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ABSTRACT

In combination with cortisone acetate, the sulfated polysaccharide (SP)-
peptidoglyéan (PG) complex produced by an Arthrobacter species was found to
inhibit both embryonic angiogenesis of chick choricallantoic membrane (CAM)
and growth of solid Sarcoma 180 tumor in mice. Three fractions obtained from the
SP-PG complex by gel filtration showed a great difference in the inhibitory effect
on angiogenesis of the CAM, whereas in ex vivo study such a difference was
reduced. Of the three fractions, SP-PG-L having the lowest molecular weight and
peptidoglycan content exhibited the highest antiangiogenic and antitumor
activities, even higher than those of heparin. Neither desulfation nor sulfation of
the SP-PG complex greatly affected the antiangiogenic activity, and dextran
sulfates and mannoglucan sulfates were lacking the activity. This suggested that
glycosyl sequences of sulfated polysaccharides are more important for the activity,
rather than content or intramolecular distribution of sulfate groups.

INTRODUCTION

Several groups of investigators have reported naturally occurring antiangio-
genic substances, such as the extracts from cartilage!?, the cell-wall extract from
aorta®, and protamine sulfate?. Recently, Folkman ez al.? developed a new way to
inhibit both angiogenesis and tumor growth by combination of heparin and
cortisone. They showed that anticoagulant activity of heparin was not responsible
for antiangiogenesis’, and also that neither the glucocorticoid nor the mineralo-
corticoid activity of cortisone was necessary for antiangiogenesis®. They also
indicated’ that the antiangiogenic activity of heparin in the presence of cortisone
varied markedly among the heparins from ten suppliers. The synergistic inhibitory
effects of heparin and cortisone acetate were confirmed by Sakamoto ez al.”.

These results prompted us to examine the antiangiogenic and antitumor
activities of some sulfated polysaccharides in combination with cortisone acetate.
We isolated8? a series of complexes composed of sulfated polysaccharide (SP)
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chains and peptidoglycan (PG) fragments in the culture supernatant of an
Arthrobacter sp., and report herein the synergistic antiangiogenic and antitumor
effects of the SP-PG complex and cortisone acetate, in comparison with those of
heparin and other sulfated polysaccharides.

EXPERIMENTAL

Analytical methods. — Optical rotation was measured with a Perkin-Elmer
141 polarimeter. Molecular weights were estimated by gel-permeation chromato-
graphy (g.p.c.) in 0.1M potassium acetate buffer (pH 6.5) at a flow rate of 0.8-1.0
ml/min, at 40° in a column (7.5 x 600 mm) of G3000 SW or G5000 PW with a
Toyo Soda model 803D liquid chromatograph, equipped with a refractive-index
detector; the standards were Dextran T-500, T-70, T-40, and T-10 (Pharmacia Fine
Chemicals). The contents of carbohydrate, protein, sulfur, and phosphorus were
determined as described previously®. Sugars were analyzed as the alditol acetates
by g.l.c.t.

Preparation of SP-PG complex and desulfated SP-PG complex. — The
complex (sodium salt) was prepared® from the culture supernatant of an Arthro-
bacter sp. and desulfated by solvolysis according to the method of Nagasawa er al.’
The complex (1.0 g) was converted into the pyridinium salt (1.1 g) by passing
through a Dowex 50-X2 (H™*) column, followed by neutralization with pyridine,
and treatment for 5 h at 80° with 9:1 dimethyl sulfoxide-methanol, to give the
desulfated material (SP-PG-D; 0.39 g).

