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Abstract

The experimental metastasis of B16-F10 murine melanoma
cells is blocked by the anti-cell adhesive pentapeptide Gly-
Arg-Gly-Asp-Ser (GRGDS) derived from the central cell-
binding domain of fibronectin. In this report, we show that
peptide treatment substantially extends the survival time for
mice injected intravenously with B16-F1O cells (8/8 vs. 0/8
mice alive at 150 d), thereby demonstrating the potential effi-
cacy of GRGDStreatment in protection against metastatic
colonization. We have also examined the specificity of
GRGDSactivity by testing a series of related homologues for
their effects on experimental metastasis. The overall profile of
the relative inhibitory activities of these peptides closely
matched their previously established capacity to disrupt adhe-
sion in vitro. Lung retention studies with radiolabeled B16-F1O
cells revealed an accelerated rate of cell loss from the lung 0-6
h after coinjection with the active peptide GRGDS.This early
effect of GRGDSwas consistent with its short circulatory
half-life, which was found to be 8 min. Taken together, these
results suggest that peptide-mediated inhibition of pulmonary
colonization is due to interference with B16-F1O cell adhesion
to structures in the target organ. Possible peptide interference
in tumor cell-blood cell interactions was examined in order to
assess (a) possible biological side-effects of peptide treatment
and (b) whether such interactions might be an alternative
mechanism for GRGDS-mediated inhibition of pulmonary col-
onization. GRGDSwas found to retain full inhibitory activity
when coinjected with B16-F10 cells into mice in which platelet
function was impaired by acetylsalicylic acid treatment or into
thrombocytopenic mice treated with antiplatelet serum
(76-93% inhibition of colony formation). These data suggest
that platelet involvement in the effects of the peptide is mini-
mal. Similarly, GRGDSwas also found to be a potent inhibitor
of experimental metastasis in natural killer (NK) cell-deficient
beige mice (86% inhibition), thereby discounting the possibility
that GRGDSartifactually enhanced NKcell activity. Wecon-
clude as a result of these studies that cell-binding fibronectin
peptides are specific inhibitors of experimental metastasis that
prolong survival, that they appear to function by blocking the
adhesion of B16-F1O cells to structures in the target organ, and
that they do not appear to act through side effects on certain
metastasis-related blood cell functions. In the future, deriva-
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tives of fibronectin peptides may be potentially useful prophy-
lactic agents for interfering with the process of metastasis.

Introduction

The adhesive interaction of metastatic tumor cells with com-
ponents of the extracellular matrix appears to be obligatory for
successful target organ colonization (1-3). It is clear that at-
tachment to, and penetration of, basement membrane and
connective tissue structures takes place at multiple stages of
the metastatic cascade. Recent studies have implicated the
basement membrane glycoprotein laminin in metastatic colo-
nization. Either preincubation (3, 4) or coculture (5) of murine
melanoma cells with the intact laminin molecule was found to
enhance metastasis, while proteolytic cell-binding fragments
have the opposite effect (3, 4).

Peptides containing the sequence Arg-Gly-Asp-Ser
(RGDS), originally identified in the cell-binding domain of
fibronectin, have been shown to be competitive, reversible in-
hibitors of cellular adhesion to extracellular matrix compo-
nents (6-8). A relatively strict requirement for the particular
sequence of amino acids in these peptides has been established
as a result of extensive analysis in vitro (6, 7, 9, 10). Wehave
recently reported that Gly-Arg-Gly-Asp-Ser (GRGDS) inhibits
experimental metastasis when coinjected intravenously into
syngeneic mice with lung-colonizing B16-FIO murine mela-
noma cells (1 1). Someof the specificity of peptide inhibition of
adhesion that had been observed previously in vitro was also
found in experimental metastasis assays, since two control
peptides containing minor sequence alterations by amino acid
inversion or conservative substitution were inactive (11). This
result suggested that GRGDSmight function by interfering
with B16-FIO cell adhesion to target organ structures. In pul-
monary retention studies using radiolabeled tumor cells,
GRGDSwas found to promote cell loss shortly after injection
(11), a result consistent with early interference in tumor cell-
extracellular matrix interactions as the mechanism of action of
the peptide. However, since the process of tumor metastasis is
so complex (12, 13), it is conceivable that GRGDSmay block
at multiple sites. Recent evidence suggests that certain blood
cell populations, particularly platelets and natural killer (NK)I
cells, play pivotal roles in regulation of tumor metastasis (re-
viewed in references 14-17), and it is possible that GRGDS
may inhibit experimental metastasis by interfering with the
normal functioning of these cells.

