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We investigated the feasibility of a novel therapeutic approach to treat neoplastic
diseases in mice. This novel strategy consists in delivering a protein (angiostatin) with
strong antiangiogenic properties, followed by administration of the interleukin 12
gene that is strongly immunomodulatory and has also some antiangiogenic effects.
When angiostatin-mediated antiangiogenic therapy was used in combination with
intratumor delivery of the IL-12 gene (a strategy much safer than IL-12 protein admin-
istration), this produced a synergistic therapeutic effect.

Formation of vasculature in primary tumors
and metastases, i.e. tumor angiogenesis,
plays an important role in the development of
neoplastic diseases. Inhibition of angiogene-
sis in primary tumors and metastases is the
basis of the antiangiogenic strategy in gene
cancer therapy models.

At present, many endogenous polypeptide
inhibitors of angiogenesis are known that in a
highly specific manner prevent the develop-
ment of blood vessels in primary tumors and

metastases. Many have been used in experi-
mental studies. One of the widely-known
angiogenesis inhibitors is angiostatin discov-
ered by Folkman and coworkers [1]. It is a
proteolytic 38-kDa fragment of plasminogen,
containing four plasminogen kringle domains
(K1-4) [1]. Angiostatin inhibits proliferation
of endothelial cells, without affecting prolifer-
ation of neoplastic cells [2]. It causes
apoptosis of endothelial cells forming part of
blood vessels’ structure [3]. Angiostatin
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blocks ATP synthesis in these cells by binding
to ATP synthase subunits present on external
membranes of endothelial cells [4]. It has
been shown in various tumor models that
angiostatin inhibits development of primary
tumors and metastatic spread by preventing
angiogenesis [1, 5-7].

An enhanced antitumor effect of concomi-
tant angiostatin administration and radio-
therapy has been observed [8, 9]. Synergistic
effects have been described for angiostatin/
endostatin use [10]. In therapeutic experi-
ments, angiostatin derived from plasminogen
digestion, recombinant protein, or angio-
statin-encoding gene have all been used [11].

In our studies we attempted a novel strategy
consisting of a combined delivery of an anti-
angiogenic protein together with an immuno-
modulatory interleukin gene (IL-12) delivered
directly to the tumor site.

Interleukin 12 has strongly immunomodu-
latory properties such as the ability to stimu-
late lymphocytes T and the production of in-
terferon y (IFNy), proliferation and activation
of NK cells, as well as the cytotoxicity of LAK
cells and TIL cells. This cytokine stimulates
the production of tumor necrosis factor TNFa
[12]. In addition, IL-12 shows antiangiogenic
properties that result from the induction of
IP-10, a protein with strong antiangiogenic
properties. IL-12 is a short-lived toxic protein
and administration of its gene enables lower-
ing the levels of the circulating IL-12 protein
without compromising its therapeutic effects
[12-14].

The results of our experiments suggest that
combined delivery of an antiangiogenic pro-
tein and an immunomodulatory gene produce
an enhanced therapeutic effect (i.e. stronger
inhibition of tumor growth).

MATERIALS AND METHODS
Plasmids. The pPBCMGSNeo/IL-12 plasmid

containing sequences of both IL-12 subunits
(p35 and p40) separated by an IRES sequence

and under the control of the cytomegalovirus
promoter was obtained from Dr. H.
Yamamoto, Osaka University (Japan) [15]. As
a control plasmid we used pPBCMGSNeo ob-
tained from Dr. H. Karasuyama from the In-
stitute of Immunology in Basel (Switzerland).

Cell lines. B16(F10) murine melanoma cell
line was cultured in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (FCS)
(GibcoBRL), at 37°C and under 5% COq. Bo-
vine aortic endothelial cells were obtained
from Clonetics (San Diego, CA, U.S.A.) and
cultured in RPMI + 5% FCS (Gibco-BRL).

