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ABSTRACT

Background: Interleukin (IL)-17A possesses biological activities
to promote vascular endothelial cell migration and microvessel
development.
Objective: To clarify which angiogenic factors are involved in IL-
17A-modified angiogenesis-related functions of vascular endothelial
cells including migration and microtube development or not.
Methods: The potential contribution of various angiogenic
stimulators to in vitro angiogenic activities of IL-17A was assessed
with both modified Boyden Chemotaxicell chamber assay and in
vitro angiogenesis assay.
Results: The addition of a neutralizing antibody (Ab) for hepatocyte
growth factor (HGF), basic fibroblast growth factor (bFGF) or
vascular endothelial growth factor (VEGF)-A to the upper and
lower compartments in a modified Boyden Chemotaxicell chamber
significantly attenuated human dermal microvascular endothelial
cell (HMVEC) migration elicited by IL-17A. Moreover, IL-
17A-induced capillary-like microvessel development in human
umbilical vein endothelial cell (HUVEC) and human dermal
fibroblast (HDF) co-culture system was significantly impaired by a
neutralizing Ab against HGF, bFGF, VEGF-A, cysteine-x-cysteine
ligand 8 (CXCLS8)/IL-8 or cysteine-x-cysteine (CXC) chemokine
receptor (CXCR)-2.
Conclusion: Our findings demonstrate the involvement of HGF,
bFGF, VEGF-A and/or CXCLS&/IL-8, to various degrees, in
migration and microvessel development of vascular endothelial
cells mediated by IL-17A.
Keywords: Angiogenesis, IL-17A, Migration, Tube formation, Vascular
Endothelial Cells
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INTRODUCTION

Interleukin (IL)-17A was identified in
1993, and originally designated cytotoxic
T-lymphocyte associated antigen (CTLA)-
8 (1). Thereafter, additional five structurally
related molecules with similar or different
biologic activities, IL-17B, 1L-17C, IL-
17D, 1L-17E/IL-25, and IL-17F, have been
discovered (2, 3). Now, these six homologous
proteins form a novel IL-17 cytokine family.
Among members of this cytokine family, IL-
17A, IL-17E, and IL-17F are predominantly
secreted by CD4 T helper (Th) subset Th2
or Thl7 cells. The other IL-17 family of
cytokines IL-17B-D is mainly expressed in
non-immune cells. Except IL-17B, which
is elaborated as a noncovalently linked
homodimer, all 1L-17 family members are
produced as disulfidelinked homodimers (4).

IL-17A, the prototypical cytokine of this
family, plays a crucial role in inflammation,
which primarily affects fibroblasts, epithelial
and endothelial cells not only to increase
production of various kinds of biological
mediators including IL-6, cysteine-x-cysteine
ligand 1 (CXCLI)/growth-related oncogene
(GRO)-a, CXCLS&/IL-8, granulocyte-
colony stimulating factor (G-CSF), vascular
endothelial growth factor (VEGF)-A and
hepatocyte growth factor (HGF) but also
to enhance adhesion molecule expression
including vascular cell adhesion molecule
(VCAM)-1 (1, 5-8). On the contrary, the IL-
17 receptor family consists of five subunits
IL-17 receptor A-E (1, 2).

Our and other laboratories have elucidated
the roles of the IL-17 family of cytokines in
neovascularization and neovascularization-
associated functions of vascular endothelial
cells (9-17). Among the members, both IL-
17B and IL-17F are angiostatic factors, which
suppress vascular endothelial cell migration
and/or microtube development (12-14).
Conversely, IL-17E is a direct angiogenic
mediator, which promotes vascular endothelial
cell growth (15, 16). In addition, Lee et al.,
demonstrated that IL-17C enhances intestinal
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microvascular endothelial cell tube formation,
and induces neovascularization (18). We
also demonstrated that IL-17A and IL-17A/F
are indirect angiogenic mediators, which
promote vascular endothelial cell migration
and capillary-like vessel development, but not
growth, through the transmembrane IL-17RA
in complex with IL-17RC (1).

