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The interaction between metastasizing tumor cells and the hemostatic system of
the host has been implicated in successful tumor cell dissemination. Prostacyclin
(PGI,) decreases metastasis from tail vein injected B16 amelanotic melanoma
(B16a) cells when administered 13 min prior to tumor cells. This effect is
potentiated by a phosphodiesterase inhibitor. Initial trapping of 1231 Udr labelled
tumor cells in pulmonary vascular beds is unaltered by PGI, but retention time 1s
decreased. PG, decreases retention time even when administered 60 min post
tumor cells. Structurally unrelated thromboxane (TX) synthetase inhibitors and
a TXA, receptor antagonist also reduce metastasis from tail vein injected Bl6a
cells. Furthermore, one inhibitor, 1-(7-carboxyheptyl)imidazole, when injected
intraperitoneally reduced spontaneous metastasis from subcutaneous Bl6a and
Lewis lung carcinoma tumors. These results suggest that selective manipulation
of PGI, and TXA; can reduce the hematogenous spread of tumor cells.

Patients with malignant neoplasms often demonstrate abnormalities in their
blood coagulability [6,47]. These abnormalities include thrombocytopenia [2], a
reduction in fibrinogen and an increase in fibrin—fibrinogen degradation products
[6,23,47]. Tumor cells have been reported to possess both a platelet activating
material [16, 26, 33, 34] and a procoagulant activity responsible for alterations in the
fibrin—fibrinogen system [4, 21, 22]. These hemostatic alterations have been linked
to tumor cell metastasis which is the process by which tumor cells disseminate from
the primary neoplasm to distant organs [6]. Metastasis via the hematogenous route is
a complex phenomenon involving detachment of cells from the primary tumor,
invasion into blood vessels, transport in the circulatory system, arrest in the
microvasculature and finally extravasation into normal tissue followed by growth
into a secondary tumor [5]. During their transport in circulation tumor cells are
believed to be capable of interacting with host platelets [45]. Several human and
animal tumor cells are capable of aggregating platelets in vitro [1, 16-18, 30, 32, 34]
and manipulation of host platelet levels by induced thrombocytopenia decreases
metastatic tumor colony formation in some systems [19, 38]. For those reasons
anticoagulant therapy with agents such as heparin [8], warfarin [28] and dipvri-
damole [20] have been used to reduce tumor cell metastasis with limited success.
Recently Honn et al. [25] demonstrated that prostacyclin (PGI,), the most potent
antithrombogenic agent known [31] was a potent antimetastatic agent against a
murine melanoma. This observation led to the proposed hypothesis [25] that tumor
cells can alter the balance between intravascular PGI, and platelet generated
thromboxane A, (TXA,) in favor of thrombosis. This hypothesis predicted that
PGI,, agents which stimulate or prolong the activity of PGI, and thromboxane
(TX) synthetase inhibitors would be antimetastatic agents. Experimental evidence is
presented to support that hypothesis.
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Materials and methods

Animals and tumors

The B16 amelanotic melanoma (B16a) and Lewis lung carcinoma (3L.L) were
originally obtained from the DCT-Animal and Human Tumor Bank. Subcutaneous
tumors were maintained in male syngeneic C57B1./6] mice (Jackson Laboratories).
Routinely, subcutaneous tumors between 1 and 2 g were removed and disaggregated
to yield monodispersed cells as described below.

Materials

The TX synthetase inhibitors, 9,11-diazoprosta-5,13-dienoic acid (U51605) and
9,11-imincepoxyprosta-5,13-dienoic acid (U54701) [14, 12]; a TXA, receptor
antagonist, 9,11-epoxyiminoprosta-5,13-dienoic acid (U54874) {13]; PGI, and
6-keto PGF,, were generously provided by Dr. John Pike, Upjohn Co. U51605,
U54701 and U54874 were dissolved in absolute ethanol immediately prior to use.
PGI, was dissolved in 0-05 v tris buffer pH 9-37 immediately prior to use. All
compounds were injected intravenously (tail vein) in a volume of 25 ul. Controls
received 25 ul of ethanol or the appropriate buffer. The TX synthetase inhibitor
1-(7-carboxyheptyl)imidazole [46] was generously provided by Ono Pharmaceuticals,
Japan. 1-(7-carboxyheptyl)imidazole was dissolved in saline. 12°I Udr (specific
activity > 2000 Ci/mmole) was purchased from New England Nuclear. Collagenase
(Type III) was purchased from Worthington Biochemicals. All other reagents were
of the highest quality available.

