 cells, we used a human cytokine anti-
body array (AAH-CYT-1000, RayBiotech, Inc.) to detect
cytokine secretion in CTC-TJH-01, A549, and 95-D
cell culture supernatants. This work was completed by
Shanghai Yingbio Technology, Co., Ltd.

RNA interference

RNA interference assays were performed as described
previously [17]. Cells were transfected with CXCL5
siRNA  (sih-CXCL5_001: 5'-CGTTGCGTTTGTTTA
CAGA-3/, si-h-CXCL5_002: 5-GCAAGGAGTTCATCC
CAAA-3/, si-h-CXCL5_003: 5'-GGAAGGAAATTTGTC
TTGA-3’) when they reached 60% confluence, using
riboFECT™ CP Transfection Kit (stQ0007804-1, Ribo-
Bio, China). An unrelated, scrambled siRNA was used as
negative control.

Peripheral blood mononuclear cells isolate and co-culture
PBMC was extracted from peripheral blood (2 ml) by
Ficoll density gradient centrifugation. PBMC and lung
cancer cells were co-culture in transwell chamber at the
ratio of 20:1 for 4 h, which allows PBMC to move from
the upper chamber to the lower chamber. Then the
PBMC of the lower chamber was collected and stained
with fluorescent label antibody, and detected by flow
cytometer. Fluorescent label antibodies FITC-CD3,
PerCP-Cy5.5-CD4, and PE-CD8 were purchased from
BioLegend.

Tumor growth and lung metastasis assays

CTC-TJH-01 cells and A549 cells at a density of 1 x 10
cells/ml in 100 ul were injected subcutaneously at the
right abdomen of 6-week-old male NOD/SCID mice.
Each group had 8 mice. Tumor development and growth
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Fig. 1 Distinct cell biological characteristics of CTCs. a Morphological observation of the CTC-TJH-01, 95-D and A549 cells under an inverted
microscope. Scale bar, 50 um. b Phenotype detection of CTC-TJH-01, 95-D and A549 cells. ¢ Growth curve analyses of the CTC-TJH-01, 95-D and
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95-D and A549 cells. f Comparison of the drug sensitivity of the CTC-TJH-01, 95-D and A549 cells to taxotere and cisplatin. Each bar represents the
mean = SD of three separate experiments. *P < 0.05; **P<0.01; ***P < 0.001




Que et al. Cancer Cell Int

(2019) 19:21

Page 6 of 14

a E-cadherin N-cadherin
CTC-TJH-01
ESS-D
A549
- - ‘ - -
c c \ c c
= 3 3 =]
o < < o
o o o o
el B e e 0 P 0 S 0 -
E 0 10 10 10 10 104 105 105
%‘ 6000 P 2 5000 %‘ %‘ 1000
< @ < c
2 8 4000 2 £ s00
o 4000 i S o
o @ 3000 i o g 600
5 2 ] ]
Q @ 2000 o Q o 400
@ 2000 Q [ (7]
o ok a © 200 o
H g 1000 ok S S 200
3 3
[ IT=. 0 [ -
CTC TJH-0195-D A549 CTC-TJH-0195-D A549 CTC-TJH-0195-D A549 CTC-TJH-0195-D A549
b CD44 CD133 ALDH1 SOX2
CTC-TJH-01
="
A A549
i1
it
o My - - -
c R c c c
3 [ £ = £
o I o o o
o At o o o
I\
yaa\
e /
O S 0 e 0 T 0 e
o 0 10 103 104 105 103 104 105 104 105 10 10
0
Ol 2,000 % 150 2 2000 £ 60
2 d 5
g 30000 l % 100 £ 1500 I‘w 40
[ o [ Q
% 20000 5 » g 1000 ) < .
H g 50 8 " @ 2
© 10000 5 o 500 5
S 3 s S
frof o T o Loy
CTC TJH-01 95-D A549 CTC-TJH-0195-D A549 CTC-TJH-0195-D A549 CTC-TJH-0195-D A549
Cc
PDL1
°>’ g 4000 gzoo z
) 3 ]
3 € 3000 E 190
>|E @ 1 E 8
3 £ 2000 3 £ 100
:ES g 1000 g 50
= 3
£ B . L oo
il Y o CTC-TJH-0195-D A549 0 L e S CTC-TJH-0195-D A549
2 3 4 5 2 3 4 5
0 10 10 10 10 0 10 10 10 10
Fig. 2 Altered immunological features of CTCs. a Comparison of EMT related protein expression in CTC-TJH-01, 95-D and A549 cells. b Comparison
of lung cancer stem cells related protein expression in CTC-TJH-01, 95-D and A549 cells. ¢ Comparison of immune escape related protein expression
in CTC-TJH-01, 95-D and A549 cells. Each bar represents the mean = SD of three separate experiments. *P < 0.05; **P<0.01; ***P <0.001

