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Abstract

Angiostatin inhibits angiogenesis and metastatic tumor growth; how
ever, its usefulness in treating primary nonmetastasizing tumors is less
well understood. We now report the effectiveness of human angiostatin
administration in a mouse hemangioendothelioma model. Human an
giostatin was administered to mice with s.c. hemangioendothelioma and
associated disseminated intravascular coagulopathy (Kasabach-Merritt
syndrome). Angiostatin significantly reduced tumor volume in compari
son to nontreated controls, increased survival, and prevented the pro
found thrombocytopenia and anemia of Kasabach-Merritt syndrome.
Apoptosis of tumor cells was induced by angiostatin, but tumor cell
proliferation was not inhibited. These data suggest angiostatin as a novel
treatment for nonmetastasizing vascular tumors and for Kasabach
Merritt syndrome.

Introduction

Solid tumor growth and metastases are dependent on angiogenesis
(1). Angiostatin is a potent, endogenous inhibitor of angiogenesis that
is generated by the proteolytic cleavage of plasminogen (2â€”4). An

giostatin has been shown to inhibit the growth of metastatic tumors (2,
5â€”8);however, its role in the management of primary tumors that do
not metastasize has not been explored. The Kasabach-Merritt syn
drome is a life-threatening condition in infants that is characterized by
rapid enlargement of a primary endothelial cell-derived tumor in
association with disseminated intravascular coagulopathy (9). Using a
mouse model of the Kasabach-Merritt syndrome (10), we have tested the
ability of affinity-purified angiostatin to control primary hemangioendo

thelioma growth. We now report that human angiostatin markedly sup
pressed the growth of s.c. hemangioendothelioma, prevented the hema
tological complications of Kasabach-Memtt, and increased mouse
survival.

Materials and Methods

Cell Culture. The murine hemangioendothelioma cell line EOMA (gener
ously provided by Dr. R. Auerbach, University of Wisconsin, Madison, WI)
and primary bovine aortic endothelial cells isolated from calf aortas (I 1) were
grown in DMEM supplemented with 10% fetal bovine serum, 100 units/mI

penicillin G, and 100 mg/ml streptomycin (Life Technologies, Inc., Gaithers
burg, MD) and maintained at 37Â°C.

Angiostatin Generation. Affinity-purified human angiostatin was gener
ated in a cell-free setting as described previously (3). Briefly, human plasmin
ogen (0.2 p.M) was incubated with 0.2 nt@irecombinant human urokinase
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(Abbott Laboratories, North Chicago, IL) and 100 .tM of N-acetyl-L-cysteine
(Sigma Chemical Co.) at 37Â°Covernight. The angiostatin was then affinity
purified on lysine-Sepharose and examined by Western blot assays as de
scribed previously (12). Each lot of angiostatin was tested for the ability to
inhibit bFGF3-induced bovine aortic endothelial cell proliferation in vitro,
prior to administration in vivo. In addition, we have shown that the angiostatin
generated by recombinant human urokinase/N-acetyl-L-cysteine treatment in
hibits normal endothelial cell migration in vitro and corneal vessel angiogen

esis in vivo (3).

Bioactivity of Angiostatin in Vitro. To assess the antiproliferative effects
of angiostatin, bovine aortic endothelial and EOMA cells were plated at
2.0 X i0@cells/well in 24-well culture plates and grown overnight. Medium
was then replaced with fresh DMEM/5% heat-inactivated fetal bovine serum

supplemented with I ng/ml bFGF (R & D Systems, Minneapolis, MN) with
and without affinity-purified human angiostatin (50, 100, or 200 nM). Cell
counts from duplicate wells were performed after 48 h incubation using a ZB 1

Coulter counter (Coulter Corp., Hialeah, FL).
In Vitro Apoptosis Assay. To determine whether angiostatin induces ap

optosis of EOMA cells in vitro, 1.0 X l0'@ EOMA cells were plated on

four-chambered slides (Lab-Tec; Nalgene Nunc International, Naperville, IL)
in duplicate in serum-containing medium. Sixteen h later, cells were incubated
in either serum-containing or serum-free DMEM with or without angiostatin
(0â€”200nM) for 24 h. Cells were washed, and DNA fragmentation was
detected using a Klenow FragEL DNA fragmentation kit (Oncogene, Cam
bridge, MA). The binding of biotinylated nucleotides was detected by strepta
vidin-horseradish peroxidase, followed by hydrogen peroxide/diaminobenzi
dine and counterstaining with methyl green. For a positive control, cells were

treated with proteinase K, and then 1.0 @.tg/mlDNase I in TBS containing 1.0
nM MgSO4 was applied. For a negative control, TBS was substituted for

Klenow.
Western Blot. Western blots were performed as described previously (12).

