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Abstract: Objective: This study aimed to investigate whether tumor-associated macrophages (TAMs) and esophageal
squamous cell carcinoma (ESCC) cells could synergistically influence the generation of lymphatic vessels via the
VEGF-C/VEGFR-3 signaling pathway and to address its mechanism. Methods: M2 macrophages were sorted with
immunomagnetic beads and induced in vitro. VEGF-C siRNA plasmids were constructed and transfected into M2
macrophages and the ESCC cell line KYSE150. Different conditioned culture media before and after transfection
were collected and classified into different groups for culturing ESCC-associated lymphatic endothelial cells (ESCC-
LECs). Using the CCK-8 assay, Transwell cell migration assay and Matrigel three-dimensional culture, the prolifera-
tion, migration and ring forming abilities of ESCC-LECs before and after transfection were compared, respectively.
With ELISA, western blot and q(RT)-PCR, VEGF-C concentrations in conditioned culture media and the protein and
mRNA expression levels of VEGFR-3 in LECs before and after transfection were compared, respectively. Results:
Before transfection, ESCC-LECs in the group with mixed culture medium had stronger proliferation, migration and
ring forming abilities than the other groups. The VEGF-C concentration and VEGFR-3 protein and mRNA expression
levels were higher in the mixed culture medium group than in the other groups. After transfection, all indices were
the lowest in the mixed culture medium group. Conclusions: M2 macrophages can enhance the proliferation, mi-
gration and ring forming abilities of ESCC-LECs. ESCC cells and M2 macrophages have synergistic effects on the
proliferation, migration and ring forming abilities of ESCC-LECs. VEGF-C siRNA can inhibit the proliferation, migration
and ring forming abilities of ESCC-LECs by silencing the expression of VEGF-C and its receptor VEGFR-3 in KYSE150
cells and M2 macrophages.
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Introduction

Esophageal cancer is a common type of gas-
trointestinal malignancy, ranking eighth among
malignant carcinomas worldwide. Its five-year
survival rate is only 15-25% [1, 2]. Lymphatic
metastasis is the most common and important
metastatic route and may occur in the early
phase of disease. Patient therapy, disease re-
currence and long-term survival will be pro-
foundly influenced by investigating the mecha-
nism of lymphatic metastasis in esophageal
cancer and by taking effective measures to inhi-
bit the generation of tumor lymphatic vessels.

Lymphatic vessel invasion and metastasis of
tumor cells are mainly presented as invasion
into the existing peri-tumor lymphatic vessels
and hyperplasia of lymphatic endothelial cells
(LECs) [3, 4]. Vascular endothelial growth fac-
tor C (VEGF-C) is the major cytokine that pro-
motes the generation of lymphatic vessels [5,
6]. VEGF-C binding to VEGFR-3 on LECs can pro-
mote the proliferation and differentiation of
LECs [7]. A great deal of research has proven
that tumor cells can secrete VEGF-C and that
tumor-associated macrophages (TAMs) may al-
so participate in the generation of lymphatic
vessels and in the regional metastasis of lymph
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Table 1. VEGF-CSI RNA sequence

Sequence

siRNA

VEGF-C siRNA-1 (S1) Sense
Antisense

VEGF-C siRNA-2 (S2) Sense
Antisense

VEGF-C siRNA-3 (S3) Sense
Antisense

Negative control siRNA (NC)  Sense
Antisense

5’-CUUAUGCAAGCAAAGAUCUTT-3’

5’-AGAUCUUUGCUUGCAUAAGCC-3’

5’-AAUUACAUGUGGAAUAAUCTT-3’

5’-GAUUAGUCCACAUGUAAUUGG-3’

5’-CGAUGCAUGUCUAAACUGGTT-3’

5’-CCAGUUUAGACAUGCAUCGGC-3’
5’-GUCAAUGGUCGUGUAGAGUTT-3’

5’-ACUCUACACGACCAUUGACTT-3’

ences, Chinese Academy of
Sciences. Human esopha-
geal squamous cell carcino-
ma-associated LECs were
purchased from Shanghai
Bioleaf Biotech Co.

Sorting and primary culture
of M2 macrophages

Peripheral blood mononucle-

nodes through the VEGF-C/VEGFR-3 signal
transduction pathway [8-10].