were monitored twice a week, and tumor volumes
were calculated using the formula [sagittal dimension
(mm) x cross dimension (mm)?]/2 and expressed in mm?,
After 5 weeks of inoculation, the mice were sacrificed,

3

and the tumor was sectioned and stained by H&E and
immunofluorescence.

For the lung organ colonization experiments, male
C57BL/6 mice were intravenously injected with CTC-

TJH-01 or A549 cells at a density of 1x 107 cells/ml in
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100 pl. Every 2 weeks, two mice were sacrificed, and the
lungs were removed. Lung was observed under an ana-
tomical microscope, and detected by H&E and immuno-
fluorescence. In addition, we also used NOD/SCID mice
to inoculate CTC cells through the tail vein or subcuta-
neously, and then observed the lung metastasis.

Immunohistochemistry and immunofluorescence assays
The subcutaneous tumors and lungs were fixed in 4%
paraformaldehyde and embedded in paraffin blocks. The
lungs and subcutaneous tumor sections were stained
with H&E. The subcutaneous tumor sections were
stained with various antihuman antibodies (CK-7, EGFR
and K-ras). Staining was performed using a NEXES
immunohistochemistry robot. Slides were scanned at
100x and 400x magnifications using a Leica TCS-SP8
laser confocal microscope.

Statistical analysis

Data analysis was performed using SPSS software ver-
sion 23.0 for Windows (IBM, USA) and Prism 5 (Graph-
Pad Software, San Diego, CA, USA). Student’s t-tests
were used to evaluate the significance of differences
between experimental groups. Data are expressed as the
mean = SD. The levels of statistical significance were set
at: *P<0.05, **P<0.01, and ***P<0.001. All data points
represent the mean of triplicates.

Results

CTCs count correlates negatively with clinical stage

A total of 98 consecutive patients with NSCLC were
enrolled into the study between November 2014 and Jan-
uary 2016 (NCT 02603003). Eight patients were not eligi-
ble for CTC analysis because of insufficient blood volume
available, and a history of ovarian carcinoma, which leav-
ing 89 patients for inclusion. Patient demographics are
listed in Table 1. Spearman analysis was used to iden-
tify associations between CTCs count and clinical stage
in patients with NSCLC. The number of EpCAM(+)/
EGFR(+)/CK(+)/CD45(—) lung CTCs showed a weak
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negative correlation with clinical stages in patients with
NSCLC (ry=— 0.258, P=10.015; Table 2).

Ex vivo expansion of CTCs has strong drug resistance

and metastatic ability

We isolated the CTCs and performed ex vivo culture,
and 2 of them (~2.2%) showed successful ex vivo CTC
expansion. Long-term CTC cultures (>6 months) were
finally established from 1 (~1.1%) lung adenocarcinoma
patient (a Stage Ila patient), and this example of CTCs
was named CTC-TJH-01 cells.

In vitro study found that the CTC-TJH-01 cells had
blebbing surfaces, prominent nucleoli and high nucleus-
to-cytoplasm ratios, which were significantly larger than
both the A549 cells and 95-D cells (Fig. 1a). In addition,
we found that CTC-TJH-01 cells highly express CK-7
protein (Fig. 1b). When compared with the A549 cells
and 95-D cells, the CTC-TJH-01 cells have weaker ability
to proliferation, colony formation and metastasize, but
it is more resistant to cisplatin and taxotere (Fig. 1c—f).
These results indicate that the proliferation and metas-
tasis ability of CTC-TJH-01 cells is weak, but the drug
resistance is stronger.

