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Interleukin-17 (IL-17), a potent pro-inflammatory cytokine, plays
an active role in inflammation and cancer. Recently, we found that
increased IL-17-producing cells correlate with poor survival and
increased lymphangiogenesis in non-small-cell lung cancer
(NSCLC), but the mechanism is unknown. Here, we show that IL-17
promotes lymphangiogenesis via inducing vascular endothelial
growth factor-C (VEGF-C) production by lung cancer cells. We
found that IL-17 receptor (IL-17R) is expressed on the surface of
Lewis lung carcinoma (LLC) cells but not on lymphatic endothelial
cells (LEC). Moreover, LEC chemotaxis and tube formation
(measures of net lymphangiogenic potential) were increased by
conditioned medium from recombinant mouse IL-17 (rmIL-17)-stim-
ulated LLC but not by rmlIL-17. Interleukin-17 increased production
of VEGF-C in lung cancer cell lines. The enhanced chemotaxis and
endothelial cord formation in the presence of LLC/rmIL-17 was
inhibited by addition of recombinant mouse VEGF R3/Fc chimera.
Treatment of the A549 cells with rIL-17 significantly increased
VEGF-C expression, which was extracellular signal-regulated
protein kinase 1/2 (ERK 1/2) dependent. Importantly, we found
significant correlations between IL-17 expression, VEGF-C expres-
sion and lymphatic vascular density (LVD) in NSCLC. We conclude
that IL-17 is involved in lymphangiogenesis in NSCLC by enhancing
production of VEGF-C, and IL-17 may be an important target for
the treatment of NSCLC. (Cancer Sci 2010; 101: 2384-2390)

N on-small-cell lung cancer (NSCLC) is one of the most
common mahgnanc1es worldwide.!"” The outcome of
patients with NSCLC remains poor and mediastinal lymph node
metastasis is one of the most important prognostic variables.®
Lymphangiogenesis, which is thought to play an important role
in cancer lymphatic spread to the regional lymph nodes, is
dependent on lymphangiogenic factors. Among these factors,
vascular endothelial growth factor-C (VEGF-C), which is a
ligand for VEGF receptor 3 (VEGF R3), has been reported to
act as an important lymphatic-specific growth factor.®) The
VEGEF R3 is a tyrosine kinase receptor that i 1s expressed predom-
inantly in lymphatic endothelial cells (LEC).“

Interleukin-17 (IL-17) is a pro -inflammatory cytokine mainly
produced by activated T cells. Accumulating evidence has
shown that IL-17-positive cells are frequently present in multi-
ple inflammation-associated cancers and that IL-17 promotes
angiogenesis in tumor models.” Expression of IL-17 correlates
well with the numbers of blood vessels in human ovarian
cancer,'” hepatocellular carcinoma® and NSCLC,® and corre-
lates with poor survival in hepatocellular carcinoma ® Recently,
we found that increased IL-17-producing cells correlate with
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poor surv1va1 and increased lymphangiogenesis in NSCLC
patlents 19 However, the mechanism underlying the role of IL-
17 in lymphangiogenesis still remains to be explored.

The IL-17 receptor (IL-17R) is a type I transmembrane
protein with no homology to other known cytokine receptors.
Interleukin-17 has several biological activities including induc-
tion of IL-6, IL-8, tumor necrosis factor (TNF)-o, IL-1 and
VEGF."""'? The proinflammatory function and intracellular sig-
naling pathway of IL-17 is similar to those of IL-1 and Toll-like
receptors (TLR). Interleukin-1 is known to promote tumor-asso-
ciated lymphatic Vessel growth through enhancing the expres-
sion of VEGF-C.""? Therefore, we hypothes1zed that, like IL-1,
IL-17 might play a deleterious role in patients with NSCLC by
promoting lymphangiogenesis via enhancing the expression of
VEGEF-C.

In the present study, we sought to elucidate the mechanisms
by which IL-17 enhances lymphangiogenesis in NSCLC. Our
results show that IL-17 is involved in lymphangiogenesis in
NSCLC by enhancing production of VEGF-C.