Circulating angiostatin was detected in mice treated with angiostatin (n = 4)
and PBS (n = 4). Plasma protein concentrations were measured by a modified
Bradford assay (Ref. 13; Coomassie Plus Protein Assay; Pierce, Rockford, IL).
The mouse plasma samples were standardized, diluted 1:20 with TBS for a
final loading concentration of 250 ng/lane, electrophoresed under nonreducing

conditions on 12% polyacrylamide gels (NOVEX, San Diego, CA) in Tris

Glycine running buffer, and elect.rotransferred to a 0.45 p.M polyvinylene
difluoride membrane (Immobilon; Millipore, Bedford, MA). Purified human
angiostatin 1 @zgÃ±anewas run as a control. The membrane was blocked for 30
mm in 1% BSA in TBS and probed with a 1:1000 dilution of a monoclonal
antibody to the kringles 1â€”3domains of human plasminogen (VAP 250 L;
Enzyme Research Laboratories, Inc., South Bend, IN). After washing, the
membrane was incubated for 30 mm with an alkaline phosphatase conjugated

goat anti-mouse IgG secondary antibody and developed using 5-bromo-4-
chloro-3-indoyl-phosphate/nitroblue tetrazolium (Kirkegaard & Perry Labora
tones, Gaithersburg, MD).

Murine Tumor Model. Animal experimentswere approvedby the Insti
tutional Animal Care and Use Committee of the Children's Memorial Institute

for Education and Research. Female beige nude mice (Taconic Labs, German
town, NY) at 6â€”8weeks of age received injections s.c. in the right flank with
1.0 X 106 EOMA cells in 100 @zlPBS. Tumors appeared approximately 7 days
after implantation and grew exponentially until the mice died. Beginning 24 h

3 The abbreviations used are: bFGF, basic fibroblast growth factor: TBS. Tris-buffered
saline; PCNA, proliferating cell nuclear antigen; KMS. Kasabach-Merritt syndrome.
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Determination of Platelet Levels and Hematocrits. Cell counts were
determined using a CellDyn Coulter counter (Abbott Laboratories, Abbott

Park, IL). Age-matched beige nude mice without EOMA tumors (n = 4) were
used to determine the normal range of values.

Statistical Analysis. Results are expressed as mean Â±SD. Statistically
significant differences between means were determined using a one-way

ANOVA. A value of P < 0.05 was considered significant.

Results and Discussion

Angiostatin Inhibits Hemangioendothelioma Growth in Vivo
but not in Vitro. Previous studies with angiostatin have focused on
the ability of this potent antiangiogenic agent to inhibit the growth of
metastases (2â€”4,6) and, more recently, of metastasizing primary
tumors (5â€”7).We have now tested the ability of affinity-purified
human angiostatin to inhibit the growth of a primary, nonmetastasiz
ing endothelial-derived tumor in vivo. Angiostatin significantly inhib
ited the growth of the murine hemangioendothelioma in vivo. No
difference was noted in tumor volumes between treated and untreated
mice until 10 days after tumor inoculation (Fig. lA). However, by 17
days after tumor cell inoculation, the tumor volume of angiostatin
treated mice was 66 Â±12 mm3 (Fig. 1B), whereas the tumor volume
of control mice was 825 Â±67 mm3 (Fig. lC). The wet weight of
tumors in control-treated mice was also significantly higher than that of

angiostatin-treated mice (P < 0.001; Fig. 2A). Angiostatin administration
in vitro did not inhibit the pmliferation of EOMA cells, at concentrations
as high as 200 nr@i,despite the endothelial cell origin of the EOMA cells.

after tumor cell inoculation, human angiostatin 40 mg/kg/dose, or the PBS
vehicle, in a final volume of 400 pJ, was injected s.c. into the nuchal region of
the mice twice daily until sacrifice. Mice were weighed every other day, and
the tumors were measured three times weekly using tissue calipers. Tumor
volume was determined using the formula (width)2 X length X 0.52 (5).
Control mice were euthanized when tumors reached a diameter of 1.5-2.0 cm,
when difficulty with ambulation and lethargy occurred. Mice treated with
angiostatin were euthanized when the last control mouse was euthanized.