Many different types of tumor cells are known to elicit
aggregation of platelets in vitro (18-21) and to cause throm-
bocytopenia when injected into experimental animals (18, 22).
Both of these properties have been correlated with the meta-

1. Abbreviations used in this paper: APS, antiplatelet serum; NK, natu-
ral killer (cell).
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static potential of the tumor cells. Morphologic analysis of the
process of experimental organ colonization has demonstrated
that blood platelets bind in a time-dependent manner to capil-
lary-arrested tumor cells over the first 4 h postinjection (23,
24). This interaction may stabilize the initial adhesion of
tumor cells to the endothelial layer by increasing the size of
tumor cell emboli as well as by shielding the tumor cells from
immune detection. The results of preliminary trials employing
antiplatelet drugs for prevention of metastasis have been
equivocal partly because of the side effects of the drugs on
normal vascular function (reviewed in references 14, 15, and
25). Nevertheless, in all cases examined to date, drug-induced
thrombocytopenia has proven an effective inhibitor of experi-
mental metastasis, therefore providing solid evidence for the
role of platelets in the metastatic process (26-29).

NKcells are a subpopulation of lymphoid cells that appear
to have an important role in the destruction of circulating
tumor cell emboli (reviewed in references 16 and 17). Studies
with animals exhibiting low levels of NK activity, including
cyclophosphamide- or j3-estradiol-treated mice, 3-wk-old mice
(30-34), and beige mice (34-37), have demonstrated an in-
creased frequency of experimental and spontaneous metas-
tasis. Similarly, activation of NK cell activity in vivo by ad-
ministration of biological response modifiers renders the host
more resistant to metastatic colonization (38, 39). Since NK
cells can recognize and eliminate a wide variety of tumor cells
without prior sensitization, it is likely that they are able to lyse
targets shortly after their release into the vascular system.

As an initial step towards assessing potential prophylactic
applications of GRGDS-like peptides and in order to gain in-
sight into the mechanism of peptide action, we have tested the
effect of GRGDSon survival of mice injected with B16-FIO
cells. Furthermore, we have examined the specificity of pep-
tide inhibition together with the contribution of tumor cell-
blood cell interactions to GRGDS-mediated inhibition of
B16-FIO experimental metastasis.

Methods

Materials. Synthetic peptides, synthesized by Peninsula Laboratories
(Belmont, CA), were further purified by Sephadex Gl0 chromatogra-
phy in 10 mMNH4HCO3as described (1 1). Peptides were > 98%pure
by reversed-phase HPLC. [35S]sodium sulfate (25-40 Ci/mg) was ob-
tained from Amersham Corp. (Arlington Heights, IL). Acetylsalicylic
acid was from Sigma Chemical Co. (St. Louis, MO).

Cell culture and experimental metastasis assay. B16-Fl 0 murine
melanoma cells, a line selected in vivo for high pulmonary coloniza-
tion (40), were cultured as described (41, 42). Cultures were routinely
tested for microbial infection and were verified to be mycoplasma-free.
Cells were detached for 2 min with 0.02% EDTAand resuspended
carefully to 5.0-7.5 X 105/ml in Dulbecco's modified Eagle's minimal
essential medium (DME; Gibco, Grand Island, NY). Synthetic pep-
tides, dissolved in divalent cation-free Dulbecco's phosphate-buffered
saline (PBS-; Gibco), were neutralized and sterilized by microfiltration
and mixed with cells. 0.2-ml aliquots containing the specified amount
of peptide together with 5.0-7.5 X 104 cells were injected slowly into
the lateral tail vein of groups of eight C57BL/6 or C57BL/6"'4 mice
(Charles River Breeding Laboratories, Wilmington, MAor Jackson
Labs., Bar Harbor, ME, respectively) as described (1 1, 43). The ani-
mals were killed 14 d later with ether, their lungs were excised and fixed
in 10% formaldehyde, and surface melanoma colonies were counted.

Pulmonary retention of radiolabeled B16-F10 cells. B16-FIO cells
were plated at 2 X 106/75-Cm2 flask and the next day were labeled with
5-['251]iododeoxyuridine (0.4 MCi/ml, 200 mCi/mmol; New England

Nuclear, Boston, MA) for 18 h in growth medium (44). Cells were then
detached with EDTA as above, and aliquots were injected with or
without GRGDSinto the lateral tail vein of C57BL/6 mice. At differ-
ent times, groups of three mice were killed by cervical dislocation, their
lungs were excised, and then the radiolabel present in the DNAof dead
cells was removed by extensive washing with 70% ethanol. Pulmonary
radioactivity was then determined with a gammacounter (44).