Materials and Methods

Reagents and antibodies. Recombinant human IL-17 (rhIL-17)
protein, recombinant mouse IL-17 (rmIL-17), goat anti-human
IL-17 mAb and recombinant mouse VEGF R3/Fc (rVEGF R3/
Fc) chimera were from R&D Systems (Minneapolis, MN,
USA). Rabbit anti-human VEGF-C polyclonal Ab and mouse
anti-human D2-40 mAb were from Zhongshan Company (Beijing,
China). Extracellular signal-regulated protein kinase 1/2 (ERK1/
2) antibody, p-ERK1/2 antibody and ERK1/2 inhibitor PD98059
were purchased from Biyuntian Biotech (Jiangsu, China).

Tissue samples. Formalin-fixed, paraffin-embedded tissue
samples from 36 primary human NSCLC were randomly
obtained at surgery from the department of Pathology, Xingiao
Hospital. None of the patients received any anticancer therapy
prior to sample collection. This study was approved by the local
ethics committee and written informed consent was obtained
from each patient.

Cell culture. LLC, A549 and SPC-A-1 cell lines were
obtained from American Type culture Collection (ATCC)
(Manassas, VA, USA). Cells were maintained in RPMI 1640
with 10% FCS (Invitrogen, Shanghai, China). Isolation and
culture of LEC were performed as described previously.!'*

5To whom correspondence should be addressed.
E-mail: oncology_bozhu@yahoo.com.cn; zhengtangchen@yahoo.com.cn
6These authors contributed equally to this paper.

doi: 10.1111/j.1349-7006.2010.01684.x
© 2010 Japanese Cancer Association



The LEC were maintained in endothelial cell basal medium-2
(EBM-2; Cambrex BioScience, Wokingham, UK) supplemented
with 20% FBS and 50 ng/mL endothelial cell growth supple-
ment (Cambrex BioScience) at 37°C in a humidified atmosphere
of 5% CO,.

Flow cytometry. Cells (1 x 10%) were washed twice with
PBS containing 2% FCS and 0.1% NaNj3 and then stained as fol-
lows. The LLC cells and LEC were incubated with phycoery-
thrin (PE)-conjugated rabbit anti-mouse IL-17R mAb or with
PE-labeled rabbit IgG2a isotype (eBioscience, San Diego, CA,
USA) at 4°C for 30 min. A549 cells were incubated with PE-
labeled mouse anti-human IL-17R mAb or PE-conjugated
mouse IgGl1 isotype control (eBioscience) at 4°C for 30 min.
The cells were analyzed with FACScan flow cytometer and
CellQuest software (Coulter, Fullerton, CA, USA).

Real-time RT-PCR. The LLC, SPC-A-1 and A549 cells
(1% 105/mL) were stimulated with 0-500 ng/mL rmIL-17 for
6 h, then the total RNA was isolated and subjected to quantita-
tive RT-PCR analysis in an ABI 7300 Prism Sequence Detection
System (Applied Biosystems, Foster City, CA, USA) as
described previously."'? Primers (Invitrogen) used for RT-PCR
were as following: mouse VEGF-C, 5-GAGGAGCAGTT-
GCGGTCTG-3’ (sense) and 5-CCTGGTATTGAGGGTGGG-3’
(antisense); mouse P-actin, 5’-CCCTGTATGCCTCTGGTC-3’
(sense) and 5-GTCTTTACGGATGTCAACG-3" (antisense);
human VEGF-C, 5-GAGGAGCAGTTGCGGTCTG-3’ (sense)
and 5-CCTGGTATTGAGGGTGGG-3’ (antisense); human [-
actin, 5’-CCCTGTATGCCTCTGGTC-3’ (sense) and 5-GTCT-
TTACGGATGTCAACG-3" (antisense). The relative gene
expression levels were calculated using the comparative Ct
(AACYH) method (according to Applied Biosystems), where the
relative expression is calculated as 27AAC and Ct represents the
threshold cycle.

Cytokine ELISA. The LLC cells (1 X 105/rnL) were cultured
with or without 10 ng/mL rmIL-17 for 48 h. Cell-free superna-
tants were collected and stored at —70°C. Concentrations of
VEGF-C were measured using commercially available ELISA
kits (R&D Systems). Absorbance at 450 nm was determined
using a microplate reader (Bio-Rad, Hercules, CA, USA).