It has been determined that proliferation and
differentiation abilities are decreased signifi-
cantly in tumor cells transfected with VEGF-C
siRNA in vitro, but in vivo experiments have re-
vealed that the generation of lymphatic vessels
in implanted tumor and peri-tumor tissues of
nude mice is not reduced significantly. It was
conjectured that inhibition of VEGF-C expres-
sion in only tumor cells was not sufficient to
prevent the generation of lymphatic vessels.
Thus, it was suggested that by inhibiting both
the production of VEGF-C in M2 macrophages
and VEGF-C expression in esophageal squa-
mous cell carcinoma (ESCC) cells, the prolifera-
tion of ESCC-associated LECs (ESCC-LECs) and
the generation of lymphatic vessels might be
effectively prevented so that the lymphatic me-
tastasis of esophageal cancer and other malig-
nancies might be blocked. The present study
aimed to provide a theoretical basis for block-
ing the invasion and metastasis of ESCC and
other metastatic malignancies and for improv-
ing the therapeutic side effects and prognosis
of patients with tumors.

Materials and methods
Reagents and instruments

A Miltenyi Automatic Magnetic Activated Cell-
sorting System and Particle Analyzing System
(PAS) were utilized in our experiments. CD14
immunomagnetic beads were purchased from
Miltenyi Biotech Co., Germany.

Cells

Human esophageal squamous cell carcinoma
KYSE150 cells were purchased from the Cell
Bank of Shanghai Institutes for Biological Sci-
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ar cells (PBMCs) were collec-
ted from the peripheral blood
of healthy individuals by density gradient cen-
trifugation. The positive cells sorted with the
CD14 immunomagnetic beads were consid-
ered mononuclear cells. Macrophage colony-
stimulating factor (M-CSF, 10 ng/ml) and IL-4
(20 ng/ml) were sequentially added to the
PBMC culture medium for 6 days and 1 day,
respectively. Then, PAS examination was per-
formed.

Cell transfection

Three segments of siRNA were designed and
synthesized (Table 1, Shanghai GenePharma
Co., Ltd.). Transfection buffer was prepared by
thoroughly mixing the diluted liposome RNAI-
MAX and siRNA with the optimal concentra-
tions of siRNA at 8 nmol/L, 12 nmol/L or 20
nmol/L. Twenty-four hours later, the transfec-
tion efficiency was observed with PAS and a
fluorescence, inverted microscope to choose
the optimal concentration for siRNA transfec-
tion. The effects of gene silencing were detect-
ed by q(RT)-PCR to select the optimal siRNA
sequence.

Collection and classification of conditioned
culture medium

Cell groups before transfection were defined as
follows: A: M2 macrophage and KYSE150 cell
mixed culture medium; B: M2 macrophage-con-
ditioned culture medium; C: KYSE150 cell-con-
ditioned culture medium; and D: RPMI 1640
whole culture medium.

Cell groups after transfection were defined as
follows: Z1: post-transfection mixed culture me-
dium; Z2: post-transfection M2 macrophage-
conditioned culture medium; Z3: post-transfec-
tion KYSE150 cell-conditioned culture medium;
and Z4: RPMI 1640 whole culture medium.
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Table 2. Preparation of PCR amplification reaction

system

Reagent name amlisuan%;e(pl)
SYBR Premix Ex Taq (Tli RNaseH Plus) (2x) 10
PCR Forward Primer (10 pM) 0.8
PCR Reverse Primer (10 uM) 0.8
ROX Reference Dye Il (50x) 0.4
cDNA solution 2
dH,0 (Sterilized distilled water) 6
Total 20

Analysis of cell proliferation

Cells from the above groups were seeded in a
96-well plate. Each group was assigned 5 re-
petitive wells and cultured for 6, 12, 24, 36 and
48 h. After 100 pl of CCK-8 buffer was added
into each well, the plate was incubated in an
incubator for 2 h and examined by a micropla-
te reader. ESCC-LEC proliferation curves were
determined.

Determination of cell migration ability

The ESCC-LEC suspension (100 ul) was added
to the upper chamber of a Transwell chamber,
and 600 pl of each conditioned culture medi-
um, which had already been prepared, was
added to the lower chamber with 3 repetitive
wells for each group. Twenty-four hours later,
the cells on the lower surface of the polycar-
bonate film were observed and counted under
an inverted microscope.

