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In the present work, using a previously reported in vive quantitative tumer-angiogenesis model, we
attempted to ascertain whether this animal model is suitable for practical use in monitoring inhibitors
of tumor angiogenesis. Mouse sarcoma-180 cells, human A431 cells or rat Cé cells microencapsulated
in agarose beads were implanted s.c. into C57BL/6 mice. The level of blood vessel induction at the
agarose pellet site was evaluated using mouse hemoglobin enzyme-linked immunosorbent assay on day
10 after implantation. Hydrocortisone, tetrahydro-S, medroxyprogesterone acetate, pentosan poly-
sulfate and suramin inhibited blood vessel growth in our in vive tumor-angiogenesis assay system, and
heparin enhanced the antiangiogenic effects of hydrocortisone and tetrahydro-S, These results are
almost entirely consistent with those observed in ecommon assay systems, and suggest that this method
may be useful for the identification and quantitative evaluation of inhibitors of tumor angiogenesis.
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Angiogenesis, the process of generation of new capil-
lary blood vessels, is associated with the primary initia-
tion and/or progression of various pathological condi-
tions, such as tumor growth and metastasis, diabetic
retinopathy, arteriosclerosis and rheumatoid arthritis.”>
In contrast, angiogenesis is not usually active in the
normal adult except during wound repair, ovulation,
menstruation, and the formation of the placenta.*™
Therefore, the identification of reliable and effective an-
giogenesis inhibitors has potential as a curative approach
to angiogenic diseases without side effects.

In 1983, Folkman et al. reported that the combination
of cortisone and heparin prevented angiogenesis and
caused tumor regression.® On the basis of this finding, an
extensive search was carried out for combinations of
various steroids and heparin with antiangiogenic effect.
These studies led to the identification of a new biological
activity of steroids, which is distinguished from glucocor-
ticoid and mineralocorticoid activity, termed the angio-
static activity.> ® Thereafter, the understanding of anti-
angiogenic substances has expanded rapidly, with the
development of an in vitro angiogenesis assay system
using cultured cells. However, little progress has been
made in the identification of novel antiangiogenic drugs,
because a reproducible and quantitative ir vivo angiogen-
esis assay system has not yet been established.

A reliable in vivo antiangiogenic activity screening
system is necessary for the comprehensive evaluation of
angiogenic inhibition. We have developed a new in vivo
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system of monitoring blood vessel induction by agarose
gel-microencapsulated tumor cells with mouse hemo-
globin enzyme-linked immunosorbent assay (mHb-
ELISA).* 'O This in vivo angiogenesis model has enabled
us to assess the tumor angiogenesis quantitatively, rap-
idly and easily. Additionally, we found that agarose
hydrogel-microencapsulated tumor cells were isolated
from the host’s immune system but could acquire suffi-
cient nutrition to support cell proliferation, and our
established system enabled us to evaluate the angiogenic
potential of various tumor types across histocompatibil-
ity and species barriers.” We confirmed that the newly
formed capillaries in our in vivo angiogenesis assay
system have the specific characteristics of the tumor
vessel.™

The purpose of the present study was to determine
whether our in vivo angiogenesis model could be applied
to identify potential inhibitors of tumor-induced blood
vessel growth. We tested the inhibitory effects on angio-
genesis induced in our in vivo system of five known
angiogenic inhibitors (hydrocortisone,®™ "' tetra-
hydro-8,5" 1213 medroxyprogesterone,'™'®  pentosan
polysulfate'® 2 and suramin® '» 22y,

MATERIALS AND METHODS

Animals Female ddY mice (5 weeks old) and male
C57BL/6 mice (6 wecks old) were purchased from
Shimizu Experimental Animal Co., Ltd., Kyoto.

Tumor cells A431, a human epidermoid carcinoma cell
line, was purchased from RIKEN Cell Bank (Tsukuba).