CTC-TJH-01 cells are shown an intermediate epithelial/
mesenchymal phenotype, stem cell-like characteristics,
and immune escape characteristics

To study the unique phenotype of the CTC-TJH-01 cell
line, we compared it with 95-D and A549 cells. Pheno-
typic analysis shown that the CTC-TJH-01 cells highly
expressed E-cadherin, N-cadherin, CD44, ALDH1, CD47
proteins, had low expression levels of Twist, Snail, PD-L1
proteins, and had a low expression level or no expression
of CD133 and Sox2 proteins (Fig. 2). The results showed
that the CTC-TJH-01 cells were in the intermediate stage
of EMT transformation, with stem cell phenotype and
immune escape characteristics.

(See figure on next page.)

Fig. 3 Cytokine chip analysis delineates a different cytokine production signature of CTCs. a The cytokine profile array from the cell culture
supernatants of the CTC-TJH-01, 95-D and A549 cells were detected by capture antibodies spotted in duplicate on nitrocellulose membranes. b
The quantitative analysis of cytokine profile in A. ¢ The fold changes of CX3CL1 and CXCL5 in the CTC-TJH-01, 95-D and A549 cells. d Verification
of CX3CL1 and CXCL5 expression in the CTC-TJH-01, 95-D and A549 cells by western blot. e Real-time PCR and f western blotting were conducted
to examine the mRNA and protein expression of CXCL5 in the CTC-TJH-01 cells transfected with the CXCL5-specific SiRNA or a non-specific SIRNA
as the negative control (NC), respectively. g CCK-8 assay and h cell apoptosis assay were used to determine cell proliferation and apoptosis.

i, j A transwell assay was used to determine cell migration and invasion. k ELISA assay was used to determine the CX3CL1 secretion level of

cell supernatant. I, m After co-culture of CTC-TJH-01, 95-D and A549 cells with lymphocytes; flow cytometry was used to detect lymphocyte
recruitment. Each bar represents the mean 4 SD of three separate experiments. *P < 0.05; **P < 0.01; ***P<0.001
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Fig. 4 Subcutaneous CTC xenograft tumors exhibits tumorigenicity. a The growth curves of the tumors arising from the inoculation with
CTC-TJH-01 or A549 tumor cells. Tumor growth was measured with a digital caliper. b A representative picture of the excised CTC-TJH-01 and
A549 tumors from different mice on the 45th day after implantation. ¢ Tumor weight was measured with an electronic balance. d Mice were
weighed two times a week. e H&E staining of CTC-TJH-01 and A549 cell xenografts. Scale bar, 20 and 50 um. f Immunofluorescence analyses of
CK-7 expression levels in the CTC-TJH-01 or A549 tumor tissues. Scale bar, 20 and 50 um. Each bar represents the mean = SD of three separate

The high expression of CXCL5 protein and low expression
of CX3CL1 protein in CTC-TJH-01 cells, which may be

the mechanism of metastasis

To study the mechanism by which CTCs escape immune
killing and metastasize in peripheral blood, we used
cytokine antibody arrays to analyze cytokine secretions
in the CTC-TJH-01, 95-D and A549 cell culture superna-
tants. The results showed that compared with 95-D and
A549 cells, CTC-TJH-01 cells have a low expression level
of lymphocyte recruitment-associated cytokine CX3CL1
and a high expression level of metastasis-associated pro-
tein CXCL5 (Fig. 3a—d). In addition, siRNA interference

assay showed that down-regulation of CXCL5 protein
significantly inhibited proliferation, invasion and metas-
tasis of CTC-TJH-01 cells (Fig. 3e—j). More importantly,
the recruitment of T lymphocytes by 95-D and A549 cells
was significantly stronger than that of CTC-TJH-01 cells,
probably due to the secretion of higher levels of CX3CL1
factor (Fig. 3k—m). The above results may partly explain
the mechanism of CTC metastasis.
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Fig. 6 CTCs xenografts has metastatic and organ colonization abilities. a Quantification of lung metastatic foci of NOD/SCID mice (n=18) after
CTC-TJH-01 tumor inoculation. b A representative picture of lung metastatic foci and H&E-stained after CTC-TJH-01 tumor tail vein inoculation. ¢

A representative picture of lung metastatic foci after CTC-TJH-01 tumor subcutaneous inoculation. d A representative picture of H&E-stained lung
sections of NOD/SCID mice (n=10) after CTC-TJH-01 tumor subcutaneous inoculation. @ Immunohistochemical analysis of CXCL5 expression levels
in the CTC-TJH-01 tumor tissues. f Immunohistochemical analysis of CX3CL1 expression levels in the CTC-TJH-01 tumor tissues