Ring forming ability of the cells

Cells from each group (5.0x10%/ml) were ino-
culated into the culture plate covered with
Matrigel with 3 repetitive wells for each group.
Twenty-four hours later, the array of tubal struc-
tures and the integrity of these structures in
each group were observed under an inverted
microscope.

Determination of VEGFR-3 mRNA expression
by q(RT)-PCR

Total RNA was extracted, and its concentration
was determined. RNA was reverse-transcribed
into cDNA and subjected to amplification. Pre-
paration of the PCR amplification system is pre-
sented in Table 2. PCR amplification conditions
were as follows: preheating at 95°C for 30 s,
denaturation at 95°C for 3 s, and 60°C for 30
s. A melting curve was generated, and the sam-
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ples were stored at 4°C. The standard curve
was delineated with 7500 Software v2.3, and
the CT values were analyzed. The primer se-
quences for the VEGFR-3 gene are as follows:
F: 5-GAGAGAGAGAAGGCAGCATAC-3’; R: 5-GT-
GCTTCAGTGGTCACACTCC-3'. The primer sequ-
ences for B-actin are as follows: F: 5-AGCGA-
GCATCCCCCAAAGTT-3’; R: 5-GGGCACGAAGGC-
TCATCATT-3. The primers were synthesized by
Shanghai Sangon Biotech Co. Ltd.

Determination of VEGFR-3 protein expression
by Western blotting

Cells were lysed, and total protein was extract-
ed. With B-actin as the internal standard, the
integral optical density ratios of VEGFR-3 pro-
tein and B-actin in each group of cells were
measured routinely.

Statistical analysis

The data are expressed as the mean + SD and
were analyzed by SPSS 17.0. Means of multiple
groups were compared by one-way analysis of
variance (ANOVA), and variable transformation
was applied to adjust for heterogeneous vari-
ance. The significance level was set as 0=0.05.

Results
Cell morphological observations

Mononuclear cells were partly adherent, round,
and relatively small with complete membranes.
After sequential induction with M-CSF and IL-4,
many typical, adherent cells could be seen with
substantially greater volumes. The cells were
stretched, and some of them were fusiform
with dendrite-like structures (Figure 1A-D).

Phenotype identification by PAS

After the cells were sorted with immunomag-
netic beads, the positive rate of CD14 cells was
94.63+3.46% (Figure 1E). After induction into
M2 macrophages with sequential M-CSF and
IL-4 treatment, the positive rate of M2 macro-
phages was 81.3+2.66% (Figure 1F).

Efficiency of transfection

Cells transfected with the three concentrations
of siRNA all produced green fluorescence, and
the fluorescence was strongest at the concen-
tration of 12 nmol/L (Figure 2A-C). The efficien-
cy of transfection at concentrations of 8 nmol/
L, 12 nmol/L and 20 nmol/L was 62.5+3.03%,
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Figure 1. Cell morphological observation and phenotype identification by PAS. (A) Mononuclear cells (x100 mag-
nification), (B) mononuclear cells (x200 magnification), (C) M2 macrophages (x100 magnification), (D) M2 mac-
rophages (x200 magnification), (E) CD14+ mononuclear cells, and (F) percentage of M2 macrophages (CD163+).

88.97+3.62% and 60.00+7.44%, respectively
(Figure 2D-F).

Effects of gene silencing

Compared with the control group, the mRNA
expression level of the VEGF-C gene in cells
transfected with the S3 plasmid was reduced
below 50%, indicating that the inhibitory effect
of the S3 plasmid was superior to that of the
plasmids in other groups (Figure 2G).

Analysis of cell proliferation

Before transfection, compared with group D,
LEC proliferation abilities in groups A, B and C
were enhanced (P<0.05), and the proliferation
ability was strongest in group A, which was
higher than in group B and group C (P<0.05,
Figure 3A and 3B). After transfection, com-
pared with the Z4 group, cell proliferation abili-
tiesinthe Z1, Z2 and Z3 group were significant-
ly reduced (P<0.05), and the proliferation abili-
ties in the Z2 and Z3 group were higher than in
Z1 group (P<0.05, Figure 3C and 3D).