Western blotting. Protein extraction and immunoblotting
have been described previously.'> ERK 1/2 expression was
analyzed as an internal control. All experiments were repeated
twice and blots were analyzed using quantity one 1-D analysis
software (Bio-Rad).

MTT assay. Cells were seeded into 96-well flat-bottomed
plates and cultured in RPMI 1640 containing 3% FCS with 0-
500 ng/mL rmIL-17. On day 5, cells were washed twice with
medium and 100 pL MTT (Sigma, St Louis, MO, USA) solution
(2.5 mg/mL in RPMI 1640 with 10% FCS) was added to each
well. Plates were incubated for 90 min. Next, the MTT solution
was removed and 50 pL. dimethylsulfoxide (DMSO) (Sigma)
was added to each well to solubilize the formazan crystals
formed in the viable cells. The absorbance was read at a wave-
length of 590 nm on an enzyme-linked immunosorbent assay
(ELISA) plate reader.

Migration assays. For migration assays, 24-well culture
inserts with a porous polycarbonate membrane (8.0 um pore
size, Millipore, Billerica, MA, USA) were coated with fibronec-
tin (BD Biosciences Discovery Labware, Bedford, MA, USA).
The LLC cells were incubated in serum-free DMEM for 24 h
with or without rmIL-17 (10 ng/mL), after which culture super-
natants were collected and termed conditioned medium (CM).
The LEC (5 x 10%cells/insert) were placed in the upper chamber
then cultured with rmIL-17 (10 ng/mL) in DMEM and EBM-2
(1:1) or CM (LLC media and EBM-2 [1:1], or LLC/rmIL-17
medium and EBM-2 [1:1], or LLC/rmIL-17 medium and EBM-
2 [1:1] and rVEGF R3/Fc chimera [1 pg/mL]). The control med-
ium was DMEM and EBM-2 (1:1). After 48 h of incubation,
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non-migratory cells in the upper chamber were scraped off and
the migratory cells on the bottom part of the filter were identi-
fied by fixing in 70% methanol for 10 min and staining with
crystal violet. In each individual experiment, cells that migrated
through the filter were counted under the microscope at x200
magnification in 12 randomly selected fields. The data were
expressed as a percentage of the control. Each experiment was
performed in triplicate.

Tube-like structure formation assay. The LEC (6 X 10* cells/
well) were seeded into a 24-well plate pre-coated with 100 pL
Matrigel (10 mg/mL; Clontech, Palo Alto, CA, USA) and cul-
tured with rmIL-17 (10 ng/mL) in DMEM and EBM-2 (1:1) or
CM (LLC media and EBM-2 [1:1], LLC/rmIL-17 medium and
EBM-2 [1:1], or LLC/rmIL-17 medium and EBM-2 [1:1] and
rVEGF R3/Fc chimera [1 pg/mL]). The control medium was
DMEM and EBM-2 (1:1). After 3 days of incubation, formation
of tube-like structures was monitored by microscopic observa-
tion at X100 magnification and over 12 different fields of each
well were photographed to measure the length of the tube-like
structures, as described previously.(m)

Assessment of tissue staining. All of the hematoxylin-and-
eosin-stained and the immunohistochemical sections were inde-
pendently and blindly reviewed by two pathologists and the
kappa values were tested. The expression of IL-17 was assessed
as previously described."” The labeling intensity of VEGF-C
was assessed according to a published paper.(l ) Lymphatics
were highlighted by D2-40 immunostaining. Lymphatic vessel
density was analyzed using a method previously described by
Weidner"® for assessing microvascular density.

Statistical analysis. Statistical analyses were performed using
the SPSS-PC package (version 12.0; SPSS, Chicago, IL, USA).
The correlation between IL-17, VEGF-C and lymphatic vascular
density (LVD) was assessed by the chi square test and by the
Student’s ¢ test. All data from quantitative assays were expressed
as the mean + standard deviation and statistically analyzed
using one-way ANova analysis and independent-samples 7-test.
P < 0.05 was considered to be statistically significant.

