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Interleukin-2 plays a significant role in T cell proliferation.
Here, we report the role of 1L-2 in angiogenesis. 1L-2
increased the ROS level and phosphorylation of Akt in
human umbilical vein endothelial cells (HUVECs). IL-2
increased angiogenesis in an animal model and tube
formation in HUVECs. The effect of IL-2 on angiogenesis
and tube formation was mediated by ROS and Akt. This
is the first report that IL-2 promotes angiogenesis.
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Growth and metastasis of tumor depends on angiogenesis,
which is the formation of new blood vessels from a pre-
existing network of blood capillaries. Interleukin-2 (IL-2)
is naturally produced by T cells, and serves as an important
immunoregulatory cytokine. It drives T cell proliferation
and differentiation {2, 3, 8, 14, 15]. It serves as an activator
for macrophages, CTL, NK cells, and B lymphocytes
[16,17]. IL-2 is a glycoprotein that plays a role in
the development of inflammation and apoptosis [4, 9].
Reportedly, T cells stimulated by IL-2 secrete VEGF and
respond to it [13]. This suggests the implied role of 1L-2
in angiogenesis. 11.-2 also induces adhesion of T cells
[1] and human umbilical vein endothelial cells (HUVECs)
to the extracellular matrix. The effect of IL-2 on cellular
adhesion is believed to be mediated by the CC chemokine
receptor [11]. In association with its effect on cellular
adhesion, IL-2 was shown to promote motility of dendritic
cells [7] and NK cells [12]. All these reports point to the
role of IL-2 in angiogenesis. Here, we report a novel role
of IL-2 in angiogenesis and the mechanism associated with
IL-2-promoted angiogenesis.
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MATERIALS AND METHODS

Cell Culture

HUVECs were isolated from human umbilical cord veins by collagenase
treatment and used in passages 3-6. The cells were grown in M199
medium supplemented with 20% fetal bovine serum, 100 U/ml
penicillin G 100 pug/ml streptomycin, 3 ng/m!l bEGF (Upstate, MA,
U.S.A.), and 5 U/ml heparin at 37°C under 5% CO,/95% air.

Materials

Dichlorofluorescein diacetate (DCFH-DA) and Mitotracker Red
CMXRos were purchased from Molecular Probes, Inc. (Eugene, OR,
U.S.A)). Dulbecco’s modified Eagle’s medium, M199, penicillin,
streptomycin, L-glutamate, and heparin were obtained from Invitrogen.
Vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) were obtained from Upstate Biotechnology,
Inc. (Lake Placid, NY, U.S.A.). Antibodies against Akt, p-Akt, and
actin were purchased from Transduction Laboratories (Lexington,
KY, U.S.A)). Recombinant human 1L-2 was purchased from Sigma.
All primers used in this study were commercially synthesized by
Bionex Company (Korea).

Western Blot Analysis

Total cellular extracts were prepared with lysis buffer (62.5mM
Tris-HCI [pH 6.8], 2% SDS [w/v], 10% [w/v] glycerol, 50 mM
DTT, 1mM NaF, 1mM sodium orthovanadate, and protease
inhibitor cocktail). The samples were boiled for 5min, and equal
amounts of protein were electrophoresed onto 10% SDS-PAGE. After
electrophoresis, proteins were transferred to nitrocelluose membrane
and processed for immunoblot. The membrane containing transferred
proteins was washed three times with 1x TBS-T buffer (TBS, 0.1%
Tween 20). The membrane was incubated with blocking buffer (1x
TBS, 5% nonfat dry milk, 0.1% Tween 20) for 1 h. After washing
with TBS-T buffer, the membrane was incubated with primary
antibody at an appropriate dilution. After washing with TBS-T
buffer, the blot was further incubated with horseradish peroxidase-
conjugated secondary antibody diluted at 1:2,000, and specific bands
were visualized by chemiluminiscence (ECL, Amersham Corp.,
Arlington Heights, IL, U.S.A.). Primary antibodies to both Akt and
phospho-Akt were used in a 1:1,000 dilution.
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RT-PCR

Total RNA from cells treated without or with TL-2 (100 units/ml)
was isolated by using Trizol (Gibco BRL). Total RNA was
converted into cDNA by superscript reverse transcriptase. RT-PCR
was carried out according to the instruction manual provided by the
manufacturer (Gibco BRL).

