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The angiogenic signaling cascade is hypothesized to
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Endostatin has demonstrated potent antiangiogenic
nd antitumor activity in mouse models. We have in-
estigated the ex vivo rat aortic ring assay and a hu-
an vein model to assess the biological activity of
urine and human endostatin. Rat aortic rings were

xposed to recombinant murine endostatin (Spodopt-
ra frugipera; Calbiochem, San Diego, CA) or recom-
inant human endostatin (Pichia pastoris; EntreMed,
ockville, MD). After 5 days, murine endostatin (500
g/ml) demonstrated inhibition of microvessel out-
rowth with dose-dependent effects (down to 16 mg/
l). No significant inhibition was observed with hu-
an endostatin in the rat assay. Human endostatin at

50 and 500 mg/ml inhibited outgrowths from human
aphenous vein rings after a 14-day incubation. Elec-
ron microscopy assessed the formation of basal lam-
na, confirming that the microvessels were progeni-
ors of patent vessels. Immunostaining for Factor VIII
r CD34 demonstrated that the microvessel cells were
ndothelial. BrdU incorporation assays supported the
resence of proliferating endothelial cells, correlating
ith neovascularization from the aortic wall. We con-

lude that the rat aortic ring assay confirms the anti-
ngiogenic activity of murine but not human endosta-
in, suggesting that the model may have species
pecificity. However, the human form shows biologi-
al activity against human vascular tissue. © 2000

cademic Press

Angiogenesis is a critical process allowing the
rowth, invasion, and metastasis of solid tumors. With-
ut the development of a new capillary network, a
umor will not grow beyond a few cubic millimeters (1).

1 To whom correspondence should be addressed at NIH, 10 Center
rive, Bldg. 10, Room 5A01, Bethesda, MD 20892. Fax: (301) 402-
606. E-mail: wdfigg@helix.nih.gov.
183
espond to a net balance of positive and negative en-
ogenous regulators (2). It is speculated that the mi-
roenvironment of quiescent vascular tissue favors in-
ibitors of angiogenesis while abnormal angiogenic
oci, such as the microenvironment of solid tumors,
avor stimulators. Based on the evidence that progres-
ive tumor growth is angiogenesis-dependent, antian-
iogenic compounds are being developed and evaluated
n the clinic, with initial findings reporting therapeutic
enefit (3–5).
Endostatin, a 20-kDa C-terminal fragment of colla-

en XVIII, is currently in preclinical development as a
ovel antiangiogenic agent. Mouse endostatin was ini-
ially isolated from the conditioned media of a murine
emangioendothelioma cell line (EOMA) and identified
s 184 amino acids at the noncollagenous carboxy ter-
inus (domain NC1) of collagen XVIII (6–8). Mouse

ndostatin, a potent inhibitor of angiogenesis in vitro
nd in vivo, has also demonstrated potent antitumor
ctivity in vivo without the development of resistance
6, 9). Circulating and tissue forms of human endosta-
in have been identified, showing the human form
acks 12 N-terminal amino acids and a C-terminal ly-
ine, as compared to the mouse form (10, 11). These
ifferences have been speculated to be the result of
arboxypeptidases (C-terminal lysine deletion) and dis-
inct cleavage or releasing mechanisms from the par-
nt molecule collagen XVIII by as yet unknown pro-
eases (12 N-terminal aa deletion). Nevertheless, the
wo forms show 86% identity and .90% similarity,
uggesting high structural and possibly functional cor-
elation (10).
The antiangiogenic mechanism of endostatin is not

learly described. X-ray crystallography of the endosta-
in molecule predicted a prominent heparan sulfate
inding site, suggesting it may inhibit binding of an-
iogenic factors such as basic fibroblast growth factor
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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bFGF) or vascular endothelial growth factor (VEGF)
o heparan sulfate proteoglycans (12). However, in situ
inding studies in intact human tissues demonstrate
ndostatin binding is not mediated by heparan sulfate
roteoglycans and does not compete with bFGF-
inding sites, providing evidence for a different mech-
nism of action (13). Recently, in vitro studies on en-
othelial cells with the recombinant human and
urine form of endostatin in a Pichia pastoris system

uggest slightly distinct biological activities (14, 15).
ouse endostatin treatment on cow pulmonary artery