Preparation of antiplatelet serum. Rabbit anti-mouse platelet
serum (APS) was prepared exactly as described previously (27). Mouse
platelets were prepared by differential centrifugation of whole mouse
blood (Pel-Freez, Rogers, AR). 30-ml of blood was centrifuged in poly-
propylene tubes at 225 g for 10 min at room temperature, and the
supernatant solution was resedimented to remove red blood cells. The
resulting platelet-rich plasma was centrifuged at 1,400 g for 15 min at
room temperature to sediment platelets. The pellet was washed and
resuspended to a density of 2 X 108 cells/ml with 0.9% NaCl, and was
stored on ice prior to intravenous injection of 109 platelets into adult
NewZealand white rabbits. Platelets were counted as follows: 5 Ml of
platelet-rich plasma was mixed with 45 Al of cerebrospinal fluid dilut-
ing fluid (0.2% crystal violet in 10% glacial acetic acid; AJP Scientific,
Clifton, NJ) and incubated at room temperature for 10 min to lyse red
blood cells. The solution was then diluted appropriately (- 10-fold),
and the platelets were counted by hemocytometer. A boost injection of
platelets prepared in the same way was administered after 20 d, and the
animals were exsanguinated 14 d later. Antisera were absorbed se-
quentially for 1 h at room temperature with mouse plasma protein-
Sepharose affinity gel and packed mouse red blood cells before de-
complementation at 560C for 30 min.

Tritium labeling of synthetic peptides. Peptides were labeled with
[3H]sodium borohydride by reductive methylation as described by
Tack et al. (45). 12 mg of peptide was dissolved in 250 Ml PBS-,
adjusted to pH 9 and transferred to a glass Reacti-vial (Kontes Glass,
Vineland, NJ). 200 Ml2.5 Ci/ml [3H]sodium borohydride in 0.01 M
NaOH(74 Ci/mmol; New England Nuclear) and 180 Ml 0.4 M for-
maldehyde were added, and the solution was incubated at room tem-
perature for 10 min. Unreacted [3H]sodium borohydride was removed
by Sephadex G0chromatography in 10 mMNH4HCO3,and the void
volume peak containing 3H-peptide was pooled and lyophilized. The
labeled peptides were further purified by chromatography in 10 mM
NH4HCO3on a 1.6 X 90 cm Fractogel TSKHW-40(S) column (Pierce
Chemical Co., Rockford, IL) and lyophilized.

Clearance of peptides from the circulation. C57BL/6 mice were
injected as described above with 0.2-ml aliquots of PBS- containing
either 6 ,mol 3H-peptides (1 MCi/ml) or [35S]sodium sulfate (10 MCi/
ml). After various times, 5-Al samples of blood, withdrawn by cardiac
puncture from groups of three mice, were added to 20 Ml of 3%sodium
citrate in glass scintillation vials. 0.2 ml of solubilizer consisting of
Protosol (New England Nuclear):ethanol (1:2 [vol/vol]) was added,
and the vials were incubated at 54°C for 2 h. After cooling, 0.12 ml
30%hydrogen peroxide was added slowly, and the vials were incubated
a further 30 min at 54°C. After cooling, 6 ml of Biofluor (New England
Nuclear) and 0.2 ml of 0.5 MHCI were added before scintillation
counting.

Results

Effect of GRGDStreatment on survival of mice. In an earlier
study (1 1), we reported that a single injection of 3 mg of the
pentapeptide GRGDSalong with B16-F1O murine melanoma
cells was sufficient to reduce the pulmonary colonization po-
tential of these cells by > 90%. The inhibition was specific,
nontoxic, and did not result from an impairment of cellular
tumorigenicity. Furthermore, a 12-mo follow-up of the conse-
quences of peptide administration in the absence of tumor
cells on the growth rate of mice revealed no adverse effects.
Therefore, in order to assess the possible protection afforded to
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C57BL/6 mice by GRGDStreatment, we examined the effect
of a single coinjection of 3 mgof peptide on the survival time
of animals receiving i.v.-injected B16-FIO cells.