Results

Effects of rmIL-17 and CM from LLC/rmiL-17 on lymphatic
vascular endothelial cells. Previously, we found that increased
IL-17-producing cells correlate with increased lymphangiogene-
sis in NSCLC patients. There are two possibilities regarding the
underlying mechanism of IL-17 in promotion of lymphangio-
genesis. One is that IL-17 promotes lymphangiogenesis via a
direct effect on LEC; inducing proliferation and migration of,
and tube formation by, LEC. Another possibility is that IL-17
induces the expression of lymphangiogenic factor(s) by cancer
cells that then act on the LEC. The IL-17 activity, either on can-
cer cells or LEC, depends on binding to IL-17R. Therefore, we
examined IL-17R expression on lung cancer cell lines and LEC
using FACS. Interestingly, we found that IL-17R is expressed
on the surface of LLC and A549 cells but not on LEC (Fig. 1).
Next, we examined the effects of IL-17 on in vitro lymphangio-
genesis-related functions of lymphatic vascular endothelial cells.
The rmIL-17 had no direct effect on the proliferation or chemo-
tactic responses of, or endothelial cord formation by, LEC
(Fig. 2). The LLC-derived supernatant caused an increase in
chemotaxis and endothelial cord formation by LEC compared
with the rmlL-17-treated group (P < 0.05, Fig. 2). Moreover,
significantly increased chemotaxis and endothelial cord forma-
tion by LEC was observed in response to CM from LLC/rmIL-
17 (P < 0.05, Fig. 2).

Interleukin-17 enhanced chemotaxis and endothelial cord
formation by increasing the expression levels of VEGF-C. Among
the known pro-lymphangiogenic factors, vascular endothelial
growth factor-C (VEGF-C) has been reported to act as an
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Fig. 1. Interleukin-17R receptor (IL-17R) expression on LLC cells, lymphatic endothelial cells (LEC) and A549 cells. The LLC cells or LEC were
incubated with phycoerythrin (PE)-labeled rabbit anti-mouse IL-17R mAb or with PE conjugated rabbit 1gG2a isotype control. The A549 cells
were incubated with PE conjugated mouse anti-human IL-17R mAb or with PE-labeled mouse 1gG1 isotype control. The expression of IL-17R on
the surface of the LLC cells, LEC and A549 cells was analyzed by flow cytometry (control, unfilled; IL-17R, filled histogram).
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Fig. 2. Effect of recombinant mouse interleukin-17 (rmIL-17) and conditioned medium on the proliferation and migration of, and tube-like
structure formation by, lymphatic endothelial cells (LEC). (A) After 48 h of culture of LEC with rmIL-17 (0-500 ng/mL), the number of viable LEC
was determined by MTT assay. (B,D) The LEC were seeded in the upper well of a 24-well trans-well chamber and the rmIL-17, LLC medium and
LLC/rmIL-17-conditioned medium was placed in the lower chamber. After 48 h of incubation the invasive LEC on the outside surface of the
upper chambers were visualized by a crystal violet stain (magnification, x200). (C,E) The LEC were seeded in a 96-well plate pre-coated with
Matrigel in the presence or absence of rmiIL-17, LLC medium and LLC/rmIL-17-conditioned medium, and the formation of capillary-like structures
was assessed. The presence or absence of tube-like structures was determined after 3 days of incubation (magnification, x200). In B and C, the
results shown are the average of three independent experiments. Data are displayed as the mean = SD. *P < 0.05, LLC versus rmIL-17; **P < 0.05,
LLC/rmIL-17 versus LLC.
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important lymphatic-specific growth factor. Therefore, we
hypothesized that IL-17 might promote lymphangiogenesis by
inducing the production of VEGF-C by lung cancer cells. To
examine whether IL-17 induces expression of VEGF-C in lung
cancer cell lines in vitro, we used real-time RT-PCR and ELISA
to analyze VEGF-C mRNA and protein expression in mouse
Lewis lung cancer cells treated with rmIL-17. We also used real-
time RT-PCR to analyze VEGF-C mRNA expression in human
lung cancer cell lines, including A549 and SPC-A-1. We found
that rmIL-17 significantly increased the expression of VEGF-C