ndothelial (C-PAE) and bovine aorta endothelial
BAE) cells caused apoptosis, the human form failed to
how antiproliferative activity or apoptotic activity.
owever, when human umbilical vein (HUVE) and
uman microvascular endothelial cell-lung (HMVE-L)
ells were tested, the human form inhibited prolifera-
ion and caused apoptosis and G1 cell cycle arrest (14).
he distinction may be due to subtle differences in the
ndostatin-receptor mechanisms across species.
Based on the sequence differences of human and
urine endostatin and the distinct in vitro activities of

he two forms, we investigated the more complex ex

FIG. 1. Dose-dependent antiangiogenic activity of murine endos
uramin at 50 mg/ml. (D) 500 mg/ml endostatin. (E) 162 mg/ml endos
ndostatin. (I) 24 mg/ml endostatin. Photographs are representative
184
ivo rat aortic ring assay model to compare the bio-
ogical activity of human and murine endostatin. We
eport the rat aortic ring assay supports the antiangio-
enic activity of murine endostatin at high concentra-
ions, but not the human form. However, modifications
o this model with human tissue has provided evidence
or the biological activity of human endostatin, sug-
esting species-specificity of the human form in the rat
x vivo model. Taken together, our data and previous in
itro data suggest the human and murine form of en-
ostatin may have subtly different effector properties
n different tissue types, which may impact the rela-
ive potency of the antiangiogenic effect. Discovery of a
utative endostatin receptor will provide a better un-
erstanding of the emerging subtle distinctions in bio-
ogical activity of murine and human endostatin.

ETHODS

Rat aortic ring cultures. Twelve-well tissue culture grade plates
ere covered with 250 ml of Matrigel (Becton–Dickinson, Bedford,
A) and allowed to gel for 30–45 min at 37°C, 5% CO2. Thoracic

ortas were excised from eight to ten week-old male Sprague–
awley rats (range 292–307 g) and the fibroadipose tissue was

n on rat aortic rings. (A) Control medium. (B) CAI at 12 mg/ml. (C)
in. (F) 100 mg/ml endostatin. (G) 64 mg/ml endostatin. (H) 40 mg/ml
gs from duplicate assays.
tati
tat
rin



removed. The aortas were sectioned into 1 mm long cross sections,
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insed eight times with EGM-2 (Clonetics Corp.), placed on the
atrigel coated wells, covered with an additional 250 ml Matrigel,

nd allowed to gel for 30–45 min at 37°C, 5% CO2. The rings were
ultured for 24 h in 2 ml of EGM-2. After the 24-h incubation, the
edium was removed and replaced with 1 ml EBM (Clonetics Corp.),

upplemented with 2% FBS and 10 mg/ml gentamicin. Recombinant
urine endostatin (Calbiochem, San Diego, CA) was reconstituted in
BM and added as a single treatment on Day 1. Carboxyamidotria-
ole (CAI) and suramin were tested as positive controls in DMSO
v/v , 0.5%) (NCI, Bethesda, MD) (17, 18). Aortic rings were photo-
raphed on Day 5.

Human venous ring cultures. A specimen of human saphenous
ein was harvested during the course of surgery on an IRB approved
rotocol. Veins were cut into 2-mm-long cross sections, rinsed in
GM-2, and cultured under the same conditions as above. Human
eins were treated on Day 1 with recombinant human endostatin
EntreMed, Rockville, MD) and photographed on Day 14.

Quantitation of ring microvessel outgrowth. Microvessel out-
rowth area was quantified using the NIH Image 1.62 Software
NIH, Bethesda, MD). Briefly, ring cultures were photographed and

digital image was generated. Images were analyzed by manually
ncircling the outgrowth area and computing square pixels. Mean
ixel area was computed from duplicate images. Statistical analysis
as performed using the Kruskal–Wallis, Spearman rank, or Wil-

oxon rank-sum test as noted.