Tumeor cell dispersion .
Subcutaneous tumors were dispersed as previously reported {39]. Briefly,
subcutaneous tumors were removed, diced and placed in sterile Eagle’s minimal
essential medium (MEM) buffered with sodium bicarbonate (15 mM) and HEPES
(25mM). MEM used for tumor cell dispersion contained collagenase type 111
(1 mg/ml: 174 U/mg) and fatty-acid-free human serum albumin (Sigma, 10 mg/ml).
Cells were dispersed (1 x30min and 1x 60min, 37°C) under air in a Dubnoff
metabolic shaker (90 oscillations/min). Supernatants were collected through
cheesecloth, centrifuged (100g, 10min) and the pellets resuspended in MEM.
Viabilities were detarmined by vital dye exclusion and were generally >93 per cent.

1251 Udr labelling

Freshly dispersed tumor cells were adapted for growth in tissue culture medium
(MEM, Hank’s salts, supplemented with sodium pyruvate, MEM non-essential
amino acids, 150 U penicillin-G/ml (Sigma, St. Louis, MO), 100 ug/ml neomycin
sulfate (Sigma), 25 mM HEPES (Sigma) and 10 per cent fetal calf serum (FCS)
(M_.A. Bioproducts, Walkersville, MD)). Cells were allowed to grow to confluency in
primary culture, subcultured one time for use in these experiments. For subcultur-
ing or enumeration, the cells were detached by a 1 min trypsinization (025 per cent
trypsin (Worthington, Freehold, NJ), 0:02 per cent EDTA in MEM), pelleted at
100 g, 10 min and resuspended in MEM supplemented with FCS, pH 7:3-7-4. The
cells were counted in a hemocytometer. Labelling was accomplished by exposing
cells to 123T Udr (0-3 uCi/ml) for 18 hours. Cells were harvested as described above,
pelleted, resuspended in MEM and washed (twice). Viabilities were generally
greater than 97 per cent. Final resuspension for tail vein injection was in MEM.
Labelled cells and organs from injected mice were counted in a Searle 1185 dual
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channel gamma scintillation spectrometer. Before organs were counted they were
extracted in 70 per cent enthanol to remove free 121 as previously described [25].

Lung colony assay

For tail vein injection monodispersed cells were suspended in MEM and injected
(50 ul) intravenously into male C57BL/6] mice (10-12 weeks old; 22-27 g). The
animals, housed under identical conditions of temperature, photoperiod and
feeding, were sacrificed 3 weeks later. Lungs, livers and spleens were removed and
fixed in Bouin’s solution and the number of metastatic foci in each organ was
determined by using a Bausch & Lomb stereo zoom microscope. Kidney and brain
were also examined for gross metastatic foci.

Statistics
Data were analyzed by a two-tailed Student’s ¢-test and considered significantly
different from controls when p <0-05.

Results

Bolus injection (i.v.) of PGI, 15 min prior to i.v. injection of 3 x 10° B16a cells
resulted in a dose-related decrease in experimental metastasis of the B16a melanoma
(figure 1). A significant (p < 0-05) decrease was observed with a dose of 25 ug/animal.
At the highest dose tested (200 ug) lung metastatic colonies were reduced to 14 per
cent of controls. Metastasis to the liver and spleen were also reduced with
prostacyclin suggesting that the decrease in lung metastatis does not merely reflect a
redistribution of tumor cells (table 1). The byproduct of PGI, hydrolysis, 6-keto
PGF,, was ineffective at a dose of 50 and 200 ug/animal in reducing pulmonary
metastasis (data not shown); however, there was a slight reduction in metastasis to
the liver (table 1). Theophylline, a platelet phosphodiesterase inhibitor, at
100 ug/animal (i.p.) produced a slight but insignificant decrease in pulmonary
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Figure 1. Dose-dependent decrease in metastatic tumor colony formation from i.v. injected
Bl6a cells. PGI, was administered i.v. 15min prior to tumor cell injection.
Theophylline (T) was administered (i.p.) 30 min prior to tumor cell injection. Results
expressed as mean + SEM (vertical line), n=20.