The following primer pairs were used for PCR: VEGF, 5-CAG
CTA CTG CCA TCC AAT GGA-3' and 5-ACG CTC CAG GAC
TTA TAC CGG-3'; PDGF, 5-AAG CAT GTG CCG GAG AAG
CG-3' and 5-TCC TCT AAC CTC ACC TGG AC-3; IL-2Ra, 5-
ATC AGC GIC CTC CTC CTG AGI-3' and 5-CAA GCA CAA
CGG ATG TCT-3'; IL-2RB, 5-CCA GAC ACC CAG TAT GAG
TT-3' and 5'-CAC TTC AGG ACC TTC TTC AG-3'; amd B-actin,
5-TAA CCA ACT GGG ACG ATA TG-3' and 5-ATA CAG GGA
CAG CAC AGC CT-3. The PCR conditions were as follows:
VEGF: 95°C for 455, 58°C for 45, 72°C for 60's, and 35 cycles;
PDGF: 95°C for 45, 55°C for 45s, 72°C for 60's, and 33 cycles;
B-actin: 94°C for 60 s, 58°C for 45, 72°C for 455, and 20 cycles:
IL-2Ra and -B: 94°C for 45's, 58°C for 455, 72°C for 60 s, and 33
cycles.

Tube Formation Assays

The formation of tubelike structure by HUVEC on growth factor-
reduced Matrigel was performed. The 24-well culture plates were
coated with Matrigel according to the manufacturer’s instructions.
HUVECs were incubated in M199 medium containing 1% FBS for
6 h, plated onto the layer of Matrigel at a density of 2.5x10° cells/
well, and followed by the addition of IL-2 without or with chemical
inhibitor. Matrigel cultures were incubated at 37°C for 24 h. Tube
formation was observed using an inverted phase contrast microscope.
Images were captured with a video graphic system. The degree of tube
formation was quantified by measuring the length of tubes in five
randomly chosen low-power fields (x100) from each well using the
Image-Pro plus v4.5 (Media Cybernetics, San Diego, CA, US.A.).

In Vivo Angiogenesis Assays

Male BABL/c mice (6—8 week old) were obtained from Dachan
Biolink (Seoul, Korea). Mice were maintained at the specific
pathogen-free housing facility at the School of Medicine, Kangwon
National University. Angiogenesis was assessed in vivo as described
previously [6]. The mice were anesthetized by 1.5% isofurane and
0,-N,O using a vaporizer (Surgivet, Waukesha, WI, U.S.A), and
abdominal wall windows were implanted. A titanium circular mount
with eight holes on the edge was inserted between the skin and
abdominal wall. Growth factor-reduced Matrigel containing VEGF
(50 ng/ml) or IL-2 (100 units/ml) was applied to the space between
the windows, and a circular glass cover slip was placed on top and
fixed by a snap ring. After 4 days, the animals were anesthetized
and injected intravenously with 50 pl of 25ng/ml fluorescein
isothiocyanate-labeled dextran (molecular weight, M, ~2,000,000)
via the tail vein. The mice were then placed on a Zeiss Axiovert
200 M microscope. The epi-illumination microscopy setup included
a 100-W mercury lamp and filter set for blue light. Fluorescence
images were recorded in random locations of each window by a
electron-multiplying charge-coupled device camera (Photo Max 512,
Princeton Instruments, Trenton, NJ, U.S.A)) and digitalized for
subsequent analysis using the Metamorph program (Universal
Imaging, Downingtown, PA, U.S.A.). The assay was scored from 0
(negative) to 5 (most positive) in a double-blinded manner.