Animals. Six-to-eight-week-old C57Bl1/6
mice were from an on-site animal facility.
Mice had their left dorsal side shaved and
were inoculated with 2.5 X 10% B16(F10) cells
in 100 ul PBS™ (without Ca®" and Mg®")/ani
mal. Tumor size was measured using calipers
and calculated from the formula: Volume =
(Width)? x Length X 0.52 [5].

Isolation of plasminogen. Plasminogen
was isolated from human serum as described
in a published procedure [5, 6]. Serum (out-
dated lots) was obtained from the Regional
Blood Supply and Therapy Center in
Katowice (Poland).

The serum was thawed and centrifuged at
7500 r.p.m. for 30 min at room temperature.
Following this the supernatant was filtered
using 0.45 um Millipore filters. The serum
was then resuspended in 50 mM phosphate
buffer (pH 7.5) at a volume ratio of 1:2 and
applied onto an I-lysine-Sepharose 4B column
(Amersham Pharmacia); bed volume = 36ml.
Separation was carried out at 4°C. Next, the
column bed was washed with 0.5 M NaCl in or-
der to elute non-specifically bound sub-
stances. The bound plasminogen was eluted
using 0.2 M g-amine-n-capronic acid. The plas-
minogen obtained was then dialyzed at 4°C
against 20 mM Tris/HCI (pH 7.6) for 48 h us-
ing MWCO (Molecular Weight Cut-off) 8000
dialysis bags. Finally, the plasminogen prepa-
ration was lyophilized.

Isolation of angiostatin. Angiostatin was
obtained from plasminogen by digesting it
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with porcine pancreas elastase (ICN, Costa
Mesa, CA, U.S.A)) [5, 6]. The lyophilized
plasminogen was dissolved in 50 mM phos-
phate buffer (pH 7.5) at 0.5 mg/ml. An appro-
priate amount of the enzyme was then added
(0.8 elastase units per 1 ml of the plasminogen
solution) and the sample was incubated at
37°C for 5 h with vigorous shaking (225-250
r.p.m.).

Angiostatin was isolated chromatographi-
cally on a lysine-Sepharose column (see
above). Fractions containing angiostatin were
eluted with 0.2 M ¢-amine-n-capronic acid.

The obtained angiostatin was dialyzed for 24
h against 50 mM phosphate buffer (pH 7.5) us-
ing 15000 MWCO dialysis bags. Next, it was
dialyzed for 24 h against deionized water and
lyophilized. Subsequently, angiostatin was
identified electrophoretically as described be-
low (on a 10% polyacrylamide gel containing
SDS followed by Western blotting. Prior to
use, angiostatin was suspended in PBS~
(without Ca®" and Mg?") buffer.

Identification of angiostatin by
polyacrylamide/SDS gel electrophoresis.
Thirty-microgram aliquots of plasminogen
and angiostatin were separated elecropho-
retically on a 10% polyacrylamide gel contain-
ing 0.4% SDS. The resolved SDS/PAGE gel
was stained with Coomassie and destained
with a 45% methanol/10% acetic acid mixture.
High Molecular Weight Standard Mixture,
egg albumin and bovine albumin (Sigma-
Aldrich) was used as size marker.

Analysis of angiostatin using Western
blotting. Samples of plasminogen and angio-
statin were electrophoresed in a 12%
polyacrylamide gel containing SDS and trans-
ferred onto nitrocellulose membrane
(Schleicher & Schuell). Protein bands were vi-
sualized with Ponceau Red staining. After
destaining with Tris-buffered saline (TBS; 150
mM NaCl, 10 mM Tris/HCI, pH 7.4) contain-
ing 0.1% Tween-20, the membrane was incu-
bated in blocking buffer (TBS/3% skim milk)
for 1 h at room temperature. The membrane
was incubated at 4°C overnight with mono-