mRNA and protein in LLC cells (Fig. 3). As shown in Figure 3,
stimulation of the LLC cells with 0.1, 1, 10, 100 or 500 ng/mL
rmIL-17 for 6 hresulted in increased VEGF-C mRNA expression
(Fig. 3A). The VEGF-C mRNA expression peaked in response to
the 10 ng/mL rmIL-17 treatment. The VEGF-C protein produc-
tion by unstimulated and 10 ng/mL rmlIL-17-stimulated LLC
cells was 203.0 = 13.1 and 277.3 + 14.0 ng/mL, respectively
(Fig. 3B). rhIL-17-induced expression of VEGF-C mRNA was
also observed in A549 and SPC-A-1 (Fig. 3C). The enhanced
chemotaxis and endothelial cord formation in the presence of
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Fig. 3. Vascular endothelial growth factor-C (VEGF-C) expression in LLC cells. (A) recombinant mouse interleukin-17 (rmlIL-17) increases VEGF-C
mRNA expression in LLC cells. Cells were stimulated with rmIL-17 (0.1-500 ng/mL) for 6 h. The VEGF-C mRNA expression was determined by real-
time RT-PCR, normalized to B-actin and expressed relative to untreated LLC cells. *P < 0.05, rmIL-17 10 ng/mL versus untreated; **P < 0.05, rmIL-
17 100 ng/mL versus untreated. (B) rmlIL-17 induces VEGF-C protein production by LLC cells. Cells were cultured in the presence or absence of
rmIL-17 (10 ng/mL) for 48 h. At the end of the incubation period, cell culture supernatants were collected and analyzed for VEGF-C content by
ELISA. *P < 0.05, rmIL-17 10 ng/mL versus untreated. (C) Recombinant human IL-17 (rhIL-17) increases VEGF-C mRNA expression in SPC-A-1 and
A549 cells. Cells were stimulated with or without rhiL-17 (10 ng/mL) for 6 h. The VEGF-C mRNA expression was determined by real-time RT-PCR,
normalized to B-actin and expressed relative to untreated SPC-A-1 or A549 cells. *P < 0.05, rhIL-17 10 ng/mL versus untreated. Data shown are
the mean = SD of three representative experiments.
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Fig. 4. Effect of recombinant mouse vascular endothelial growth factor (rVEGF) R3/Fc chimera and conditioned medium on the migration of,
and tube-like structure formation by, lymphatic endothelial cells (LEC). (A) The LEC were seeded in the upper well of a 24-well trans-well
chamber and LLC/recombinant mouse interleukin-17 (rmiIL-17)-conditioned medium or LLC/rmIL-17-conditioned medium + rVEGF R3/Fc chimera
(1 pg/mL) was placed in the lower chamber. After 48 h of incubation, the invasive LEC on the outside surface of the upper chambers were
visualized by a crystal violet stain (magnification, x200). (B) The LEC were seeded in a 96-well plate pre-coated with Matrigel in the presence of
LLC/rmIL-17-conditioned medium or LLC/rmlIL-17-conditioned medium = rVEGF R3/Fc chimera (1 png/mL) and the formation of capillary-like
structures was assessed. The presence or absence of tube-like structures was determined after 3 days of incubation (magnification, x200). In A
and B, the results shown are the average of three independent experiments. Data is displayed as the mean + SD. *P < 0.05, LLC/rmIL-17 versus
LLC/rmIL-17 + rVEGF R3/Fc chimera.
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LLC/rmIL-17 was inhibited by addition of r'VEGF R3/Fc chimera
(1 pg/mL) (P < 0.05, Fig. 4). These results indicate that IL-17
has lymphangiogenic activity by inducing VEGF-C production.