CTCs xenograft has tumorigenicity in immunodeficient
mice

To study whether CTC-TJH-01 cells have tumorigenic-
ity, we established a circulating tumor cells derived
xenograft (CDX) model in immunodeficient mice. The
results showed that the CTC-TJH-01 cells had tumo-
rigenicity in NOD/SCID mice. The tumors derived from
the A549 cells were significantly larger and had a sig-
nificantly higher growth rate compared with those from
the CTC-TJH-01 cells, which are consistent with in vitro
results (Fig. 4a—c). We also found that the growth of
CTC-TJH-01 and A549 cells did not significantly affect
the weight of NOD/SCID mice (Fig. 4d). In addition,
H&E staining confirmed that the CTC-TJH-01 cells
had large nuclei and a large karyoplasm (Fig. 4e), and

immunofluorescence results showed that CTC-TJH-01
cells have a high CK7 expression level (Fig. 4f). These
results indicate that CTC-TJH-01 cells can be used to
establish CDX models.

CTCs xenograft has lower immunostimulation

To investigate CTC-TJH-01 cells with low expression
of CX3CL1 protein may have lower immunostimula-
tion. We used C57BL/6 mice to inoculate CTC-TJH-01
and A549 cells by tail vein injection. Because of immu-
nological rejection, CTC-TJH-01 and A549 cells did not
grow in the lungs of C57BL/6 mice (Fig. 5a). In addi-
tion, there was no significant difference in lung pathol-
ogy and expression of CD3" and CD4" T cells between
the two groups of mice (Fig. 5b—d). However, A549 cells
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significantly caused recruitment of CD8" T lymphocytes
in the lungs of C57BL/6 mice when compared to CTC-
TJH-01 cells (Fig. 5e). These results shown that CTC-
TJH-01 cells has low immunostimulation.

CTCs xenograft has metastatic and organ colonization
abilities

In NOD/SCID mice, we also studied the lung organ col-
onization ability of CTC-TJH-01 cells by tail vein injec-
tion. At 8 weeks after inoculation, metastatic lesions
were observed for the first time. At 10 weeks, all remain-
ing mice were sacrificed, and the lung metastases were
counted. The average number of lung metastases per
mouse was five (Fig. 6a). H&E stained results showed that
the density of the lung metastases was higher than that of
the subcutaneous xenograft tumor (Fig. 6b). In addition,
we also found that the CTC-TJH-01 cells could metasta-
size from subcutaneous tumor to the lung (Fig. 6¢). The
pathological results of CTC-TJH-01 cells were confirmed
by H&E staining (Fig. 6d). Moreover, immunohistochem-
ical results showed that CTC-TJH-01 cells have a high
expression level of CXCL5 and a low expression level of
CX3CL1 (Fig. 6e, f). Our integrative study suggests that
the expression of CXCL5 and CX3CL1 on CTC may be
crucial for its metastasis.

Discussion
As metastasis is a key factor in determining the death of
lung cancer patients, preventing the occurrence of metas-
tasis could prolong the survival of such patients [18].
NCCN guidelines for early stage lung cancer patients
include chemotherapy, but only 5.4-6.9% patients
showed a benefit from routine treatment, as shown by
5-year survival rates [19]. Clinical studies using targeted
therapy and immunotherapy to prevent metastasis in
early stage lung cancer patients all failed [20-22]. The
main reason was that the interventions were designed
to interfere with the proliferation of primary cancer cell,
while CTCs, the key player in metastasis, were ignored.
In this study, we have shown that CTC counts were sig-
nificantly higher in lung cancer patients with early stage
than with late stage disease. This finding differs from
the majority of clinical reports [23], but is in line with
a previous study by Olmedo et al. [24]. The reason may
be that we use epithelial markers for enrichment detec-
tion, however, after treatment of lung cancer patients, the
tumor phenotype of epithelial will be transformed into
mesenchymal, which leads to less CTCs in patients with
advanced lung cancer. Furthermore, our study patients
had different treatments and our CTCs detection method
differed from those of other researchers. These results
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highlight the high risk of metastasis in early postopera-
tive lung cancer patients and demonstrate that CTCs may
be a key target for intervention.