clonal antibodies 36Eg raised against human
plasminogen kringle 1-3 (obtained from Dr.
H.R. Lijnen, Center of Molecular and Vascu-
lar Biology, Leuven, Belgium) diluted to the fi-
nal concentration of 50 ug/ml with TBS/3%
skim milk. On the following day the mem-
brane was washed five times with TBS/0.1%
Tween-20 and then incubated for 1 h at room
temperature with biotinylated anti-mouse IgG
antibodies (Vector Laboratories, Inc., Burlin-
game, CA, U.S.A.) diluted 1:200 with TBS/1%
skim milk. After five washes in TBS the mem-
brane was incubated for 45 min at room tem-
perature with an avidin-biotinylated horse-
radish peroxidase complex (Vector Labora-
tories) diluted 1:100 in TBS. The peroxidase
substrate used for band staining was 3,3'-dia-
minobenzidine tetrahydrochloride (Sigma-
Aldrich).

Endothelial cell proliferation assay. The
assay was performed according to the method
of Lucas et al. [3] with several modifications.
Bovine aortal endothelial (BAE) cells were dis-
persed in a 0.05% trypsin solution and resus-
pended with RPMI containing 5% FCS. 5 X
102 cells in 1 ml were added to each well of
gelatinized 24-well plates and incubated at
37°C for 2 h. The medium was replaced with
0.5 ml fresh RPMI containing 2% FCS and
angiostatin samples. After 1-h incubation me-
dium was added to obtain a final volume of
1 ml of RPMI + 2% FCS and a final bFGF con-
centration (R&D Systems, Inc., Minneapolis,
MN, U.S.A.) of 10 ng/ml. After 72 h of incuba-
tion, the number of living cells was quantified
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) test
(Sigma-Aldrich) and absorbance was mea-
sured at 570 nm.

Animal studies. Angiostatin was injected
twice a day for a 10-day period counting from
the 7th day following animals’ inoculation
with cancer cells, when the tumor diameter
had reached about 3 mm. Angiostatin was de-
livered in 100 ul aliquots in physiological sa-
line buffered with phosphate, without Ca®*
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and Mg2+ (PBS"). The amount of protein used
was 1mg per animal per 12 h.

C57B1/6 mice were inoculated with 2.5 X
10% B16(F10) melanoma cells/animal. Mice
receiving combined therapy were injected
intradermally 1 mg of angiostatin every 12 h
for four days starting from the 7th day of the
experiment and then, intratumorally, the
pBCMGSNeo/I1-12 plasmid for eight days
starting from the 11th day of the experiment.
Mice receiving single agent therapy received
either angiostatin only (from the 7th until the
11th day) or the therapeutic gene-containing
plasmid DNA only (from the 11th until the
18th day). Mice from the control groups re-
ceived either a plasmid without the therapeu-
tic gene, or PBS™. Aliquots of 1 ug protein
were injected in 100 ul PBS™ every 12 h.
Aliquots of 50 mg of plasmid DNA were ad-
ministered intratumorally in 100 ul Ringer’s
solution with 0.05% lactose.

RESULTS AND DISCUSSION

Purification and identification of
angiostatin obtained from human
plasminogen

Angiostatin obtained from human plasmi-
nogen by enzymatic digestion with porcine
pancreas elastase was chromatographically
isolated on an L-lysine-Sepharose column and
identified on the basis of its electrophoretic
mobility in a polyacrylamide gel.

Bands of interest, i.e. those of angiostatin
with the molecular mass of 38 kDa and of
plasminogen with the molecular mass of 90
kDa, were identified by Coomassie staining
(Fig. 1A).

Angiostatin was also identified using West-
ern blotting. Figure 1B shows the identifica-
tion of a protein corresponding to angiostatin
with the molecular mass of 38 kDa.

The angiostatin obtained had antiangiogenic
activity in vitro as shown in the endothelial
cells proliferation assay (Fig. 2).