Cell migration

By observation under a fluorescence inverted
microscope, cells were counted and averaged
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in five fields: upper, lower, left, right and central.
Before transfection, compared with group D,
the number of migrating cells in group A, group
B and group C increased (P<0.05), and the
number of migrating cells in group B and C was
less than in group A (P<0.05, Figure 4A). After
transfection, compared with group Z4, the
number of migrating cells in group Z1, group Z2
and group Z3 increased (P<0.05), and the num-
ber of migrating cells in group Z2 and group Z3
was less than in group A (P<0.05, Figure 4B).

Ring forming ability of cells

With Matrigel supporting the lymphatic vessel-
like structures, the structures were observed
under an inverted microscope. Before transfec-
tion, the number of cell rings in group A, group
B and group C was greater than in the control
group (P<0.05), with the most rings observed in
group A (P<0.05, Figure 5A). After transfection,
the number of cell rings in group Z1, group Z2
and group Z3 decreased (P<0.05), with the few-
est rings observed in group Z1 (P<0.05, Figure
5B).

Determination of the VEGF-C concentration

Before transfection, the concentration of VEGF-
C in the conditioned culture media of group A,
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B C

Figure 2. Efficiency of VEGF-C siRNA plasmid transfection (A-F) and rela-
tive mRNA expression levels of VEGF-C in cells transfected with differ-
ent plasmids (G). (A-C) x200 magnification, (D) 8 nmol/L siRNA, (E) 12
0.6 nmol/L siRNA, and (F) 20 nmol/L siRNA. *P<0.05, compared with the
blank control. S1, S2 and S3 are three different sequences of siRNA. NC
is the group transfected with an unrelated siRNA sequence.
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Figure 3. Proliferation of ESCC-LECs in different groups before and after transfection. A: Proliferation (OD values) of
ESCC-LECs in different groups. *P<0.05, compared with group D. #P<0.05, compared with group A. B: Proliferation
curves of ESCC-LECs (n=3). (A) Mixed culture medium group, (B) M2 macrophage group, (C) KYSE150 group, and
(D) control group. C: After transfection, the proliferation (OD values) of ESCC-LECs cultured in conditioned culture
medium. *P<0.05, compared with group Z4; #P<0.05, compared with group Z1. D: After transfection, the prolif-
eration curves of ESCC-LECs (n=3). (Z1) Post-transfection mixed culture medium group, (Z2) post-transfection M2
macrophage group, (Z3) post-transfection KYSE150 group, and (Z4) control group.

group B and group C was higher than in that
of the control group (P<0.05), and the concen-
trations of VEGF-C in the conditioned culture
media of group B and group C were lower than
in that of group A (P<0.05, Figure 6A). After
transfection, compared with the control group,
VEGF-C concentrations in the conditioned cul-
ture media of group Z1, group Z2 and group Z3
were all decreased (P<0.05), with higher con-
centrations in the conditioned culture media of
group Z2 and group Z3 than in that of group Z1
(P<0.05, Figure 6B).

VEGFR-3 mRNA expression

Before transfection, VEGFR-3 mRNA expres-
sion levels in group A, group B and group C
were all higher than in group D. In group A, the
expression level increased by 4.62-fold (P<
0.01), and in group B and group C, the levels
increased by 1.95- and 2.08-fold, respectively
(P<0.05). The mRNA expression levels in group
B and group C were lower than in group A (P<
0.05, Figure 7A). After transfection, compared
with group Z4, VEGFR-3 mRNA expression lev-
els in group Z1, group Z2 and group Z3 were
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decreased; VEGFR-3 mRNA expression levels
significantly decreased by 77% in group Z1 (P<
0.01) and by 44% and 45% in group Z2 and
group Z3, respectively (P<0.05). The VEGFR-3
MRNA expression levels in group Z2 and group
Z3 were higher than in group Z1 (P<0.05, Figure
7B).

VEGFR-3 protein expression

Before transfection, VEGFR-3 protein expres-
sion levels in group A, group B and group C were
all higher compared to that in group D (P<0.05),
and the levels in group B and group C were
lower than that in group A (P<0.05, Figure 8A).
After transfection, compared with that in group
Z4, VEGFR-3 protein expression levels were
decreased in group Z1, group Z2 and group Z3
(P<0.05), and the levels in group Z2 and group
Z3 were higher than that in group Z1 (P<0.05,
Figure 8B).