Cardiac puncture was performed preterminally under deep anesthesia for
collection of blood, then spleens and tumors were collected at autopsy and
weighed. This experiment was performed in duplicate, with at least eight mice
studied for each treatment condition.

Histological Studies. Tumor and spleen tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned, and then stained with
H&E for routine histological examination. To determine the percentage of
apoptotic tumor cells, 5.0-pm tissue sections were deparaffinized and washed.
DNA fragmentation was detected as described for in vitro assays. To quantitate
cell proliferation, tumor sections were immunostained with a monoclonal
anti-PCNA antibody. Briefly, tissue sections were deparaffinized and treated
with 0.05% trypsin (Sigma). After quenching with H2O2 and blocking with
horse serum, samples were incubated with a 1:75 dilution of mouse mono
clonal anti-PCNA antibody (DAKO Corp., Carpinteria, CA). Binding was
detected by treatment with horse anti-mouse IgG using a Vectastain kit (Vector
Laboratories, Burlingame, CA) and colorimetric staining with diaminobenzi
dine. The percentage of proliferative and apoptotic tumor cells were deter
mined by counting a minimum of 4000 cells from 10 nonoverlapping micro
scope fields of tumor sections from at least four mice from each treatment
condition under a light microscope at X200.
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Fig. I . A, tumor volumes of PBS- and angiostatin
treated animals. No statistically significant difference in
the tumor volume was observed between PBS- and an
giostatin-treated mice until 3 days after tumor appear
ance. By 10 days after tumor appearance, the mean vol
ume of tumors in angiostatin treated mice (B) was
significantly less than the volume of the control, PBS
treated mice (C; P < 0.0001).
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Fig. 2. Effect of angiostatin treatment on tumor weight. spleen weight.
platelet counts, and hematocrit values. Control mice were euthanized between
15 and 20 days after inoculation when preterminal, and angiostatin-treated
mice were euthanized at 20 days after inoculation. Tumors and spleens were
weighed, and blood was taken by cardiac puncture for hematological studies.
In A, the wet weight of tumors in control-treated mice was significantly higher
than that of angiostatin-treated mice; in B, the spleen weight of angiostatin
treated mice was not significantly higher than age-matched control beige nude
mice without hemangioendothelioma. By contrast, the spleen weight of con
trol, PBS-treated mice with hemangioendothelioma was significantly higher
than non-tumor-bearing control mice; in C, the platelet count in mice treated
with angiostatin was not significantly lower than non-tumor-bearing control
mice but was significantly lower in the control, PBS- treated mice; in D,
angiostatin maintained the hematocrit levels, almost to the levels in normal
mice without the tumor. In comparison, hematocrit levels in PBS-treated
control mice were significantly reduced.

By contrast, bFGF-induced proliferation of nontransformed bovine en
dothelial cells was completely inhibited at 100 ttM (data not shown).
Angiostatin treatment also did not delay or prevent the appearance of
tumors, evident at 6â€”7days after inoculation (Fig. 1A); however, a
statistically significant difference in tumor volume was evident by 10
days after tumor cell injection (P < 0.0001). These data suggest that the
mechanism for this significant growth inhibition involves suppression of
angiogenesis (5, 14, 15) rather than a primary effect on the endothelial
cell-derived tumor cells themselves.

Untreated control mice had a mean age of death at 17 Â±3 days after
tumor cell inoculation because of a large tumor burden, anemia, and
internal bleeding related to the splenomegaly and decreased platelet
counts (Fig. 2). At the time of death of the control mice, the angiosta
tin-treated mice showed no evidence of the pallor, lethargy, or bleed
ing into the skin that was observed in the control mice. The lack of
apparent toxicity in our trials with 80 mg/kg/day angiostatin is con
sistent with previous studies in which no side effects were observed in
mice that received as much as 100 mg/kg/day of elastase-generated
angiostatin (5) or recombinant angiostatin (6, 7) for up to 60 days (5).

Angiostatin Prevents KMS. KMS is a life-threatening complication
of endothelial cell tumors in infancy. The disorder is characterized by
rapid enlargement of a tumor, usually a hemangioendotheioma, in asso
ciation with thrombocytopenia, microangiopathic anemia, and coagu
lopathy (9, 16). Relatively weak inhibitors of angiogenesis, such as
systemic corticosteroids and IFN-a (17, 18), have been administered.
Despite aggressive intervention with these systemic medications, surgery,
and anticoagulants, 20â€”50%of affected infants die, often because of the
bleeding diathesis. s.c. injection ofhemangioendothelioma (EOMA) cells
provides a model of KMS, with mice developing progressive splenomeg
aly, thrombocytopenia, and microangiopathic anemia (10). AGM 1470, a

synthetic analogue of the fungal product fumagillin and a potent inhibitor
of angiogenesis, has recently been shown to inhibit hemangioendotheli

oma growth (19), although its effect on the hematological complications
of hemangioendotheioma growth was not studied. Using this model, we
investigated the effect on hematological complications as well as tumor
growth of angiostatin.