Factor VIII staining/BrdU incorporation assay. Rat aortic seg-
ents cultured in control media were rinsed thoroughly with

hosphate-buffered saline (PBS), pH 7.4, and frozen at 270°C in
CT compound (Sakura Finetek, Torrance, CA). Rings were cut into
-mm sections and DNA synthesis was assessed according to the
nstructions of the Boehringer Mannheim 5-bromo-29-deoxy-uridine
abeling & Detection Kit II (Indianapolis, IN). Additionally, the
resence of endothelial cells in new microvessel growths was con-
rmed by staining the aortic sections for Factor VIII-related antigen
s previously described (19). Frozen section preparation and staining
or Factor VIII-related antigen and CD34 were performed by Molec-
lar Histology, Inc. (Gaithersburg, MD).

Electron microscopy. Electron microscopy was performed on the
ortic sections to assess the formation of basement membranes of the
essel walls. Areas exhibiting cellular outgrowths from the aortic
ings and embedded in Matrigel were marked on the tissue culture
ask with a pen using an inverted microscope. The cells were fixed in
itu in the tissue culture flask with 2.5% glutaraldehyde in phos-
hate buffer saline (pH 7.4), postfixed in 1% osmium tetroxide, and
ehydrated through graded alcohols and propylene oxide. Subse-
uently, the marked areas were removed from the tissue culture
ask en-bloc in Matrigel, cross-sectioned and embedded flat in
araglass 655 (Ladd Research Industries, Burlington, VT). Ultra-

hin sections were stained with uranyl acetate-lead citrate and ex-
mined with a CM10 Philips electron microscope (Mahwah, NJ).

ESULTS

urine Endostatin

Recombinant murine endostatin was reconstituted
n endothelial cell basal media (EBM) and incubated on
at aortic rings at varying concentrations for 5 days.
he concentrations tested ranged from 2 mg/ml to 500
g/ml. Carboxyamidotriazole and suramin have both
een used as positive controls in this model (16, 17) and
nhibited outgrowths at 12 mg/ml and 50 mg/ml, respec-
ively (Figs. 1B and 1C). Complete inhibition was ob-
erved at the highest concentration of endostatin
185
ested, 500 mg/ml, with loss of inhibition starting below
00 mg/ml (Figs. 1D–1I). Quantitative image analysis
onfirmed the dose-dependent activity of murine en-
ostatin against rat microvessel outgrowth. There was
o statistical difference of outgrowth area for control
ells across plates by the exact Kruskal–Wallis test.
he Spearman rank correlation coefficient between
oncentration and the outgrowth area was 20.90 (p ,
.0001 for the null hypothesis, or no correlation). Sta-
istically significant inhibition was achieved at concen-
rations ranging from 24 500 mg/ml (Fig. 2).

actor VIII and BrdU Incorporation

To confirm the outgrowths from the aortic rings were
ndothelial cells, treated and control rings were re-
oved from the Matrigel and frozen for section analy-

is. BrdU incorporation assays on sectioned rings con-
rmed the presence of proliferating cells (Fig. 3A).
urthermore, factor VIII-related antigen staining on
he outgrowths also supported the presence of endothe-
ial cells (Fig. 3B). The histochemical data suggest the
utgrowths were proliferating endothelial cells.

asal Lamina and Lumen Formation

Electron micrographs were prepared to analyze the
orphology of the aortic outgrowths. The micrographs

FIG. 2. Quantification of microvessel outgrowth with murine
ndostatin treatment on rat aortic rings. Image analysis of rat aortic
ings demonstrate dose-dependence of antiangiogenic activity of
urine endostatin ranging from 2 to 500 mg/ml. Error bars repre-

ent standard deviations of duplicate assays. The Spearman
ank correlation coefficient between concentration and outgrowth
rea 5 20.90.
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FIG. 3. Histochemical staining for 5-bromo-29-deoxyuridine (BrdU) and Factor VIII on rat aortic endothelium. (A) BrdU uptake in
ascular endothelial cells demonstrating proliferation activity. Note the linear spread exterior to the aortic wall in (b) and extraaortic
roliferation in (c). (d) Shows both linear and externalization of cells. Original magnification 3100. (B) Immunohistochemical Factor VIII
abeling of adventitial endothelial cells. Chromogen is diaminobenzidine. Original magnification 3200.
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FIG. 4. Electron micrograph of endothelial cells (EC) basal lamina and lumen formation in rat aortic neovessels. Electron microscopy
onfirmed the formation of a basal lamina by outgrowing endothelial cells. The micrograph also suggests three dimensional organization of
Cs into a lumen-like structure. Original magnification 325.
FIG. 3—Continued
187
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onfirmed the formation of basal lamina in proliferat-
ng cells and the formation of a lumen-like structure
Fig. 4). These studies confirmed the presence of pro-
iferating endothelial cells (BrdU, Factor VIII) in the
ortic outgrowths along with formation of basement
embranes, suggesting neovascularization from the

ortic wall and the microvessels observed were progen-
tors of patent vessels.