Fractionation of SP-PG complex. — The complex (2.0 g) was dissolved in
0.1m NaCl (10 mL) and applied to a column (5 x 80 cm) of Sephacryl S-300
preequilibrated with 0.1m NaCl. The column was eluted with the same solvent and
fractions (12 mL) were coliected. After monitoring of the elution profiles of the

SP-PG-L
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Fig. 1. Gel-permeation chromatogram of SP-PG complex on G3000 SW, with 0.1M potassium acetate
buffer (pH 6.5) as the carrier (0.9 mL/min). The SP-PG complex was fractionated by gel filtration on
Sephacryl $-300 into SP-PG-H, SP-PG-M, and SP-PG-L with the respective elution profiles indicated.
Arrows indicate the elution positions of the standard dextrans: 1 (T-70), 2 (T-40), and 3 (T-10).
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fractions by g.p.c., the respective fractions corresponding to SP-PG-H, SP~-PG-M,
and SP-PG-L (see Fig. 1) were pocled and desalted by dialysis against de-ionized
water. Each of the three nondialyzable solutions was concentrated in vacuo and
poured into ethanol (8 vol.). The respective precipitates were collected by
centrifugation, washed successively with 8:1 ethanol-water, ethanol, and acetone,
and dried in vacuo, to give SP-PG-H (0.06 g), SP-PG-M (0.32 g), and SP-PG-L
(1.31 ).

In another experiment, the SP~PG complex (5.0 g) was chromatographed on
Sephacryl S-300, as just described, to remove the SP-PG-H fraction from the com-
plex, and SP-PG-LM (3.84 g) was obtained.

Sulfation of SP-PG complex. — To a solution of the complex (1.0 g) in
formamide (10 mL) was added a sulfating rcagent prepared by dropwise addition
of chlorosulfonic acid (2.0 mL) into pyridine (10 mL) <0° with vigorous stirring.
The mixture was stirred for 4 h at 40° and poured into methanol (100 mL) at 0°.
The precipitate was washed with methanol and dissolved in water (20 mL) at 0°,
and the pH of the solution was adjusted to 9 with 2M NaOH. The solution was
poured into ethanol (160 mL) and the precipitate was collected. The precipitation
with ethanol was repeated once, and the precipitate was washed and dried, as
described above, to give SP-PG-S (1.24 g).

Other materials. — D-Manno-D-glucan sulfates, MG-SH, MG-SL, DMG-3-
SH, and DMG-3-SL, were prepared as described previously!®. Dextran sulfates,
DS-G and DS-I, were extracted with cetylpyridinium chloride!!, from the
commercial granule and injection (Kowa Shinyaku Co. Ltd.), respectively. Bovine
intestinal heparin was obtained from Daiichi Pure Chem. Co. Ltd. Sephacryl S-300
was purchased from Pharmacia Fine Chemicals.

Assay for antiangiogenic activity. — Chick chorioallantoic membrane (CAM)
was used for this assay as described previously'?. To examine directly the activity,
a solution (5 ul.) containing a test sample or cortisone acetate (0.5 ug), or both,
and 1% (w/v) saline solution of methylcellulose (5 1L.) was added to the CAM of
fertilized Norin-cross chicken cggs (Funabashi Farm). In the ex vivo study, blood
(10 uL) obtained from mice 6 h after subcutaneous (s.c.) or oral (p.o.) administra-
tion of a test sample (300 mg/kg) or cortisone acetate (5 mg/kg), or both, was added
to the CAM. Two days after the addition of agents or blood, antiangiogenic activity
was determined. The dose required to inhibit 50% of CAM vascularization (IDg,
values) was calculated by Probit analysis on the basis of (T/C) - 100 [(vascularization
of test CAM/vascularization of control CAM) X 100].

Assay for antitumor activity. — Sarcoma 180 (S-180) cells (1 x 106) were
inoculated s.c. into male ICR mice (Shizuoka Lab. Animal Center). Three days
after cell inoculation, a test sample (300 mg/kg) was administered s.c. or p.o. in
combination with cortisone acetate at a tapering dose of 250 mg/kg/day for 3 days
and 100 mg/kg/day for 1 day. Seven days after inoculation, thc tumors were
removed and weighed. Statistical significance was determined by Student’s t-test.
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RESULTS