Angiostatin administration prevented the splenomegaly and hema
tological complications in tumor-bearing animals. The spleen weight
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Fig. 3. Detection of injected angiostain in mouse plasma. Mice were sacrificed, and
blood was taken by cardiac puncture 24 h after the last injection of angiostatin. Affinity
purifiedangiostainshowsa doubletat approximately50 kD (Lane1). Examinationof
plasma from PBS-treated mice reveals no detectable angiostatin (Lanes 2 and 3). By
contrast, the plasma from mice treated with angiostatin demonstrates detectable angiosta
tin of similar size to the administered human angiostatin (Lanes 4 and 5).
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angiostatin to induce apoptosis of EOMA cells in vitro suggests that the
apoptosis observed in vivo is the result of angiostatin-induced angiosup
pression and supports the model that tumor cell survival is dependent

upon factors elaborated by the endothelial cells (1).

Taken together, our data suggest the value of angiostatin administra
tion for treatment of hemangioendothelioma, a primary nonmetastasizing
neoplasm, and perhaps of other primary neoplasms. The lack of consist
ent efficacy of present therapy for KMS, the severe potential side effects,
and marked disfigurement in surviving infants after resolution of the

massive vascular tumors emphasize the need for more efficacious, less
toxic agents to treat KMS. The demonstration that angiostatin not only

dramatically inhibits tumor growth but also limits the hematological
complications suggests that antiangiogenic agents, in particular angiosta
tin, may be a primary or adjunctive therapy for KMS.
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Fig. 4. Detection of apoptosis in vivo. Immunohistochemical analysis of sections of
hemangioendothelioma tumors demonstrates apoptosis of the tumor cells sumxinding lumina
filled with erythrocytes,as detected by diaminobenzidinecolorimetricbrown stainingof the
nuclei. A, PBS-treated control animal tumors; B. angiostatin-treated animal tumors. X200.

of angiostatin-treated mice was not significanfly higher than age-matched
control beige nude mice. By contrast, the spleen weight of control,
PBS-treated mice was significantly higher than nontumor-bearing control
mice (P < 0.001; Fig. 2B). The platelet count in mice treated with
angiostatin (438 Â±31 KJ@.d)was not significantly lower than nontumor
bearing control mice (606 Â±142 K/pi; P < 0.12) but was significantly
lower in the control, PBS-treated mice (149 Â±21 K/pi; P < 0.0005; Fig.
2C). Angiostatin also maintained the hematocrit levels (32 Â±6%) almost
to the levels in normal mice without the tumor (39 Â±2%; P < 0.15). In
comparison, hematocrit levels in PBS-treated control mice were signifi
canfly decreased (16.7 Â±0.6%; P < 0.01 when paired with hematocrits
in angiostatin treated mice; Fig. 2D).

Detection of Angiostatin in Plasma 24 h after Injection. Mice
were euthanized 24 h after the final injection of angiostatin, and
plasma was analyzed by Western blot for the presence of angiostatin.
Angiostatin was not detected in the plasma of PBS-treated control
mice (Fig. 3), consistent with control studies that indicate that EOMA

cells in vitro do not produce or secrete angiostatin (data not shown).
However, a band the size of the administered human angiostatin
(approximately Mr 50,000; Ref. 3) that reacted with antiplasminogen

antibody was found in all angiostatin-treated mice (Fig. 3).
Mechanism of Action. There was no significant difference in the

proliferative rate between PBS-treated (19.2 Â± 5.9% of cells) and
angiostatin-treated tumors (22.2 Â±6.0% of cells) as detected by PCNA
staining (P = 0.08). By contrast, angiostatin-treated animals demon

strated significantly higher numbers of apoptotic tumor cells

(52.3 Â±14.6% ofcells; Fig. 4A) in comparison with PBS-treated animals
(6.1 Â±1.9% of cells; Fig. 4B; P < 0.00001). in vitro studies showed that
2% of EOMA cells in culture were apoptotic, regardless of incubation
with angiostatin or the presence or absence of scram. The failure of
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