IL-17A  up-regulates expression of
a variety of biological molecules with
angiogenic properties including HGEF,
VEGF-A, cysteine-cysteine (CC)-, and
CXC-chemokines by various types of cells
(7-11). HGF is a growth stimulator, which
can exert a proliferative effect on endothelial
cells more powerfully than basic fibroblast
growth factor (bFGF), and VEGF-A, and
induce endothelial cell migration (19). bFGF
can also stimulate vascular endothelial
cell growth and migration, and promote
neovascularization in vivo (20). VEGF-A
plays a central role in vasculogenesis and
angiogenesis, which augments vascular
endothelial cell proliferation, migration, and
survival (21). Both CC-chemokine CCL2/
monocyte chemotactic protein (MCP)-1,
and CXC-chemokines with glutamic acid-
leucine-arginine (ELR) motif including
CXCL1, CXCL5/epithelial neutrophil-
activating peptide (ENA)-78, and CXCLS8 are
involved in angiogenesis and the pathogenesis
of atherosclerosis and cancer (22). Especially,
CXCLS8 induces VEGF expression in vascular
endothelial cells and acts as an autocrine
growth factor for endothelial cells. Therefore,
there is a possibility that the multiple well-
established angiogenic molecules might,
at least in part, play a role in vascular
endothelial cell migration and capillary-like
vessel development elicited by IL-17A.

In this study, we elucidated the potential
contribution of various angiogenic mediators
including HGF, bFGF, VEGF-A, CXC-
chemokines with ELR motif, CXC-chemokine
receptors CXCR-1, and CXCR-2, and CC-
chemokine CCL2 to IL-17A-stimulated
vascular endothelial cell migration and/or
capillary-like vessel development, and found
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that HGF, bFGF, VEGF-A and/or CXCLS are,
to a varying degree, involved in vascular
endothelial cell migration and capillary-like
vessel development exerted by IL-17A.

MATERIALS AND METHODS

Reagents. Human IL-17A protein, human
VEGF-A protein, goat polyclonal antibody
(pAb) to human HGF, goat pAb to human
bFGF, mouse pAb to human VEGF-A, goat
pAb to human CXCLI1, goat pAb to human
CXCLS5, mouse monoclonal Ab (mAb) to
human CXCLS8, mouse mAb to human CCL2,
mouse mADb to human CXCR-1 and mouse
mADb to human CXCR-2 were obtained from
R&D Systems (Minneapolis, MN, USA).
Cells and cell cultures. Human dermal
microvessel endothelial cells (HMVECS)
were obtained from KURABO (Osaka,
Japan). HuMedia-EB2 containing 5% fetal
calf serum (FCS) and several supplements
including epidermal growth factor (EGF),
hydrocortisone, bFGF, heparin, dbcAMP,
gentamycin, and amphotericin-B (all from
KURABO) was used as a cultured medium
for HMVECs. Angiogenesis assay kit was
obtained from KURABO (Osaka, Japan).
Migration assay. Migration assay was
carried out as described previously (1).
VEGF-A (10 ng/ml) or IL-17A (10 ng/ml) in
HuMedia-EB2 containing 1% FCS was added
to the wells of a 24-well culture plate (Corning
Costar, Corning, NY, USA). Chemotaxicell
chambers with the polycarbonate membrane
with 5-um pores were inserted into wells
of culture plates. HMVECs were cultured
to ~80% confluence. Before the migration
assay, cells were starved for 8 hours in
HuMedia-EB2 containing 2% FCS. After
starvation, cells were harvested, resuspended
in HuMedia-EB2 containing 1% FCS, and
added to the polycarbonate membrane of
Chemotaxicell chambers at 12 x 10* cells/cm?.
Thereafter, the culture plates were incubated
in a CO, incubator for 4.5 hours. In some
experiments, a neutralizing Ab for HGF,
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bFGF, VEGF-A, CXCL1, CXCLS, CXCLS,
or CCL2 was added to the medium.

The migratory cells were fixed and stained
with Diff-Quick (Harleco, Gibbstown, NJ,
USA). Migrated cells were counted in 9
randomly selected microscopic fields (x200)
in each chamber.