Chemical properties of sulfated polysaccharides. — The SP-PG complex is
composed of SP chains and PG fragments in various ratios®, where the SP chains
are probably linked to the PG fragments through phosphoric diester linkages®. The
complex contains® D-galactose (molar ratio to glutamic acid, 56), p-glucose (9.0),
sulfate (68), phosphorus (6.4), 2-amino-2-deoxy-D-glucose (2.0), muramic acid
(1.1), alanine (2.1), glutamic acid (1.0), glycine (1.2), and LL-diaminopimelic acid
(1.2). It was fractionated into three fractions (SP-PG-H, SP-PG-M and SP-PG-L)
by gel filtration on Sephacry! S-300, indicating mol. wts. of 15 x 10* or more. 6 x
104, and 3 X 104, respectively, as estimated by g.p.c. on G3000 SW (Fig. 1). The
protein content of these fractions was proportional to the molecular weight, and
the content of SP-PG-H was significantly high, compared with that of the other
fractions (Table I). On the other hand, in these fractions, the components other
than those of the peptidoglycan had almost the same molar ratios to neutral sugar
{Table I). These results indicate that any of the fractions possesses SP chains having
essentially the same chemical composition, although their peptidoglycan contents
were different.

SP-PG-LLM was obtained from the SP-PG complex by removal of pyrogen-
active SP-PG-H. The SP-PG complex was also desulfated with partial elimination
of D-glucose, phosphorus, and peptidoglycan, and the sulfur content and molecular
weight were reduced to 0.82% and 6000, respectively (Table I). SP-PG-S was
obtained by sulfation of the SP-PG complex, and the sulfur content was increased
to 16.5%. The chemical properties of SP-PG-S, dextran sulfates, and b-manno-b-
glucan sulfates are summarized in Table II. The D-manno-D-glucan used for sulfa-
tion has a tetrasaccharide repeating-unit'* with a single a-D-mannosyl group located
at both O-3 and O-6 of every other (1->4)-B-D-glucosyl residue.

TABLE I

ANALYSES OF SP-PG COMPLEX AND ITS DERIVATIVES

Sample Carbohydrate  Sulfur Phosphorus Protein® [a]p?
T T (%) (degrees)
(% )? Cral/ (%) Molar ratio (%) Molar ratio
Glc? to neutral to neutral
sugar residue sugar residue
SP-PG 54 6.2 10.8 1.0 0.86 0.08 1.3 -36
SP-PG-H 42 0.2 7.9 0.95 0.72 0.09 7.6 =34
SP-PG-M 53 6.1 10.4 0.99 0.85 0.08 1.8 -36
SP-PG-L 58 6.2 11.3 0.99 0.92 0.08 0.9 —37
SP-PG-LM 56 6.1 111 1.0 0.88 0.08 1.1 -37

SP-PG-D 92 6.9 0.82 0.78 1.6 -37

*n-Galactose was used as standard. Molar ratio of D-galactose to D-glucose. ‘Bovine serum albumin was
used as standard. 4c 0.5, water.



ANTIANGIOGENIC SULFATED POLYSACCHARIDE 139

Inhibition of angiogenesis with or without cortisone acetate. — Antiangiogenic
activities of the sulfated polysaccharides with or without cortisone acetate were
determined by the CAM assay (Tabie 11I). The SP-PG complex and its fractions
had direct inhibitory effects on angiogenesis much higher than that of heparin. Of
the fractions, SP-PG-L was the most potent, and SP-PG-LM containing SP-PG-L
as its major component showed a high activity, comparable to that of SP-PG-L.
The direct inhibitory effects were greatly increased in combination with cortisone
acetate. Heparin used alone had no effect on angiogenesis even at a dose of 100
pg/chick embryo.

In the ex vivo study, SP-PG-L and SP-PG-LM exhibited antiangiogenic
effects higher than those of SP-PG-H, SP-PG-M, or heparin by either route of
administration, s.c. or p.o., in combination with cortisone acetate (Table III).