A431 was cultured on porous microcarriers (Asahi
Kasei, Tokyo) in Dulbecco’s modified Eagle’s medium
(DMEM, Nissui Seiyaku Co., Lid., Tokyo) supple-
mented with 109% fetal calf serum (FCS, Filtron Pty.
Ltd., Brooklyn, Australia). Rat C6 glioma cells were also
cultured on porous microcarriers in DMEM supple-
mented with 1096 FCS. The culture of tumor cells on
microcarriers was carried out as previously described.”
Sarcoma-180 (8-180) cells were maintained intraperito-
neally by serial passage in ddY mice.
Microencapsulation of tumor cells or microcarrier-
attached tumor cells in agarose hydrogel S-180 cells,
microcarrier-attached A431 cells (A431-MC) or micro-
carrier-attached C6 cells (C6-MC) were microencapsu-
lated in agarose microbeads following the method origi-
nally developed by Nilsson et al.?*? with our slight
modification.” ' Briefly, a 4% (wt%) AGAROSE-LGT
(Nacalai Tesque Inc., Kyoto) solution (1 ml) in Eagle’s
minimum essential medium (MEM, Nissui Seiyaku Co.,
Ltd.) was autoclaved in a 50 ml glass centrifuge tube,
then cooled and kept at 37°C in a water bath. S-180 cells
(1 ml of 2.5%107 cells/ml) or A431-MC or C6-MC (1
ml, containing 0.5 ml of A431-MC or C6-MC) in
DMEM were incubated at 37°C and mixed with the
above agarose solution. Then liquid paraffin (20 ml),
which had been autoclaved and cooled to 37°C, was
poured into the centrifuge tube. The liquids were emulsi-
fied with manual shaking to obtain the desired bead size.
The centrifuge tube was immersed in an ice bath for 10
min to gel the agarose solution. The agarose beads were
washed with Hanks® balanced salt solution 3 times to
remove the liquid paraffin.
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Implantation of agarose microbeads in mice and measure-
ment of angiogenesis with mHb-ELISA A 300 ul portion
of agarose microbeads with 8-180 cells, A431-MC or Cé-
MC, or cell-free agarose beads was implanted sub-
cutaneously near the dorsal midline of 6-week-old male
C57BL/6 mice. On day 10, the agarose bead pellets were
resected and homogenized, and the mHb level was
evaluated with mHb-ELISA as a measure of angiogenesis
induced on the pellet (Fig. 1).” The protein level of the
homogenized solution was also measured by use of a
Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercu-
les, CA). The percentage inhibition of angiogenesis was
determined by comparing the mHb (¢g)/protein (mg)
ratio of drug treatment groups to that of the untreated
group (control).

Administration of angiogenic inhibitors Hydrocortisone
21-phosphate (HC, Sigma Chemical Co., St. Louis, MO)
was administered orally from day | at tapering doses
(250, 100 or 50 mg/kg/day for 3 days, followed by 100,
50 or 25 mg/kg/day for 3 days, and then 50, 25 or 12.5
mg/kg/day for 3 days) with or without administration of
30 mg/kg/day of heparin sodium (Daiichi Pure Chemi-
cals Co., Lid., Tokyo), p.o. Similarly, tetrahydro S (THS,
58-pregnane-3a, 17, 21-triol-20-one, Sigma Chemical
Co.) was administered orally from day 1 at tapering
doses {100 mg/kg/day, 50 mg/kg/day, and 25 mg/kg/
day for 3 days each) with or without administration of 30
mg/kg/day of heparin sodium, p.o. Medroxyproges-
terone acetate (MPA, Sigma Chemical Co.) was admin-
istered i.m. at a constant dose (4.8, 2.4 or 1.2 mg/kg/day
for 9 days) from day 1. Suramin {donated by Dr. Noriko
Tanaka, Daiichi Pharmaceuntical Co., Ltd., Tokyo) was
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Protocol outlining the analysis of irn vive tumor angiogenesis.
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administered 1.p. also at a constant dose (200, 100 or 50
mg/kg/day) for 4 days from day 4. Pentosan polysulfate
(PPS, Sigma Chemical Co.) was administered i.p. at
either 25 or 12.5 mg/kg/day for 9 days from day 1.
Statistical methods The significance of differences in the
percentage inhibition of angiogenesis was evaluated by
using Student’s ¢ test.

RESULTS

Inhibitory effects of angiogenic inhibitors on angiogene-
sis induced by S-180 cells entrapped in agarose beads
Quantitative analysis of the hemoglobin concentration at
the site implanted with $-180 cells entrapped in agarcse
beads revealed that HC inhibited 65% of angiogenesis at
the lower dose and 80% at the higher dose. Moreover,
the combination of HC and heparin markedly diminished
the angiogenesis at the site implanted with agarose beads
containing S-180 cells to only 5% of that in the untreated
control. THS alone reduced angiogenesis to 10% of the
untreated control, and the inhibitory effect was almost
total with coadministration of heparin (Fig. 2).