Correlations between LVD, IL-17 and VEGF-C in vivo. We have
found that IL-17 induces lung cancer cells to produce VEGF-C
in vitro. To investigate the role of IL-17 in the induction of
VEGF-C production by cancer cells in vivo, we performed IL-
17 and VEGF-C immunohistochemistry on NSCLC tissues from
36 primary human NSCLC cases. We found that specific IL-17/
VEGF-C staining (shown by immunochemistry as a brown
color) was observed mainly within the cytoplasm. The IL-17-
and VEGF-C-positive cells were localized in the tumor and
peritumoral regions, but not in normal mucosa. The VEGF-C
staining was mainly confined to the carcinoma cells and macro-
phages, while the IL-17 staining was mainly found in the inflam-
matory cells among the tumor stroma (Fig. 5). In a previous
study, we have shown a correlation between LVD and the fre-
quency of intratumoral IL-17-positive cells using immunohisto-
chemical staining of 52 NSCLC patients. In this study of 36
NSCLC patients, the o test showed a significant correlation
between expression of IL-17 and VEGF-C (P < 0.01, Table 1).
A similar association was observed between VEGF-C expres-
sion and LVD (P < 0.01, Table 2).

Treatment of A549 cells with rhIL-17 causes activation of ERK
1/2 and VEGF-C synthesis. As described above, stimulation of
human lung cancer cell line A549 cells with IL-17 significantly
increased the production of VEGF-C. We explored the possibil-
ity that IL-17-induced VEGF-C production relies on mitogen-

2388

Fig. 5. Expression of interleukin-17 (IL-17), vascular
endothelial growth factor-C (VEGF-C) and D2-40 in
tumors from non-small-cell lung cancer (NSCLC)
patients in situ. High expression of IL-17 (A), VEGF-
C (B) and D2-40 (C) on sections of case 18. Low
expression of IL-17 (D), VEGF-C (E) and D2-40 (F) on
sections of case 10 (magnification, x200).

Table 1. Association of IL-17 expression with VEGF-C expression in
NSCLC

VEGF-C (high) VEGF-C (low) Total
IL-17 (high) 17 2 19
IL-17 (low) 6 11 17
Total 23 13 36

P < 0.01 high group versus low group (Fisher's exact test). IL-17,
interleukin-17; NSCLC, non-small-cell lung cancer; VEGF-C, vascular
endothelial growth factor-C.

Table 2. Association of LVD with expression of IL-17 and VEGF-C in
NSCLC

n LVD P
IL-17 (high) 19 11.1£53 0.002
IL-17 (low) 17 5.8 +4.2
VEGF-C (high) 23 10.4 + 5.6 0.006
VEGF-C (low) 13 54+ 33

P < 0.01 high group versus low group (Student’s T test). IL-17,
interleukin-17; NSCLC, non-small-cell lung cancer; VEGF-C, vascular
endothelial growth factor-C.

activated protein kinase (MAPK) activation. To address this
issue, A549 cells were treated with rhIL-17 and both phosphory-
lated and total MAPK were examined. As reported by Ning
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Fig. 6. Recombinant human IL-17 (rhIL-17) induces vascular endothelial growth factor-C (VEGF-C) production by A549 cells via extracellular
signal-regulated protein kinase 1/2 (ERK 1/2) activation. (A) Western blot analysis of ERK1/2 activation in response to rhiL-17. The A549 cells were
incubated in the presence or absence of rhiL-17 for 20 min and ERK activation was assessed by western blot using specific antibodies
recognizing only the phosphorylated form of the protein. Stimulation of A549 with rhiL-17 resulted in the phosphorylation of ERK1/2. (B) The
A549 cells were pre-incubated with vehicle control (DMSO; 0.1%) or ERK 1/2 inhibitor (PD98059, 50 uM) for 30 min, followed by stimulation
with rhiIL-17 (10 ng/mL) for 3 h. The expression of VEGF-C transcripts was determined by real-time RT-PCR. Data are the mean + SD from three
representative experiments.*P < 0.05, IL-17 + DMSO versus IL-17 + PD98059.

et al.,“s) the addition of rhIL-17 to A549 cultures activated
ERK 1/2 but not other MAP kinases (Fig. 6A and data
not shown). To assess the role of ERK 1/2 activation in
IL-17-induced VEGEF-C production, A549 cells were stimulated
with rhIL-17 in the presence or absence of PD98059, a specific
inhibitor of ERK 1/2. Inhibition of ERK 1/2 activity by
PD98059 significantly inhibited IL-17-induced VEGF-C expres-
sion at the RNA level (Fig. 6B).