Discussion

The generation of tumor lymphatic vessels is
a complicated, continuous process. In animal
experiments, Kozaki K. et al. found that overex-

Am J Transl Res 2017;9(11):5105-5115
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Figure 4. Migrating cell counts and morphology of different groups of ESCC-LECs before (A) and after transfection
(B) (x200 magnification, the left image). **P<0.01, compared with group D; *P<0.05, compared with group D;
#P<0.05, compared with group A. (A) Mixed culture medium group, (B) M2 macrophage group, (C) KYSE150 group,
(D) control group, (Z1) post-transfection mixed culture medium group, (Z2) post-transfection M2 macrophage group,
(Z3) post-transfection KYSE150 group, and (Z4) control group.

pression of VEGF-C in tumor cells was positively ght result from VEGF-C binding and the activa-
correlated with the generation of lymphatic tion of VEGFR-3 in the lymphatic endothelium
vessels and lymphatic metastasis, while inhib- [14, 15]. The present study suggests that ESCC
iting the VEGF-C signaling pathway could pro- cells can secrete lymphatic vessel growth fac-
duce inhibitory effects on tumor metastasis to tor VEGF-C, which mainly functions through
some extent [11]. Current research suggests binding to VEGFR-3 on the surface of LECs.
that the VEGFR-3-mediated signal transduction
pathway plays a major role in regulating lym- As important inflammatory cells in the tumor
phatic vessel generation. However, studies by microenvironment, macrophages participate in
Witte D. and Arinaga reported that the expres- the entire process of tumor development and
sion level of VEGF-C/VEGFR-3 had no direct evolution and regulate the generation of tumor
association with lymphatic metastasis in lung lymphatic vessels through a series of compli-
cancer or colorectal cancer [12, 13]. This dis- cated mechanisms. Macrophages can produce
crepancy may be attributed to the difference in multiple cytokines to promote the proliferation,
anatomical regions where the tumors originat- migration and ring formation of peri-tumor
ed or in the experimental protocols. LECs. On the other hand, hyperplastic lymphat-
ic vessels may stimulate the aggregation of
Jetlsch et al. found that VEGF-C was overex- macrophages into tumor tissues [16]. Barbera-
pressed in transgenic mice that displayed hy- Guillem et al. found that LYVE-1+ macrophages
perplasia of skin lymphatic vessels, which mi- were adjacent to LECs in metastatic melanoma,
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Figure 5. The number of cell rings in different groups of ESCC-LECs (the right image) and cell morphology (the left
image, x200 magnification) before and after transfection. A: **P<0.01, compared with group D; *P<0.05, com-
pared with group D; #P<0.05, compared with group A. (A) Mixed culture medium group, (B) M2 macrophage group,
(C) KYSE150 group, and (D) control group. B: **P<0.01, compared with group Z4; *P<0.05, compared with group
Z4; #P<0.05, compared with group Z1. (Z1) Post-transfection mixed culture medium group, (Z2) post-transfection
M2 macrophage group, (Z3) post-transfection KYSE150 group, and (Z4) control group.

and VEGF-C expression was identified in mac-
rophages, suggesting that TAMs expressing
VEGF-C can promote the generation of tumor
lymphatic vessels, phagocytose cell fragments
and form tumor-associated immune complexes
[17]. In a study of cervical cancer, Schoppmann
S. F. et al. found that VEGF-C produced by TAMs
had major promotional effects on the genera-
tion of lymphatic vessels [18]. In the present
study, M2 macrophages were also able to pro-
duce VEGF-C and act on VEGFR-3, a surface
receptor of LECs, thus promoting the genera-
tion of lymphatic vessels. These results sug-
gest that tumor cells and macrophages have
similar mechanisms in regulating lymphatic cell
production via the VEGF-C/VEGFR-3 signaling
pathway but whether other regulating mecha-
nisms exist in these two type of cells that may
be present in the complicated microenviron-
ment in vivo remains to be investigated.
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It has been shown that cytokines produced by
tumor cells and macrophages can induce the
generation of tumor-associated lymphatic ves-
sels, while hyperplastic LECs may promote the
propagation of tumor cells to lymphatic vessels
and the aggregation of macrophages [19]. The
current clinical therapy for tumors is the exci-
sion of the malignancy supplemented with tar-
geted radiotherapy or chemotherapy. However,
these adjuvant therapies are accompanied
with serious side effects and may affect normal
physiological functions of the body. Regional
lymph node metastasis through the lymphatic
system may occur in a substantial number of
tumors after excision, unfavorably affecting
patient prognosis. It has been reported that
blocking the VEGF-C/VEGFR-3 signal transduc-
tion pathway may inhibit the generation of
tumor-associated lymphatic vessels, thus pre-
venting lymph node metastasis of the tumor