2001
A
1 2
—— 116 kDa
—— 97kDa
ANGIOSTATIN {:-"- 45 kDa
—

Figure 1A. Electrophoretic separation of angio-
statin and plasminogen.

Electrophoresis was carried out in 10% polyacrylamide
gel with SDS. Following separation, the gel was stained

with Coomassie Brillant Blue. Aliquots of 30 ug of
angiostatin (1) or plasminogen (2) were separated.

90 kDa

38 kDa - } ANGIOSTATIN

Figure 1B. Identification of angiostatin using
Western blotting.

Following electrophoretic separation angiostatin was
identified using a specific antibody (Western blot). To
identify angiostatin, mouse monoclonal antibodies
(86Hg) were used. Lanes: 1, plasminogen; 2, angio-
statin.

In order to confirm the antiangiogenic prop-
erties of the isolated protein a therapeutic in
vivo experiment was carried out. Syngeneic
C57B1/6 mice previously inoculated with
B16(F10) cells were treated by intradermal
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Figure 2. Inhibition of bFGF-induced proliferation
of bovine endothelial (BAE) cells.

Human plasminogen-derived angiostatin (Ang) was
added to BAE cells at concentrations indicated.
C-bFGF, control without bFGF; C+bFGF, control with
bFGF added to the final concentration indicated. Cell

proliferation was quantified by the MTT assay. Results
are shown as means of quadruplicate wells (+S.D.).

near-tumor-site administration of angiostatin.
As a result of therapy, a significant decrease
of the tumor growth rate was observed in the
group of mice obtaining angiostatin, com-
pared to the control group receiving PBS™
only (Fig. 3). When angiostatin administra-
tion was ceased, a rapid resumption of tumor
growth was observed in the treatment group,
so that after several days tumor size differ-
ences between the experimental and control
groups became statistically insignificant (data
not shown).

100

EEPBS™
CIANGIOSTATIN - 1mg every 12h

80 1
60 -

40 -

Tumor volume (mm®)

20

Combined therapy with angiostatin and
interleukin-12 gene

C57B1/6 mice inoculated with B16(F10) mu-
rine melanoma cells were treated by intra-
dermal administration of angiostatin followed
by intratumoral administration of plasmid
DNA containing the murine interleukin 12
(IL-12) gene.

The protein was administered intradermally
near the tumor site using 1 mg of protein per
animal per 12 h, beginning from the 7th day
following the animal’s inoculation with cancer
cells. Injections were continued on the 8th,
9th and 10th day of the experiment.

Gene therapy consisting in daily intratumor
administrations of the pBCMGSNeo/IL-12
plasmid containing the murine interleukin 12
gene was started on the 11th day of the experi-
ment and continued until the 18th day. DNA
was injected in 50 ug aliquots using 100 ul of
Ringer’s solution with 0.05% lactose added. A
clear therapeutic effect (tumor growth arrest)
was seen in the animal groups receiving angio-
statin followed by IL-12 gene delivery, as com-
pared to the control groups receiving only pro-
tein or only plasmid DNA (Fig. 4). Mice from
negative control group received PBS™ or
Ringer’s solution with lactose (the latter not
shown).

The results of our study confirm the thera-
peutic properties of angiostatin obtained by
enzymatic digestion of human plasminogen.
Inhibition of tumor growth can be observed

Figure 3. Inhibition of tumor growth in
C57Bl/6 mice inoculated with B16-
(F10) melanoma cells, following intra-
dermal administration of angiostatin.

C57Bl1/6 mice were inoculated with 2.5 X
106 B16(F10) melanoma cells/animal.
Mice from the treatment group received
intradermally 1 mg of angiostatin every 12
h for four days starting from the 7th day of
the experiment. Control mice received
PBS™ only. Each group numbered 4 ani-

6 7 8 9 10
Day of experiment

mals. Each data point represents mean tu-
mor volume (+S.D.) during consecutive
days of the experiment.
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Figure 4. Inhibition of tumor growth in C57B1/6 mice inoculated with B16(F10) melanoma cells, follow-
ing combined protein therapy with angiostatin and gene therapy with interleukin 12.