Discussion

Chronic inflammation has been implicated in the pathogenesis
of many different forms of cancer including NSCLC.""”” Inter-
leukin-17 has been recently described as a pro-inflammatory
cytokine mainly secreted by activated T lz\émphocytes,(zo) which
is capable of promoting angiogenesis.?"*® Recently, we found
that increased IL-17-producing cells correlate with poor survival
and increased lymphangiogenesis in NSCLC, but the mechanism
is unknown.

To investigate the action of IL-17 in enhancing lymphangio-
genesis in NSCLC, we first tested IL-17R expression on lung
cancer cells and LEC and found that LLC cells, but not LEC,
expressed IL-17R. These findings indicate that IL-17-induced
Ilymphangiogenesis might be mediated by lung cancer cells,
IL-17R signaling selectively up-regulating lymphangiogenic
factor expression by lung cancer cells rather than IL-17 acting
directly on LEC. To examine this possibility, we performed
LEC migration and tube formation assays using CM from LLC/
rmIL-17. We found that CM from LLC/rmIL-17 promoted LEC
migration and tube formation, while IL-17 had no effect on LEC
proliferation in vitro. These findings again indicate that IL-17
might promote lymphangiogenesis via selectively up-regulating
lymphangiogenic factor expression by lung cancer cells.

Interleukin-17 up-regulates VEGF production by fibroblasts
and promotes fibroblast-induced new vessel formation in inflam-
mation and tumors.*® Previous studies have shown that the
expression of VEGF-C, a key lymphatic-specific growth factor,
is often induced by inflammatory factors, such as tumor necrosis
factor-o. and IL-1B, as well as by several growth factors
expressed by human lung fibroblasts and rheumatoid synovio-
cytes.*” Therefore, we investigated whether IL-17 might pro-
mote lymphangiogenesis via up-regulation of VEGF-C
expression by lung cancer cells. Indeed, treatment of human and
mouse lung cancer cells with IL-17 potently up-regulated
VEGF-C mRNA and protein expression. Moreover, by addition
of r'VEGF R3/Fc chimera, the enhanced chemotaxis and endo-
thelial cord formation in the presence of LLC/rmIL-17 was
inhibited. In accordance with our previous findings, high IL-17
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expression correlated with high LVD as well as high tumor
grade and lymphatic node metastasis in NSCLC."'” We also
found a significant correlation between IL-17, VEGF-C and
LVD in 36 cases of NSCLC. These data strongly suggest
enhanced expression of IL-17 in the cancer microenvironment is
important for VEGF-C expression by lung cancer cells and that
IL-17 stimulates VEGF-C protein synthesis through paracrine
actions on lung cancer cells. Further studies using tumor models
genetically engineered to knockdown IL-17R in LLC cells are
needed to provide additional understanding of the role of IL-17
in lymphangiogenesis in NSCLC.

Furthermore, the increase in production of VEGF-C elicited
by IL-17 was mediated via the p-ERK1/2 stress kinase in A549
cells. Interleukin-17 signaling has been shown to involve
MAPK. Inoue et al. recently showed that IL-17A-mediated
promotion of primary bronchial epithelial cell 2J%rowth relies on
activation of ERK 1/2 but not p38 or JNK.*” Treatment of
MKN28 cells with IL-17 caused activation of ERK 1/2 but not
other MAPK.® Consistent with the results reported by Ning
et al.,'"> p-ERK1/2, but not other MAP kinases, was activated
by IL-17 treatment of A549 cells. Furthermore, we also
found that treatment of A549 cells with the p-ERK inhibitor
PD98059 inhibited IL-17-stimulated VEGF-C synthesis.
Therefore, the ERK MAP kinase pathway plays a dominant role
in IL-17A-elicited VEGF-C production by A549 cells. Inter-
leukin-17-induced lymphangiogenesis thus might be, in part,
mediated by VEGF-C proteins induced through activation of
p-ERK.

In summary, our results provide strong evidence that IL-17
promotes lymphangiogenesis via up-regulation of VEGF-C
expression by NSCLC cells. Thus, targeting IL-17 is likely to
have beneficial clinical effects not only by inhibiting inflamma-
tion and tumor blood vessel formation but also by inhibiting the
tumor-promoting lymphangiogenesis pathways.
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