Both MPA and suramin dose-dependently inhibited
angiogenesis, the maximum response of < 709% inhibi-
tion being obtained at dose levels of 4.8 mg/kg/day for
MPA and 200 mg/kg/day for suramin. Although dose
dependency was not observed in the group administered
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Fig. 2. Inhibitory effects of angiostatic steroids with or with-

out heparin on the angiogenesis induced by $-180 cells en-
trapped in agarose beads. C57BL./6 mice were implanted with
5-180 cells entrapped in agarose beads at day 0, and were
treated with HC or. THS for 9 days. Tapering doses of ster-
oids were administered p.o. from day 1: (A) 100 mg/kg/day
for 3 days, followed by 50 mg/kg/day for 3 days and 25 mg/
kg/day for 3 days with (+) or without {—) administration
of 30 mg/kg/day of heparin sodium, p.o.; and (B) 250 mg/
kg/day for 3 days, followed by 100 mg/kg/day for 3 days
and 50 mg/kg/day for 3 days. The mHb levels at the area
implanted with agarose beads were determined by mHb-
ELISA on day 10. Each value represenis the mean=SEM for
3-5 mice, * P<0.001 significantly different from the control.
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PPS, PPS showed a 50-60% inhibitory effect in our assay
system (Fig. 3).

Inhibitory effects of angiogenic inhibitors on angiogene-
sis induced by A431 cells entrapped in agarose beads HC
alone, THS alone or the combination of HC and heparin
had only a slight inhibitory effect (about 30%) on blood
vessel growth in the experiment using A431 cells en-
trapped in agarose beads. However, when THS was
administered with heparin, formation of new blood
vessels was inhibited by 80% (Figs. 4 and 5).
Inhibitory effects of angiogenic inhibitors on angiogene-
sis induced by C6 cells entrapped in agarose beads HC
alone caused a 75% reduction in hemoglobin level at the
site implanted with C6 cells entrapped in agarose beads,
and even greater inhibition (85%) of angiogenesis oc-
curred when HC was combined with heparin. PPS and
suramin demonstrated 75% and 45% antiangiogenic ac-
tivity, respectively (Fig. 6).

DISCUSSION

In the present study, we attempted to determine
whether our in vivo angiogenesis model could be applied
to identify potential inhibitors of tumor-induced angio-
genesis. We accordingly tested the inhibitory effects of
five known angiogenic inhibitors (HC, THS, MPA, PPS
and suramin) on the angiogenesis induced in our in vivo
system.

HC dose-dependently inhibited the angiogenesis in-
duced by S-180 cells or A431 cells entrapped in agarose
beads, and THS alsc inhibited the angiogenesis induced
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Fig. 3. Inhibitory effects of MPA, suramin and PPS on the

angiogenesis induced by S-180 cells entrapped in agarose
beads. CS7BL/6 mice were implanted with S-180 cells en-
trapped in agarose beads at day 0, and were treated with
MPA or PPS for 9 days. Treatment with suramin was given
from day 4 to day 7. The mHb levels at the area implanted
with agarose beads were determined by mHb-ELISA on day
10. Each value represents the mean+8EM for 4-9 mice. * P
<0.005, ®** P<0.01, *3%k*k P<0.05 compared to control,
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Fig. 4.

Inhibitory effect of THS with heparin on the angiogenesis induced by A431 cells entrapped in agarose microbeads in