ROS Measurement

Serum-starved HUVECs on cover slips were incubated with 10 uM
DCFH-DA for 20 min. For the last 15min of treatment, IL-2
(100 units/ml) was added to measure ROS. Cells were then
immediately observed by laser scanning confocal microscopy (LSM
410, Carl Zeiss). The samples were excited by 488 nm Ar laser and
images were filtered To determine the effects of antioxidants on
ROS in HA-treated melanoma cells, serum-starved melanoma
cells on cover slips were pretreated with NAC (100 pM) for 1h
followed by incubation with DCFH-DA. The samples were excited
by 488 nm Ar laser and images were filtered by a long-pass 515 nm
filter. To determine whether 11.-2 enhances peroxynitrite, HUVECs
were treated with 10 nM Mitotracker Red CMXRos (Molecular
Probes) and IL-2 (100 units/ml), and incubated for 10 min at
room temperature. Dihydrorhodamine 123 (DHR, 10 uM) was then
added, incubation was continued for 5 min, and cells were washed
three times with PBS. The confocal images were acquired and
analyzed.

RESULTS AND DISCUSSION

1L-2 Increases ROS in HUVECs

ROS are responsible for angiogenesis [6, 10]. Therefore
we examined whether IL-2 affected ROS in HUVEC cells.
For this, HUVECs were treated with IL-2 (100 units/ml)
for various time intervals. DCFH-DA was added to
measure the level of H,0,. IL-2 increased H,0, in a time-
dependent manner (Fig. 1A). N-Acetyl-L-cysteine (NAC),
a ROS blocker, suppressed induction of H,0, in HUVEC
cells treated with TL-2 (Fig. 1A). VEGF, a potent angiogenic
factor, also increased ROS in HUVECs (Fig. 1B). Next,
the level of peroxynitrite (ONOQO™) was measured. For this,
DHR123 was added. IL-2 increased the level of ONOO™ in
a time-dependent manner (Fig. 1C).

IL-2 Increases Angiogenic Factors in HUVECs

It is well known that VEGF and PDGF are involved
in angiogenesis. The effect of IL-2 on these angiogenic
factors was investigated. For this, HUVECs were treated
with IL-2 (100 units/ml) or ONOO™ (100 uM) for various
time intervals. Both IL-2 and ONOO™ increased expression
levels of angiogenic factors, such as VEGF and PDGF
(Figs. 2A and 2B). This suggests that IL-2 may promote
angiogenesis. We also found that IL-2 increased the
expression level of the [L-2 receptor (data not shown).
This suggests that IL-2 functions through its own receptor.

IL-2 Promotes Angiogenesis

Since TL-2 increased angiogenic factors, it was necessary
to examine whether IL-2 promotes angiogenesis. [n vivo
angiogenesis assays were carried out. To examine whether
IL-2 promoted in vivo angiogenesis, growth factor-reduced
matrigel containing VEGF (50 ng/ml), IL-2 (100 units/ml),
or in combination was placed on the abdomen of a
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Fig. 1. Interleukin-2 :ncreases ROS in HUVECs.

A. Serum-starved HUVECs on cover slips were treated without or with 1L-2 (100 units/ml) for various time intervals. Ten uM of DCFH-DA was then added
to measure ROS. DCFH fluorescence intensities of melanoma cells treated with IL-2 were compared with those treated without HA (upper panel). Serum-
starved HUVECs on cover slips were pretreated without or with N-acetyl-L-cysteine (100 uM) for 15 min. Cells were then treated without or with 11.-2
(100 units/ml) for 15 min. ROS measurement was carried out as above (Lower panel). B. Serum-starved HUVECs on cover slips were treated without or
with VEGF (20 ng/ml) for 15 min. ROS measurement was carried out as above. C. Melanoma cells were treated with IL-2 (100 units/ml) for 10 min. IL-2
was added along with Mitotracker Red CMXRos and incubation continued for 20 min followed by incubation with DHR123 for 10 min. ROS level was
analyzed by confocal microscopy.
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Fig. 2. IL-2 increases expression of angiogenic factors.
A. HUVECs were treatec with IL-2 (100 units/ml). Total RNA was isolated at the indicated time point. RT-PCR was carried out. B. HUVECs were treated
with peroxynitrite (100 uM). Total RNA was isolated at the indicated time point. RT-PCR was carried out.
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Fig. 3. IL-2 promotes angiogenesis.