uman Endostatin

Recombinant human endostatin (EntreMed, Inc.)
as tested on the rat aortic ring assay. Even at com-
arable concentrations to the mouse range of activity,
.e., 500 and 250 mg/ml, human endostatin did not
nhibit microvessel formation compared to controls
Fig. 5). CAI was used a positive control. To investigate
hether the activity of the human form was sensitive

o the length of incubation, daily doses of fresh human

FIG. 5. Lack of antiangiogenic activity of human endostatin on r
g/ml endostatin. (D) 250 mg/ml endostatin. (E) 125 mg/ml endostati
uplicate assays.
188
ndostatin were tested on rat aortic rings, but failed to
ignificantly inhibit microvessel formation (data not
hown).
Next, we investigated a human model of the aortic

ing assay to compare against the rat system. Control
xperiments with sections of human adrenal veins in-
icated the optimal incubation time would be approx-
mately 10–14 days (data not shown). Human endosta-
in inhibited the outgrowth from human vein tissue at
50 or 500 mg/ml (Figs. 6 and 7). Statistical analysis
howed a trend towards significant inhibition between
uman endostatin treated veins and controls (p 5 0.13)
y the exact version of the Wilcoxon rank-sum test.

uman Vein Sections Were Positive for CD34

Sections of the human saphenous vein rings were
rozen and analyzed for CD34 immunoreactivity. The
uman outgrowths were positive for CD34, supporting

aortic rings. (A) Control medium. (B) Suramin at 50 mg/ml. (C) 500
F) 63 mg/ml endostatin. Photographs are representative rings from
at
n. (
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he presence of endothelial cells in the microvessel
utgrowth (Fig. 8).

ISCUSSION

The present study indicates the antiangiogenic effect
f endostatin in the rat aortic ring angiogenesis assay
s species-specific. Mouse endostatin inhibited vessel
utgrowth at high concentrations (100 to 500 mg/ml
ange) and was dose-dependent. Human endostatin
ailed to significantly inhibit vessel outgrowth in this
odel. To confirm the outgrowths were proliferating

ndothelial cells and progenitors of patent vessels, aor-
ic ring sections were analyzed for BrdU incorporation
y in situ staining, immunoreactivity with endothelial-
pecific antibodies by frozen section staining, and lu-
en formation morphology by electron microscopy.
he histological data from these studies confirmed the
resence of proliferating endothelial cells with basal
amina and three dimensional structure that resemble
umen formation. In summary, the rat aortic out-
rowths correlate with microvascular events of in vivo
eovascularization, and while mouse endostatin was
n active antagonist against these events, the human
orm was not. Interestingly, the mg/ml concentration
ange showing activity for the murine for is much
igher than previously reported ng/ml concentrations
f endostatin needed for an endothelial cell antiprolif-
rative effect in vitro (6, 14, 15).

FIG. 6. Antiangiogenic activity of human endostatin on human v
ndostatin. (D) 250 mg/ml endostatin. Photographs are representativ
ein outgrowths. (A) Control medium. (B) CAI at 12 mg/ml. (C) 500 mg/ml
e rings from duplicate assays.
189
FIG. 7. Quantification of microvessel outgrowth with human
ndostatin treatment on human vein rings. Image analysis of out-
rowth area demonstrated inhibition by human endostatin at 250
g/ml and 500 mg/ml. Error bars represent standard deviations of
uplicate assays. The Wilcoxon rank sum test for treated vs control
eins determined, p 5 0.13.