TABLE I

PHYSICOCHBEMICAL PROPERTIES OF SULFATED POLYSACCHARIDES

Sample Mol. wt.-10% ¢ Sulfur [2]g
(%) (degrees)

SP-PG-S 16.5 -29
DS-G 0.85 18.0 +90
DS-1 0.77 14.5 +110
MG-SH 140 14.2 +32
MG-SL 115 5.8 +51
DMG-3-SH 4.8 16.5 +20
DMG-3-SL. 3.4 6.5 +38
Heparin 3.6 12.0 +52

“Determined by g.p.c. with dextran as standard. #c 0.5, water. “SP-PG-S gave an elution profile similar
to that of the SP~PG complex on G3000 SW.

TABLE II1

INHIBITORY EFFECT OF SP-PG COMPLEX AND ITS FRACTIONS ON EMBRYONIC ANGIOGENESIS

Sample Direct effect®, IDy, Ex vivo effect, T/C¢ (%)
(ng/chick embryo)
With Without s.C. p.o.
cortisone cortisone
SP-PG 30 900 16.7 11.2
SP-PG-H 530 24800 13.2 17.2
SP-PG-M 770 25100 2.8 16.8
SP-PG-L 2 140 93 9.7
SP-PG-LM 3 160 7.8 7.3
Heparin 9810 4 23.8 25.4

“In combination with cortisone acetate (0.5 pg/chick embryo). *Each of the samples (300 mg/kg) was
administered s.c. or p.o. with cortisone acetate (5 mg/kg, p.0.), and blood taken after 6 h of treatment
was used for CAM assay. “‘Mean angiogenesis-index of treated group/mean angiogenesis-index of control
group. “No effect below 100 ug/chick embryo.



140 K. INOUE er al.

These ex vivo inhibitory effects on angiogenesis were parallel to their direct effects,
although the great differences in the ID, values among the agents did not exactly
reflect their ex vivo activities.

The desulfated and sulfated derivatives from the SP-PG complex, SP-PG-D
and SP-PG-S, had direct inhibitory effects (IDg;, 80 and 60 ng/chick embryo,
respectively) on angiogenesis, similar to that (IDg,, 40 ng/chick cmbryo) of the
original SP-PG complex in the presence of cortisone acetate (0.5 ug/chick embryo).
SP-PG-D and SP-PG-S (300 mg/kg, p.o.) also showed ex vivo antiangiogenic
activities (T/C 24.0 and 33.2%, respectively) similar to that (T/C 30.4%) of the
original SP~PG complex in combination with cortisone acetate (5 mg/kg, p.o.).
Thus, desulfation or sulfation of the SP~PG complex did not essentially affect the
antiangiogenic activity.

Other sulfated polysaccharides (1.5-1000 ug/chick embryo) used for the
CAM assay had no effect on angiogenesis in the presence of cortisone acetate (0.5
pg/chick embryo). Dextran sulfates, DS-G and DS-I (15 ug/chick embryo), caused
an early embryonic death, as previously observed!? with nonspecific DNA synthesis
inhibitors such as mitomycin C and 5-fluorouracil.

Synergistic antitumor activity with cortisone acetate. — In combination with
cortisone acetate at a dose level not affecting the tumor growth by itself, the anti-
tumor activities of SP-PG-L and SP-PG-LM against solid S-180 tumor in mice
were compared with those of the SP-PG complex and heparin. SP-PG-L potently
inhibited the tumor growth by either route of administration, s.c. or p.o., and its
activity was similar to that of SP-PG-LM, but higher than that of the SP-PG
complex or heparin (Table IV). Neither of these fractions nor heparin used alone
exhibited a significant antitumor activity against the solid tumor, although SP-PG-L

TABLE IV

ANTITUMOR EFFECT OF SP-PG COMPLEX AND ITS FRACTIONS ON SOLID SARCOMA 180 TUMOR?

Sampleb Routes.c. Route p.o.