In vive angiogenic activity recorded under intravital microscopy. IL-2
{100 units/mouse), VEGF (50 ng/mouse), or in combination was intravenously
injected into the abdominal window of each mouse.

BALB/c mouse. IL-2 (100 units/ml) promoted angiogenesis
(Fig. 3). The effect of IL-2 was comparable to that of VEGF.
It seems that combined treatment increases the number

A B
IL-2 (100 U/ml)

Control

of animals with the highest angiogenic scores (Fig. 3).
Next, we determined factors affecting IL-2-promoted
angiogenesis. IL-2 activates Akt to regulate the expression
of several genes, including human telomerase reverse
transcriptase [5]. We found that IL-2, H,0,, and VEGF
increased phosphorylation of Akt (Fig. 4A). We also found
that peroxynitrite increased phosphorylation of Akt (data
not shown). These data suggest that Akt mediates 1L.-2-
promoted angiogenesis. The addition of LY294002, an
inhibitor of Akt, decreased the angiogenic function of [L-2
(Fig. 4B). These results indicate that [L-2 promotes
angiogenesis via an Akt-dependent manner.

IL-2 Promotes Tube Formation via ROS- and Akt-
Dependent Manner
We further examined the angiogenic potential of IL-2 by
performing tube formation. Both IL-2 and VEGF increased
tube formation, as expected (Fig. 5A). N-Acetyl-L-cysteine
(100 uM), an inhibitor of ROS formation, exerted the
negative effect on tube formation by IL-2 (Fig. 5B). The
inhibition of Akt by LY294002 also exerted a negative effect
on tube formation (Fig. 5C). These results indicate that
IL-2 increases tube formation via ROS- and Akt-dependent
manner.

In this study, we found a novel role of IL-2 in
angiogenesis. ROS and Akt were shown to be necessary
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Fig. 4. Akt mediates 1L-2-promoted angiogenesis.
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A. HUVECs were treated with IL-2 (100 units/ml), H,O, (10 uM), or VEGF {20 ng/ml) for various time intervals. Cell lysates were prepared at each time
point and subjected to Western blot analysis. B. /n vivo angiogenesis assays were carried out using Matrigel containing 1L-2 (100 units/ml} without or with

LY 294002 (10 uM).
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Fig. 5. IL-2 increases tube formation via Akt- and ROS-dependent manner.

A. HUVECs treated with {L-2 or VEGF were subjected to tube formation assays after 20 h of incubation at 37°C. An inverted phase contrast microscope was
used, and images were captured with a graphic system. Area covered by the tube network was quantitated using ImagePro Plus software. B. HUVECs
treated with IL-2 (100 units/ml) in the absence or presence of NAC (100 uM) were subjected to tube formation assays. C. HUVECs treated with IL-2
(100 units/ml) in the absence or presence of L'Y294002 (10 uM) were subjected fo tube formation assays.

for IL-2-promoted angiogenesis. Based on the fact that
IL-2 increased the expression of the IL-2 receptor, it is
likely that IL-2 finctions through the IL-2 receptor.
The underlying mechanism has not been elucidated in
detail. Therefore, further identification of downstream
targets of IL-2 would be necessary. It would be also
necessary to identify the domain of IL-2 that promotes
angiogenesis.
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