Am J Transl Res 2017;9(11):5105-5115
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Figure 6. Determination of VEGF-C concentration. A: VEGF-C concentrations (pg/ml) in conditioned culture medium
of different groups. **P<0.01, compared with group D; *P<0.05, compared with group D; #P<0.05, compared with
group A. (A) Mixed culture medium group, (B) M2 macrophage group, (C) KYSE150 group, and (D) control group. B:
After transfection, VEGF-C concentrations (pg/ml) in conditioned culture media of different groups. **P<0.01, com-
pared with group Z4; *P<0.05, compared with group Z4; #P<0.05, compared with group Z1. (Z1) Post-transfection
mixed culture medium group, (Z2) post-transfection M2 macrophage group, (Z3) post-transfection KYSE150 group,
and (Z4) control group.
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Figure 7. mRNA expression of VEGFR-3. A: VEGFR-3 mRNA expression in cells of different groups. **P<0.01, com-
pared with group D; *P<0.05, compared with group D. (A) Mixed culture medium group, (B) M2 macrophage group,
(C) KYSE150 group, and (D) control group. B: After transfection, VEGFR-3 mRNA expression in LECs of different
groups. **P<0.01, compared with group Z4; *P<0.05, compared with group Z4. (Z1) Post-transfection mixed cul-
ture medium group, (Z2) post-transfection M2 macrophage group, (Z3) post-transfection KYSE150 group, and (Z4)
control group.

[20, 21]. For therapeutic interventions of tumor- metastasis. Of course, this therapeutic idea is
bearing animal models with multiple malignan- not limited to VEGF-C and lymphatic metasta-
cies, Blance et al. found that by using SAR13- sis; similar effects may also exist in blood ves-
1675, a new type of VEGFR-3 inhibitor, regional sel hyperplasia and metastasis. Meanwhile,
lymph node invasion and metastasis of the the operative excision of tumor tissues with
malignant tumor could be effectively inhibited adjuvant radiochemotherapy and synergistic
without severe side effects, especially in the inhibition of lymphatic vessel growth factor pro-
4T1 tumor-bearing mouse model of breast can- duction in tumor cells and macrophages may
cer, and the inhibitory efficacy on lymph node effectively impede the generation of tumor lym-
metastasis reached 50% [22, 23]. In the pres- phatic vessels in ESCC and other malignancies;
ent study, simultaneous inhibition of VEGF-C this method may provide experimental evi-
secretion and expression in tumor cells and dence and theoretical support for gene thera-
macrophages synergistically inhibited the gen- py targeting the inhibition of lymphatic vessel
eration of lymphatic vessels, providing a new generation and may be an important tool for
target for tumor therapies against lymph node inhibiting post-operation metastasis of tumors
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Figure 8. Protein expression of VEGFR-3. A: Relative protein expression levels of VEGFR-3 in cells of different groups.
**P<0.01, compared with group D; *P<0.05, compared with group D; #P<0.05, compared with group A. (A) Mixed
culture medium group, (B) M2 macrophage group, (C) KYSE150 group, and (D) control group. B: After transfection,
VEGFR-3 protein expression levels in LECs of different groups. **P<0.01, compared with group Z4; *P<0.05, com-
pared with group Z4; #P<0.05, compared with group Z1. (Z1) Post-transfection mixed culture medium group, (Z2)
post-transfection M2 macrophage group, (Z3) post-transfection KYSE150 group, and (Z4) control group.

(especially ESCC) and improving patient surviv-
al rates.
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