PULMONARY TUMOR COLONIES
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Treatment Liver Kidney Spleen Brain
MEM control 13+5 0 1405 0
TRIS control 8+3 0 3+1 0
PGI, 25ug 2405 0 0 0
PGI, 50 ug 0 0 0 0
PGI, 100 ug 0 0 0 0
PGI, 200 ug 0 0 0 0
6-keto PGF,, 50 ug 0 0 0 0
6-keto PGF,, 200 ug 3+1 0 0 0

Table 1. Effects of prostacyclin (PGI,) on extrapulmonary metastasis following injection of
3x 10° viable B16 amelanotic melanoma cells.

metastasis. However, the combination of theophylline plus PGI, (100 ug/animal)
resulted in a fourfold reduction in pulmonary metastasis over PGI, alone at the same
dose (figure 1).

In order to assess the effect of a single prostacyclin injection on a large circulating
tumor burden, mice were pretreated with PGI, (150 ug; i.v.) + theophylline (100 ug,
i.p.) before the injection of 1x 10° or 3 x 10° Bl6a cells. With a tumor burden of
1x10% cells, control tumor colonies at 21 days numbered 206+35. PGI,
+theophvylline reduced this number to 9+4 (figure 2). Injection of 3 x 10% cells
resulted in more than 500 tumor colonies in the control while PGI, + theophylline
treated mice exhibited 37+ 10 colonies (figure 2).

The effects of prostacyclin on the pulmonary retention of Bl6a cells was
evaluated. Bl16a cells (1 x 10% 1251 Udr labelled) were injected (tail vein) into
C57BL./6] mice with and without PGI, + theophylline pretreatment. All animals
had been placed on 0-1 per cent Nal in their drinking water 3 days prior to injection
as recommended by Fidler [11]. Lungs were removed at timed intervals. Uptake of
labelled cells in control mice lungs was rapid (5 min) with a gradual loss observed
after this time until only about 10 per cent of the injected cells remained in the lung at
20 hours (data not shown). Pretreatment with PGI, 4 theophylline did not affect
initial cell entrapment in the lung but appeared to affect tumor cell retention time as
the loss of tumor cells from the lung was greater at the later time intervals in the PGI,
+ theophylline treated animals (figure 3).

Since PGI, has been reported to reverse secondary platelet aggregates [31] it is
possible that its effectiveness may extend into a critical period after tumor cell arrest
but before extravasation. The period until extravasation is variable with tumor type
but is generally considered to be on the order of hours instead of minutes [35].
Therefore, we examined the effects of post administration of PGI, + theophylline on
the retention of 251 Udr labelled Bl6a cells. Prostacvclin+theophvlline was
administered either 15min prior to tumor cell injection (1 x 10°) or 1 hour post
tumor cell injection. Animals were then sacrificed 3, 8 and 20 hours post tumor cell
injection and the lungs removed and counted. It is obvious from the data in figure 4
that prostacvclin was effective whether administered prior to tumor cell injection or
1 hour post tumor cell injection.

Two TX synthetase inhibitors and a TXA, receptor antagonist which are
endoperoxide analogs were evaluated in the tail vein model. Although differences in
potency were evident all three compounds reduced lung colony formation when
injected 15 min prior to 3 x 10° Bl6a cells (table 2).
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Figure2. Representative lungs from animals demonstrating the effects of PGI, (150 ug,i.v.)
+ theophylline (100 ug, i.p.) injection 15 and 30 min respectively before injection of
a large tumor burden. (A) control; (B) treated, 3 x 10 cells; (C) control; (D) treated,
1x10° cells.
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Figure 3. Effects of PGI, (150 ug, i.v.)+theophylline (100 ug; i.p.) pretreatment on lung
retention of *2°T Udr labelled Bl6a cells. Results expressed as mean+ SEM, (vertical
line), n=10. Time intervals are post tumor cell injection.
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Figure 4. Effects of pretreatment (stippled bar) and post-treatment (white bar) with PGI,
(150 ug, i.v.)+theophylline (100 ug, i. p.) on retention of 25T Udr labelled B16a cells
(1x 106). Results expressed as mean+ SEM (vertical line), #=10. Time intervals are

post tumor cell injection.

Treatment Tumor colonies
Control® 102+ 26
9,11-diazoprosta-5,13-dienoic acid

100 ug 75423
200 ug 56 +13*
9,11-iminoepoxy-prosta-5,13-dienoic acid

100 ug 214+ 7%
200 pg 6+1-3*%
9,11-epoxyimino-prosta-5,13-dienoic acid

100 ug 47 +17*
200 ug 35+ 9%

93 x 10° B16a cells injected in 50 ul. "Number of metastatic colonies on lung surface

(bilateral), mean+ SEM, n=10. *p at least <0-05.