Capillary-like microvessel development
assay. In vitro neovascularization was
evaluated as the development of capillary-
like microvessel structures of vascular
endothelial cells co-cultured with fibroblasts.
Briefly, human umbilical vein endothelial
cells (HUVECs) were cultured with human
dermal fibroblasts (HDFs) in 24-well culture
plates in the presence or absence of 10 ng/
ml VEGF-A, 50 ng/ml IL-17A, or 50 ng/ml
IL-17A plus a neutralizing Ab against HGF,
bFGF, VEGF-A, CXCL1, CXCLS, CXCLS,
CCL2, CXCR-1, or CXCR-2 for 11 days.
Cells were fixed and treated with 1% bovine
serum albumin on day 11. Endothelial cells
were immunostained with mouse mAb to
human CD31. The development of a capillary-
like vessel network was evaluated by
computerized image analysis of the number
of pixels occupied by endothelial microvessels
in a total of 15 random areas per well.

Statistical analysis. We first confirmed
the normality of the data with the Shapiro-
Wilk test. Then, data were analyzed with an
unpaired 2-tailed Student t-test using JASP
software. P-value<0.05 was considered
statistically significant. Data are shown as
mean number+standard deviation (SD).

RESULTS

As is consistent with our previous observation
that IL-17A significantly enhanced HMVEC
migration (9), 50 ng/ml IL-17A markedly
promoted HMVEC migration (Figures la
and b). To clarify which angiogenic mediators
are involved in IL-17A-elicited chemotactic
response of HMVECs, we used neutralizing
Abs against angiogenic stimulators such as
VEGF-A. HMVEC migration elicited by
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Figure 1. Suppression of IL-17A-elicited HMVEC migration by inhibition of HGF, bFGF or VEGF-A.
(A, B) The effect of a neutralizing Ab for HGF, bFGF, VEGF-A, CXCL1, CXCL5, CXCL8 or CCL2 on
the migration of HMVECs elicited by IL-17A was assessed using a modified Boyden Chemotaxicell
chamber. Inhibition of HGF, bFGF, or VEGF-A significantly reduced HMVEC migration induced by IL-
17A. Bars show the mean number of migrated cellstSD per 9 high power fields (HPFs) (x200) (n=3).
The data of two independent experiments are shown. (A) IL-17A versus IL-17A+anti-HGF Ab *P<0.02;
IL-17A versus IL-17A+anti-bFGF Ab, **P<0.0006; IL-17A versus IL-17A+anti-VEGF-A Ab, ***P<0.0003;
IL-17A versus IL-17A+anti-CXCL8 Ab, ****P<0.06; IL-17A versus IL-17A+anti-CXCL1 Ab, *****P<0.6;
IL-17A versus IL-17A+anti-CXCL5 Ab, ******P<0.4; IL-17A versus IL-17A+CCL2 Ab, *******P<(.3). (B) IL-
17A versus IL-17A+anti-HGF Ab *P<0.03; IL-17A versus IL-17A+anti-bFGF Ab, **P<0.02; IL-17A versus
IL-17A+anti-VEGF-A Ab, ***P<0.002; IL-17A versus IL-17A+anti-CXCL8 Ab, ****P<0.06; IL-17A versus
IL-17A+anti-CXCL1 Ab, *****P<0.6; IL-17A versus IL-17A+anti-CXCL5 Ab, ******P<0.4; IL-17A versus
IL-17A+anti-CCL2 Ab, *******P<(.4). (C) Representative photograph of migrated cells treated with (a)
medium alone, (b) IL-17A, (c) IL-17A+anti-HGF Ab, (d) IL-17A+anti-bFGF Ab, (e) IL-17A+anti-VEGF-A Ab,
(f) IL-17A+anti-CXCL8 Ab, (g) IL-17A+anti-CXCL5 Ab, (h) IL-17A+anti-CXCL1 Ab, (i) IL-17A+anti-CCL2
Ab (Scale bar=100 um).
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Figure 2. Inhibition of HGF, bFGF, VEGF-A, CXCL8, or CXCR-2 attenuated capillary vessel development
elicited by IL-17A in a 2-dimensional co-culture system of HUVECs and HDFs. (A) An in vitro angiogenesis
assay was carried out using a 2-dimensional HUVEC and HDF co-culture system. Cells were incubated
with or without IL-17A, VEGF-A, or IL-17A+a neutralizing Ab toward HGF, bFGF, VEGF-A, CXCL8, CXCLA1,