C57BL./6 mice. Agarose microbeads with (A) or without (C) A431 cells were subcutaneously implanted near the dorsal midline
of C57BL./6 mice. THS was administered orally from day 1 at tapering doses (100 mg/kg/day, 50 mg/kg/day, and 25 mg/kg/
day for 3 days each) with administration of 30 mg/kg/day of heparin sodium, p.o., to the mice implanted with agarose
microbeads containing A431 cells (B). Ten days later, agarose gel pellets were observed under a stereoscopic microscope.
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Fig. 5. Inhibitory effects of angiostatic steroids with or with-

out heparin on the angiogenesis induced by A431 cells en-
trapped in agarose beads. C57BL/6 mice were implanted with
A431 cells entrapped in agarose beads at day 0, and were
treated with HC or THS for 9 days. Tapering doses of ster-
oids were administered p.o. from day 1: (A) 50 mg/kg/day
for 3 days, followed by 25 mg/kg/day for 3 days and 12.5
mg/kg/day for 3 days; and (B) 100 mg/kg/day for 3 days,
followed by 50 mg/kg/day for 3 days and 25 mg/kg/day for
3 days from day | with (+) or without (—) administration
of 30 mg/kg/day of heparin sodium, p.o. The mHb levels at
the area implanted with agarose beads were determined by
mHb-ELISA on day 10. Each value represents the mean™
SEM for 3-5 mice. * P<C0.001, *k*% P<0.01, *k** P<0.05
compared to control.

by both types of cells. Moreover, these inhibitory effects
were increased by the combination with steroid or with
heparin. The combination of HC and heparin also
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Fig. 6. Inhibitory effects of HC, PPS and suramin on the

angiogenesis induced by C6 cells entrapped in agarose beads.
CS7BL/6 mice were implanted with C6 cells entrapped in
agarose beads at day 0, and were treated with HC or PPS for
9 days from day 1. HC was administered p.o. at tapering
doses (100 mg/kg/day for 3 days, followed by 50 mg/kg/day
for 3 days and 25 mg/kg/day for 3 days) with or without
administration of 30 mg/kg/day of heparin sodium, p.o. PPS
was administered p.o. at 25 mg/kg/day for 9 days. Suramin
was administered i.p. at 100 mg/kg/day from day 4 to day 7.
The mHb levels at the area implanted with agarose beads
were determined by mHb-ELISA on day 10. Each value repre-
sents the mean " SEM for 5-8 mice. * P<0.001, kk P<
0.005, **3*x P<0.01 compared to control.

showed greater effect than HC alone in the system using
C6 cells. These results suggest that heparin promotes the
antiangiogenic activity of steroids, because heparin alone
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does not change or enhance the level of new blood vessel
formation (data not shown), as Norrby and Sorbo
pointed out.?® Although the mechanism of enhancement
of angiostatic activity by combination with heparin is not
clearly understood, it has been suggested that angiostatic
steroids in the presence of heparin may affect the turno-
ver of the basement membrane and the DNA synthesis of
endothelial cells in the growing capillary vessel.™"*®

By comparing the inhibitory effects of the two steroids,
we established that THS has stronger antiangiogenic
activity than HC either alone or in combination with
heparin. THS is an HC derivative which does not have
glucocorticoid and mineralocorticoid activity. Thus, our
results support the finding that the angiostatic activity of
steroids is not correlated with their glucocorticoid and
mineralocorticoid activity.>®

Antiangiogenic activity of MPA, PPS and suramin
was also detected in our in vivo angiogenesis assay
system. The mechanism of angiogenesis inhibition by
MPA is thought fo be inhibition of collagenase activity
and plasminogen activator activity, which is necessary
for degradation of the basement membrane of the parent
blood vessels.’* '™ On the other hand, PPS and suramin,
which are polysulfated polyanions, are thought to inhibit
the mitogenic effect of fibroblast growth factor (FGF),
which is a potent angiogenic factor in endothelial cells,
by interfering with FGF binding to the FGF receptor,
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since this binding involves the mediation of heparin-like
glycosaminoglycan.2-2)

The inhibitory effects of angiogenic inhibitor in our
assay system are almost entirely the same as those in the
assay systems commonly used to visualize tumor-induced
blood vessel growth, such as corneal micropocket grafts
in rabbits, rats or mice,'”>'¥ and chorioallantoic mem-
brane grafts in fertilized chicken embryos.> % %2 Com-
pared to these screening methods, though, our in vive
angiogenesis model is quantitative and simple, and the
procedures are technically easy to perform. Moreover, as
the tumor cells are protected from direct contact with the
host’s immune system, the antiangiogenic activity of
drugs against various tumor types may be evaluated
across histocompatibility or species barriers. Given these
encouraging results, we hope that our in vive angiogenesis
assay system will be generally useful in research on
inhibitors of tumor-induced angiogenesis.
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