Table 2. Effect of thromboxane synthetas€ inhibitors and a receptor antagonist on
pulmonary metastasis of Bl6a cells.

In order to determine whether the above effects were peculiar to the endo-
peroxide structure of the TX synthetase inhibitors we examined the effects of a
structurally unrelated TX synthetase inhibitor 1-(7-carboxyheptyl)imidazole
(OKY 1553). When injected i.v. 15 min prior to the injection of 1 x 10° Bl6a cells
OKY 1553 produced a dose-dependent decrease in lung colony formation (table 3).
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Treatment Tumor colonies
Control® 346+ 48°
OKY 1553/animal
400 pg* 2294 9%
800 ug 1184+ 20%
1600 ug 824 15%
800 ug? 194+ 25%
800 ug® 247445

71 x 10° B16a cells injected in 50 ul. "Number of metastatic colonies on lung surface
(bilateral), mean+ SEM, n=7. ‘Administered i.v. 15min prior to tumour cell injection.
4Administered i.v. 60 min prior to tumor cell injection. “Administered i.v. 60 min post tumor
cell injection. *p at least <0-05.

Table 3. Effects of the TX synthetase inhibitor 1-(7-carboxyheptyl)imidazole (OKY 1553)
on pulmonary metastasis of Bl6a cells.

The compound was also effective when administered 1 hour prior to tumor cell
injection at a dose of 800 ug/animal, however, a loss of potency was observed when
compared to injection 15 min prior to the tumor cells (table 3). OKY 1553 was
administered 60 min post tumor cell injection but did not significantly reduce tumor
cell metastasis (table 3).

Considering the complexity of events leading to the eventual establishment and
growth of a secondary metastatic nodule, there is little doubt that experimental
metastasis via tail vein injection of dissociated tumor cells is an artificial and partial
model; however, it has its usefulness when standardization of experimental conditions
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Figure 5. Effects of the TX synthetase inhibitor 1-(7-carboxyheptyl)imidazole on spon-

taneous metastasis from sc Bl6a and 3L.L tumors. See text for experimental details.
Results expressed as mean 4+ SEM (vertical line), 7= 20.
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is critical. Nevertheless, we examined the effects of the TX synthetase inhibitor
OKY 1553 on spontaneous metastasis from B16a and 3LL tumors. Animals were
injected s.c. with 1x10°B16a or 3LL tumor cells. Treatment with OKY 1553
(2 mg/animal/dav; i.p.) began with the appearance of a palpable tumor (days 3-8 post
tumor cell injection). Animals were sacrificed after 26 days and spontaneous
metastasis to the lungs determined. A significant decrease in metastasis (60 per cent
decrease Bl6a; 77 per cent decrease 31.1.) was observed in both tumor models

(figure 5).

Discussion

Prostaglandin research in the past several years has uncovered the critical role
plaved by TXA, (formed by platelets) and PGI, (formed by vascular endothelium)
in the platelet aggregation mechanism [40]. Although it has recently been suggested
that three pathwavs exist for platelet aggregation (i.e., ADP, TXA, and 1-O-alkvl-2-
O-acetvl-2sn-glvceryvl-3-phosphorvicholine, or platelet activating factor) each can
be inhibited by PGI, [41]. Therefore, a balance exists between PGI, and these
aggregating mechanisms, a balance which is necessary for normal hemostasis.

We proposed the hypothesis [25] that the primary tumor, tumor cell shed vesicles
(7] and/or circulating tumor cells disrupt this balance in favor of platelet aggregation.
The failure and/or divergent results which have been obtained by others attempting
anticoagulant therapy to alter metastasis could be due to the fact that the agents
tested, with the exception of aspirin, do not impinge directly upon the intravascular
PGI,/TXA, balance. If this hypothesis is correct then the following criteria should
be substantiated by experimental fact: (1) the exogenous administration of PGI,
should reduce lung colony formation by tail vein injected tumor cells, (2) a
therapeutic svnergism should result from the use of PGI, with a phosphodiesterase
inhibitor, (since the effect of PGI, is mediated by increasing concentrations of
adenosine 3,5 -monophosphate (cAMP) in platelets it follows that phosphodi-
esterase inhibitors by slowing the breakdown of cAMP should potentiate the
antithrombotic action of PGI, and thus the antimetastatic effect), (3) an inhibitor of
endogenous PGI, synthesis should enhance metastasis, (4) agents that augment in
vivo PGI, synthesis or activity should function as antimetastatic agents, and (5)
thromboxane synthetase inhibitors should also function as antimetastatic agents.