CXCL5, CCL2, CXCR-1 or CXCR-2 for 11 days. (a) Inhibition of HGF, bFGF, VEGF-A, CXCL8, or CXCR-2
significantly impaired the capillary vessel development elicited by IL-17A. Bars show the mean number
of pixels£SD per 15 HPFs (x40) (n=3). The data are representative of two independent experiments.
(medium versus medium+anti-VEGF-A Ab, *P<0.01; IL-17A versus IL-17A+anti-HGF Ab, **P<0.0008; IL-
17A versus IL-17A+anti-bFGF Ab, ***P<0.02; IL-17A versus anti-VEGF-A Ab, ****P<0.0003, IL-17A versus
IL-17A+anti-CXCL8 Ab, *****P<0.04, IL-17A versus IL-17A+anti-CXCL1 Ab, ******P<0.8, IL-17A versus
IL-17A+anti-CXCL5 Ab, *******P<0.6, IL-17A versus IL-17A+anti-CCL2 Ab, ********P<(.8; IL-17A versus
IL-17A+anti-CXCR-1 Ab, *********P<(.07; IL-17A versus IL-17A+anti-CXCR-2 Ab, **********P<(.035).
(B) Representative photograph of capillary-like vessels developed in 2-dimensional HUVEC and HDF
co-culture system. Capillary vessels induced by (a) medium alone, (b) VEGF-A, (c) IL-17A, (d) IL-
17A+anti-HGF Ab, (e) IL-17A+anti-bFGF Ab, (f) IL-17A+anti-VEGF-A Ab, (g) IL-17A+anti-CXCL8 Ab, (h)
IL-17A+anti-CXCL1 Ab, (i) IL-17A+anti-CXCL5 Ab, (j) IL-17A+anti-CCL2 Ab, (k) IL-17A+anti-CXCR-1 Ab,
or (I) IL-17A+anti-CXCR-2 Ab.
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10 ng/ml IL-17A was significantly impaired
when a neutralizing Ab against HGF, bFGF,
or VEGF-A was added into both upper
and lower chambers, respectively (Figures
la and b). Among the Abs, the inhibitory
activity of an Ab specific for VEGF-A was
most prominent. Furthermore, neutralizing
Abs against HGF and bFGF demonstrated
similar inhibitory effects (Figures la and b).
On the contrary, IL-17A-elicited migration of
HMVECs was not significantly diminished
by a neutralizing Ab against CXCL1, CXCLS5,
or CCL2 (Figures la and b). Inhibition
of CXCLS slightly reduced the migration
mediated by IL-17A, but not statistically
significant. These findings demonstrate that
migratory activity of HMVECs enhanced by
IL-17A is, at least in part, mediated by other
angiogenic stimulators such as VEGF-A.
Moreover, we clarified the effect of IL-
17A on vascular endothelial cell microvessel
development utilizing the Angiogenesis
assay kit. Control culture formed capillary-
like microvessels to a certain degree as a
background (Figure 2a). Ten ng/ml VEGF-A,
as a positive control, markedly promoted the
development of vessel-like structures (Figure
2a). Fifty ng/ml IL-17A also led to markedly
increased formation of vessel-like structures
similar to microvasculature bed (Figure 2a).
To delineate the involvement of other
angiogenic factors, we evaluated whether
neutralizing Abs specific for various
angiogenic mediators could diminish IL-
17A-mediated capillary-like microvessel
development in HUVEC and HDF co-culture
systems. Cells were co-cultured with or
without IL-17A in the presence or absence
of a neutralizing Ab against HGF, bFGF,
VEGF-A, CXCLI, CXCLS5, CXCL8, CCL2,
CXCR-1, or CXCR-2. The control microvessel
development was almost completely
abolished by the inhibition of VEGF-A, as
is consistent with a previous report (14).
As shown in Figure 2a, IL-17A-dependent
capillary-like microvessel development
was significantly reduced when cells were
treated with a neutralizing Ab to HGF, bFGF,
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VEGF-A, CXCLS8, or CXCR-2. Especially, a
neutralizing Ab specific for VEGF-A almost
completely abolished IL-17A-dependent
capillary development in this co-culture
assay. Based on these experimental findings,

we suggest that angiogenic activities of IL-
17A might highly depend on VEGF-A.