m
s
t
h
v
i
t
f
F
o
t
h
a

t
m
s
r
r
m
t
t

C
p
i
t
p

e
d
p
s
B
m
e
e
P
w
t
C
k
t
(
(
m

w

Vol. 268, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
The lack of activity of human endostatin in this
odel prompted an investigation of a human system. A

pecimen of human saphenous vein was sectioned and
reated with human endostatin. After fourteen days,
uman endostatin demonstrated inhibitory activity of
essel outgrowth at 250 and 500 mg/ml. To compare the
mmunoreactivity of the human tissue to the rat, sec-
ions of the human vein were prepared and analyzed
or CD34. The CD34-positive results suggest, like the
actor XVIII positive rat sections, that the human
utgrowths were endothelial cells. To our knowledge,
his is the first report of the antiangiogenic activity of
uman endostatin on human tissue other than in vitro
ntiproliferative effects.
There are several possible explanations for the dis-

inct biological activity profiles of the human and
ouse endostatin in the rat aortic ring assay. One is

pecies-specificity of the as yet unknown endostatin
eceptor. The murine endostatin may cross react with
odent vascular tissue receptors while the human form
ay not. This species-specificity may be influenced by

he differences in the amino acid sequence between the
wo forms. While the 12 N-terminal amino acids and

FIG. 8. High magnification of immunohistochemical labeling for C
all, 3400.
190
-terminal lysine of the recombinant human form were
resent in the protein used in this study, differences in
nternal amino acid sequence between the human and
he mouse form may be significant enough to alter the
rotein folding and tertiary structure of endostatin.
Another interesting possibility is the effect of the

xpression system on the activity of recombinant en-
ostatin products. It has recently been noted that the
resence of the C-terminal lysine of both forms is sen-
itive to the recombinant expression system used.
oehm et al. have observed the C-terminal lysine of
urine endostatin to be missing in a Pichia pastoris

xpression system (16). Full-length murine and human
ndostatin in this study were cloned by disrupting the
. pastoris KEX1 gene, encoding a carboxypeptidase,
hich in Saccharomyces cerevisiae has been known

o cleave lysine and arginine residues from the
-terminus of peptides and proteins (16). It is un-
nown what effect the C-terminal lysine will have on
he antiangiogenic activity of both endostatin forms
16). It is noted that even the same expression system
P. pastoris) yields slightly different recombinant hu-

an forms of endostatin.

4 expression on human endothelial cells still attached to the venous
D3



Our data from the rat aortic ring assay provide a
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istinct system in which mouse endostatin exhibits
otent antiangiogenic activity. While the human form
s not active against rat outgrowths, preliminary data
rom our human system suggest it is active against
uman vascular tissue. Our data supports the pub-

ished in vitro activity of human endostatin, which has
een specific and limited to human derived cell lines
14, 15). Currently, we are exploring other sources of
uman tissue to validate the human ring assay. Fur-
her investigation into endostatin’s mechanism of ac-
ion will provide more insight into the subtle but dis-
inct biological activity profiles of human and mouse
ndostatin.

CKNOWLEDGMENTS

The authors thank Drs. Kenneth Bauer and Joseph Horti for
cientific input and Drs. B. Kim S. Lee and Edward Gubish of
ntreMed, Inc., for providing reagents used in this study.

EFERENCES

1. Folkman, J. (1971) New Engl. J. Med. 285, 1182–1186.
2. Hanahan, D., and Folkman, J. (1996) Cell 86, 353–364.
3. Kaban, L. B., Mulliken, J. B., Ezekowitz, R. A., Ebb, D., Smith,

P. S., and Folkman, J. (1999) Pediatrics 103, 1145–1149.
4. Offodile, R., Walton, T., Lee, M., Stiles, A., and Nguyen, M.

(1999) Tumori 85(1), 51–53.
5. Kudelka, A. P., Verschraegen, C. F., and Loyer, E. (1998) New

Engl. J. Med. 338(14), 991–992.
6. O’Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane,
191
(1997) Cell 88, 277–285.
7. Oh, S. P., Kamagata, Y., Muragaki, Y., Timmons, S., Ooshima,

A., and Olsen, B. R. (1994) Proc. Natl. Acad. Sci. USA 91,
4229–4233.

8. Oh, S. P., Warman, M. L., Seldin, M. F., Cheng, S. D., Knoll,
J. H. M., Timmons, S., and Olsen, B. R. (1994) Genomics 19,
494–499.

9. Boehm, T., Folkman, J., Browder, T., and O’Reilly, M. S. (1997)
Nature 390, 404–407.
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