C57B1/6 mice were inoculated with 2.5 x 10° B16(F10) melanoma cells/animal. Mice receiving combined therapy
were injected intradermally angiostatin every 12 h for four days starting from the 7th day of the experiment and
then, intratumorally, the pPBCMGSNeo/ IL-12 plasmid for eight days starting from the 11th day of the experiment
(*¢). Mice receiving single agent therapy were injected either angiostatin only (A) or the therapeutic
gene-containing plasmid DNA only (@). Mice from the control groups received either a plasmid without the thera-
peutic gene (@), or PBS™ (). The experimental groups numbered 5 animals each. Each data point represents mean
tumor volume (+S.D.) during consecutive days of the experiment.

following treatment of affected mice with the
strongly antiangiogenic angiostatin.

The antitumor effect of angiostatin stems
from the inhibition of formation of blood ves-
sels. These are necessary for growth of pri-
mary tumors and subsequent metastases.

Despite the long half-life of angiostatin in cir-
culation (in mice up to 2.5 days) [1], the best
therapeutic effect is obtained when the pro-
tein is readministered every 12 h. To obtain a
distinct therapeutic effect it is necessary to
apply large doses of angiostatin, about 2 mg
per 24-h period. Smaller doses of the protein
did not yield therapeutic results (data not
shown).

The therapeutic effect obtained in treating
cancer-affected mice with angiostatin only is
temporary. Following cessation of therapy,
rapid tumor growth is resumed. Since human
angiostatin inhibits proliferation of endothe-
lial cells in a dose-dependent manner, this
most likely reduces the number of tumor cells
but does not destroy them in toto.

Since antiangiogenic preparations are cyto-
static by nature, it seemed worthwhile to in-

vestigate the outcome of a strategy combining
antiangiogenic as well as some other treat-
ment. We thus investigated the therapeutic ef-
fectiveness of delivering angiostatin with con-
comitant delivery of the immunomodulatory
interleukin 12 gene.

Extensive studies of interleukin 12 anti-
tumoral effects have shown that they rely
upon immunomodulatory properties, espe-
cially on the stimulation of T lymphocytes as
well as formation of IFNy [12].

Our results confirm the efficacy of the
adopted approach. Mice from the group re-
ceiving both angiostatin and IL-12 clearly
showed a therapeutic effect, manifested by tu-
mor growth arrest. Mice receiving only the
protein or only the DNA experienced a much
smaller therapeutic effect (Fig. 4). Similar re-
sults were noted previously for adenoviral-me-
diated concurrent administration of IL-12 and
angiostatin genes (54% of total cures), com-
pared to the administration of the IL-12 gene
only (13% of complete cures) [16].

The antitumoral effects of angiostatin and
interleukin 12 take place on different levels.
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Angiostatin targets normal endothelial cells
of blood vessels, while IL-12 acts indirectly, by
activating immune system cells which in turn
leads to the destruction of cancer cells.
Angiostatin inhibits proliferation of endothe-
lial cells in tumor vasculature, thus inhibiting
the development of primary tumors and me-
tastases. IL-12 mobilizes the immune system
to specifically destroy cancer cells by activat-
ing and stimulating NK cells as well as lym-
phocytes T.

We previously used gene therapy in mice,
via 1L-12 gene transfer using naked plasmid
DNA, with good result [13]. To the best of our
knowledge, a concomitant use of an anti-
angiogenic protein (angiostatin) and an im-
munomodulatory gene (interleukin 12), has

never been used before to treat cancer in
mice.

The authors are thankful to Mrs. Malgorzata
Krawczyk for technical assistance and to Dr.
Aleksander Sochanik for a critical review of
the manuscript.
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