Tumor weight< (g) T/C4 Tumor weight< (g) T/CH

(mean + sd) (%) {mean * sd} (%)
SP-PG 0.064 £0.020¢ 16.4 0.074 £0.026/ 206
SP-PG-L 0.035 £0.0067 8.9 0.039 +0.0167 1.8
SP-PG-LM 0.035 £0.015¢ 6.9 0.028 +0.011/ 7.4
Heparin £ 0.064 +0.0211 17.6
Cortisone acetate” 2 0.340 +0.162 94.2
Control 0.391 +0.122 100 0.361 £0.19] 100

“Sarcoma 180 cells (1 x 10%) were incculated s.c. into male ICR mice on day (. "Each sample (300
mg/kg) was administered s.c. or p.o. daily from day 3 to day 6, with cortisone acetate administered p.o.
daily from day 3 to day 5 (250 mg/kg) and on day 6 (100 mg/kg). “Weighed on day 7. “Mean tumor
weight of treated group/mean tumor weight of control group. €Significantly differed from control group
by Student’s t-test (p <<0.01). /Significantly differed from control group by Student’s t-test (p <0.05).
¢Not tested. “Administered alone p.o. daily from day 3 to day 5 (250 mg/kg) and on day 6 (100 mg/kg).



ANTIANGIOGENIC SULFATED POLYSACCHARIDE 141

and SP-PG-LM tended to inhibit the tumor growth without cortisone acetate (data
not shown).

DISCUSSION

The SP-PG complex, which is probably derived from the bacterial cell wall®?,
was found to have potent antiangiogenic and antitumor activities in combination
with cortisone acetate. The homogeneity of the SP component was confirmed by
analysis of the fractions (Table I). Therefore, the SP-PG complex may be
represented by the formula, (SP chain)_ ~(PG fragment),. The SP-PG-H fraction,
which had the highest molecular size and peptidoglycan content, was characterized
by the smallest ratio of m to n and by the largest value of m plus n of the three
fractions.

It is interesting that marked difference in direct inhibitory effect on angio-
genesis with or without cortisone acetate was observed between SP-PG-L and
SP-PG-M, the latter showing an activity similar to that of SP-PG-H (Table III). As
these fractions have almost the same chemical compositions for the SP chains, their
molecular sizes or structures, which depend on the numbers of SP chain (m) and
PG fragment (n), may play an important role in the antiangiogenic effect.

However, the lack of influence of desulfation or sulfation of the SP-PG
complex on the antiangiogenic activity suggested that the glycosyl sequences of
sulfated polysaccharides are more important for activity rather than the content or
the intramolecular distribution of sulfate groups. In fact, in the presence of
cortisone acetate, the SP-PG complex and heparin were active, and dextran
sulfates and D-manno-D-glucan sulfates inactive. Also, the SP-PG complex was
still active without cortisone acetate, but heparin was inactive. The significant
differences in antiangiogenic effect with cortisone among commercial heparins®
might be attributed to differences in glycosyl sequences.

The results of the ex vivo test for antiangiogenesis indicated that active sub-
stance(s) from the SP-PG complex or any of its fractions appear(s) in blood by either
administration route, s.c. or p.o. There was a good relationship between antitumor
activity and ex vivo antiangiogenic effect. The previous study’ had shown that
heparin, in combination with cortisone acetate, inhibited the growth of solid S-180
tumor which requires new blood vessels for its growth, but not of the ascitic tumor
whose growth does not require angiogenesis. Furthermore, this combination had
been shown not to affect tumor cells directly, but to specifically inhibit DNA
synthesis of vascular endothelial cells. Therefore, the antitumor activities against
solid S-180 tumor of the agents in the present study are also ascribable to their
antiangiogenic activitics.

The low antitumor activities of SP-PG-L and SP~PG-LM against solid S-180
tumor without cortisone acetate may be ascribed to antiangiogenesis, based on the
observation that these fractions used alonc showed high antiangiogenic activities
but lower than their synergistic activities with cortisone acetate.
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It is probable that the PG component of the SP-PG complex or its fractions
does not greatly contribute to antiangiogenic activity, because a sulfated poly-
saccharide from the cell wall of an Arthrobacter sp. having a chemical composition
similar to that of the SP moiety of the SP-PG complex but lacking the PG
components showed an antiangiogenic activity!',
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