We have demonstrated [25, this study] that PGI, possesses significant anti-
metastatic properties which can be enhanced by a phosphodiesterase inhibitor. In
addition, endogenous PGI, synthesis may be a natural deterrent to tumor cell
metastasis as we have demonstrated that the in vivo inhibition of PGI, synthetase
with hydroperoxy fatty acids [36, 44] significantly increases metastatic tumor colony
formation from i.v. injected B16a cells [25].

The exact mechanism for the antimetastatic effects of PGI, remains unresolved.
It is tempting to speculate and propose that the effect is due to PGI, inhibition of
tumor cell induced platelet aggregation and platelet tumor cell adhesion.
Nevertheless, despite a considerable amount of evidence supporting tumor cell-
platelet interaction, the mechanism by which this interaction enhances metastasis
awaits rigorous definition. Fantone et al. [10] have proposed that PGI, decreases
adhesiveness of tumor cells stimulated with chemotactic agents (e.g. N-formyl-
methionyl-leucvl-phenvlalanine) to plastic dishes and bovine corneal endothelium.
Such decreased adhesiveness could reduce tumor cell-vascular endothelial cell
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interaction. It has been observed that tumor cells preferentially attach to damaged
endothelium [43, 27]. These interesting results await further clarification; however,
pretreatment of B16a tumor cells with PGI, prior to tail vein injection does not alter
their metastatic behavior [24] and PGI, does not affect the adhesiveness of Bl6a cells
in the absence of stimulation by chemotactic agents (unpublished observation).

Finally, we stated that agents which stimulated in vivo PGI, production should
be antimetastatic. Nafazatrom (Bay g 6575) has been reported to possess significant
antithrombotic activity in model svstems of experimental thrombosis [37].
Thrombus formation in the femoral arteries of rabbits was inhibited at a minimal
effective dose of 1 mg/kg p.o. Nafazatrom also possesses significant thrombolytic
properties similar to urokinase [42]. The mechanism of action for these anti-
thrombotic effects appears related to the ability of the drug to stimulate PGI,
production by the vascular wall [42]. Nafazatrom significantly increased bio-
assayable PGI, release from aortic rings obtained from normal and diabetic rats [3].
In addition, plasma, obtained from human volunteers after ingestion of a single dose
(1-2g) of nafazatrom, stimulated PGI, release from slices of rat aorta [42].
Nafazatrom also stimulates the biosynthesis of PGI, from arachidonic acid by ram
seminal vesicle microsomes [9].

We tested the effects of nafazatrom on tail vein and spontaneous metastasis in the
B16a and 3LL tumor models and found this compound to be an effective
antimetastatic agent [24]. These results lend further support to the contention that
PGI, is antimetastatic.

It has been demonstrated that tumor cell induced platelet aggregation in vitro is
accompanied by a parallel stimulation of TXA, production [30 and unpublished].
Further, this 7n vitro stimulation of platelet TXA, and the accompanying platelet
aggregation can be completely inhibited by the TX synthetase inhibitor U54701
(unpublished observation). These in vitro results suggest that TX synthetase
inhibitors may be antimetastatic. Indeed, that has been demonstrated for structur-
ally unrelated compounds in a melanoma and a carcinoma (this study). Maat and
Hilgard [29] have suggested that a lack of correlation exists between the effects of
antimetastatic drugs tested in the lung colony assay (tail vein injection) and
spontaneous metastasis models with the exception of coumarin anticoagulants such
as warfarin. We have demonstrated that a TX synthetase inhibitor (OKY 1553)
inhibits metastasis in both models. It has been reported that warfarin has as one of its
actions the ability to decrease the half-life of TXA,, presumably by interfering with
its binding to albumin [15]. The relevance of this observation to the antimetastatic
effects of warfarin is only conjectural at this time.

In summary, the results presented in this paper demonstrate that selective
manipulation of the arachidonic acid cascade might be used to therapeutic advantage
in control of the hematogenous dissemination of tumor cells.
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