We used immunomagnetic beads combined with a
microfluidic chip technology to isolate the CTCs and
perform ex vivo culture, and only the cells from two lung
adenocarcinoma patients were successfully cultured (a
Stage Ila patient and a Stage IV patient). However, one of
them survived only 6 months, and the final success of this
case is from Stage Ila patients. We discovered the pro-
liferation and metastatic ability of CTC-TJH-01 cells is
weak, which may be one of the reasons for the unsuccess-
ful culturing of the CTC in vitro. In addition, our study
revealed that CTC-TJH-01 cells are more resistant to cis-
platin and taxotere compared with A549 and 95-D cells.
Yu and his colleagues also found that CTCs from breast
cancer are sensitive to paclitaxel and capecitabine and
resistant to fulvestrant, doxorubicin, and olaparib [7].

To confirm that our CTC cell line originated from the
primary lesion, we previous studies have demonstrated
that the sequencing of CTC-TJH-01 cells exhibits wild-
type EGER and a missense mutation at codon 12 in exon
2 of KRAS, which is consistent with the mutation status
found in the primary tumor [25]. Moreover, we show that
CTC-TJH-01 cells have high expression levels of EMT
conversion related proteins E-cadherin, N-cadherin, and
high expression levels of stem cell marker proteins CD44
and ALDH1. CTC-TJH-01 was shown (i) an intermedi-
ate epithelial/mesenchymal phenotype, (ii) stem cell-like
characteristics, and (iii) immune escape characteristics.
Laure and colleagues also found similar results in human
circulating colon cancer cells [8].

Surprisingly, the levels of cytokines secreted by the
CTC-TJH-01 cells were significantly different from those
of the 95-D and A549 cells. Our findings suggest that
CTC-TJH-01 cells have a low expression level of lympho-
cyte recruitment factor fractalkine (CX3CL1) and a high
expression level of metastasis associated factor CXCL5.
Previous research has found that high expression levels
of CX3CL1 in tumor cells can induce tumor-infiltrating
CD8™ T cells, dendritic cells, and activated natural killer
cells to exert antitumor immune activity, thus inhibit-
ing tumor growth [26, 27]. Our study found that CTC-
TJH-01 cells with low expression of CX3CL1 have weaker
recruitment ability for T lymphocytes, suggesting that
their immunogenicity is lower. Clinical research has also
found that a high CXCL5 expression level is associated
with short overall survival and progression-free survival
in lung cancer patients [28]. CXCL5 can promote the
proliferation and metastasis of lung cancer cells [29]. We
show evidence that when CXCL5 expression was down-
regulated on CTC-TJH-01 cells, its invasion and migra-
tion was significantly inhibited.
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Most importantly, to further investigate the tumori-
genicity of the CTC-TJH-01 cell line, we established cir-
culating tumor cell-derived xenograft (CDX) models. The
rate of CTC tumor formation was 100% in NOD/SCID
mice. Recent studies have found that circulating tumor
cells from patients with breast, colorectal and small cell
lung cancer can also form tumors in immunodeficient
mice [7, 8, 10]. In addition, we found that CTC had a
lower immunostimulus, possibly due to its low expres-
sion of lymphocyte recruitment-related factor CX3CL1.
Besides, our innovative discovery those CTC-TJH-01
cells can not only organ colonization to the lung, but also
have the ability to metastasize. The above studies indi-
cate that CTCs from the peripheral blood of early lung
cancer patients have the ability to metastasize, and the
intermediate stage of EMT transformation may be more
conducive to metastasis. A recent study identified EMT
and its intermediate states as the crucial drivers of tumor
progression [30].

Conclusions

In summary, we established a circulating lung tumor cell
line, CTC-TJH-01, that was stable in culture for at least
24 months. Our findings revealed that CTC-TJH-01 cells
with an intermediate epithelial/mesenchymal phenotype,
stem cell-like characteristics, and immune escape charac-
teristics. Besides, CTC-TJH-01 xenograft has metastatic
and lung organ colonization abilities. The high expres-
sion of CXCL5 protein and low expression of CX3CL1
protein may be the mechanism of CTC-TJH-01 cell
escaping from immune killing and metastasis. Mean-
while, our also finding that the CTC count is greater in
early stage NSCLC patients than in late stage patients.
These findings suggest that CTCs in peripheral blood of
patients with early lung cancer after surgery has the abil-
ity to evade immune killing and thus to develop distant
metastasis.
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