DISCUSSION

In this study, we elucidated which angiogenic
factors are involved in IL-17A-mediated
angiogenesis-related functions of vascular
endothelial cells such as migration and
capillary-like vessel development or not,
and found that VEGF-A contributes crucially
to IL-17A-elicited vascular endothelial cell
migration and microvessel development.
In addition, the angiogenic activities of IL-
17A also relied, at least in part, on HGF and
bFGF. CXCLS also plays a role in capillary-
like microvessel development elicited by IL-
17A in HUVEC and HDF co-culture system.
These findings demonstrate that IL-17A-
elicited vascular endothelial cell migration
and capillary-like microvessel development
are, at least in part, mediated by other well-
established angiogenic mediators such as
VEGF-A.

IL-17A-elicited migration of vascular
endothelial cells was mainly dependent
on a chemotactic effect of VEGF-A, since
inhibition of VEGF-A with a neutralizing
Ab against VEGF-A significantly impaired
the transmembrane migration of HMVECs
mediated by IL-17A. Pickens et al.
previously demonstrated that inhibition
of phosphoinositide 3-kinase (PI3K) with
LY294002 significantly suppressed the
migration of HMVECs induced by IL-17A
(23). Relevant research results have been
reported that VEGF-A promoted endothelial
cell migration through PI3K signaling (24).
PI3K signaling pathway also plays a critical
role in VEGF-A production (24). PI3K
promotes phosphorylation and activity of
AKT, which leads to increased expression
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of transcriptional factors such as hypoxia-
induced factor-1a (HIF-1a) to augment VEGF
production (24, 25). Taken together, there
could be a possibility that suppression of
IL-17A-mediated migration of HMVECs by
PI3K inhibitor is related to the decrease in
VEGEF-A production elicited by IL-17A.

In this experiment, we utilized HUVEC
and HDF co-culture systems as a model
of in vivo neovascularization. This in vitro
culture system is more similar to in vivo
microenvironment than those in the frequently
utilized extracellular matrix culture system,
and the capillary-like structures formed by
vascular endothelial cells are more stable
(26). In this co-culture system, even without
any added growth factors with angiogenic
potential, capillary-like microvessel structures
were developed to a certain extent as a control
(Figures 2a and b). In our experiments, we
found that inhibition of VEGF-A in HUVEC
and fibroblast co-culture markedly attenuated
basal tube development. Moreover, we found
that IL-17A-induced capillary-like microvessel
development was also markedly impaired by
inhibition of VEGF-A using a neutralizing
AD in this co-culture system. In addition, to
a lesser extent, inhibition of HGF or bFGF
significantly diminished IL-17A-induced
capillary-like microvessel development.
Unlike migration assay, inhibition of CXCL8
or blocking of CXCR-2, the receptor for
CXCLS, significantly reduced IL-17A-induced
capillary-like microvessel development.
Taken together, besides possible direct actions
on vascular endothelial cells, IL-17A could
promote capillary-like vessel development
indirectly via other angiogenic molecules such
as HGF, bFGF, VEGF-A, and CXCLS.

CONCLUSION

IL-17A-elicited HMVEC migration is, at
least in part, mediated by HGF, bFGF, and
VEGF-A. Moreover, endothelial capillary
vessel development mediated by IL-17A in a
2-dimensional vascular endothelial cell and
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fibroblast co-culture system depends, to a large
degree, on VEGF-A. To a lesser extent, HGF,
bFGF, and CXCLS are also involved. Further
analysis would be necessary to understand
the detailed molecular mechanisms for IL-
17A to promote endothelial cell migration and
capillary-like microvessel development.
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