As shown in Fig. 1, all mice receiving 3 X 104 B16-F10 cells
alone died between 32 and 46 d after injection (mean survival
time of 35.8 d). Autopsy revealed the presence of extensive
melanotic lesions in the lungs. Mice receiving GRGDS,how-
ever, were all long-term survivors (still alive at 150 d postinjec-
tion; Fig. 1). Similar results were obtained after injection of 1
X 104 B16-FIO cells (0/8 survivors if untreated and 8/8 pep-
tide-treated mice alive after 150 d postinjection; data not
shown). This finding suggests that, in combination with nor-
mal host defenses, peptide treatment of the mice completely
prevented the establishment of metastatic colonies and thereby
essentially cured the animals. When this experiment was re-
peated with a larger inoculum of melanoma cells that would
not be expected to completely inhibit colonization (5 X 104
cells; see reference 11 for a discussion of the dependence of
GRGDSinhibition on inoculum size), no significant differ-
ence in survival time was observed (mean survival of 28.9±1.1
and 27.3±1.9 days for control and peptide-treated animals,
respectively). Since the prognosis for mice bearing even a small
number of melanotic colonies is very poor, it is likely that
complete inhibition of colonization is required to observe pro-
longation of survival. From the results in Fig. 1, it is clear that
by choosing an appropriate inoculum size, GRGDScan com-
pletely inhibit establishment of metastases, and that this inhi-
bition translates into prolonged survival. Weconclude as a
result of these experiments that if an appropriate means of
administration of GRGDScan be found, the peptide can pre-
vent experimental metastatic disease such that host survival
time is greatly enhanced.

Specificity ofpeptide inhibition of experimental metastasis.
In order to examine in detail the specificity of inhibition of
B16-FIO experimental metastasis by fibronectin-derived syn-
thetic peptides, we have tested a larger library of homologous
tetra- and pentapeptide molecules. These peptides include two
that are found in the primary structure of the central cell-in-
teraction site of fibronectin (RGDSand GRGDS), a truncated
version of the latter peptide that lacks the COOH-terminal
serine residue (GRGD), an inverted peptide with reversed se-
quence (SDGR), and a homologue of GRGDSthat contains a
conservative substitution of glutamic acid for aspartic acid
(GRGES).

Consistent with our previous report (1 1), coinjection of 6
zlmol (3 mg) GRGDSwith 5 X 104 B16-FIO cells resulted in
highly significant inhibition of melanotic colony formation
(90% inhibition, P = 0.002, Table I). Assuming an extracellu-
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Table I. Effect of Different Fibronectin Peptide Homologues
on B16-F10 Experimental Metastasis

Colony number Colony number,
Treatment (mean±SE) Inhibition median (and range) P

Control 83.2±30.1 - 65 (23-164)
GRGDS 8.5±5.5 90 2 (0-44) 0.002
RGDS 17.3±2.6 79 18 (8-25) 0.01
GRGES 82.0±24.6 1 71 (26-174) NS
GRGD 59.2±12.8 29 41 (37-100) NS
SDGR 33.0±7.3 60 36 (12-53) 0.05

Each peptide (6 Amol) was coinjected with 5 X I04 B16-FI0 cells
into C57BL/6 mice as described in Methods. Melanotic colony for-
mation was determined 14 d later. Statistical significance was esti-
mated using the Mann-Whitney U test.

lar fluid volume in the mouse of 6 ml, the initial concentration
of GRGDSwould be 1 mM. Since the affinities of fibronectin
and GRGDSfor the fibronectin receptor have previously been
determined by direct binding studies to be 0.8 and 100 ,M,
respectively (46), injection of 6 jsmol peptide is reasonable for
achieving competitive inhibition of a fibronectin-related ad-
hesive event. GRGESdisplayed little or no activity (Table 1),
demonstrating the extreme specificity of GRGDSinhibition.
The shorter peptide, RGDS, was also highly active in blocking
pulmonary colonization (79% inhibition at 6 jimol, P = 0.01,
Table I), although this degree of inhibition was less than that
obtained with GRGDS.These results support a role for the
RGDStetrapeptide recognition signal in the colonization pro-
cess, and rule out the possibility that GRGDS-mediated inhi-
bition was an artifact of that particular pentapeptide amino
acid sequence. At present, RGDSappears to be the minimal
sequence that retains high inhibitory activity in cellular adhe-
sion assays (6, 7, 9, 10). It is notable, however, that in studies in
which RGDSand GRGDShave been compared directly for
their ability to inhibit cell adhesion to fibronectin, the presence
of the NH2-terminal glycine residue appeared to significantly
increase the specific activity of the peptide (6, 10). Such find-
ings in vitro are consistent with the in vivo results presented in
Table I.

Peptides lacking the COOH-terminal serine residue of the
active RGDStetrapeptide appear to have greatly reduced abil-
ity to disrupt cellular adhesion to extracellular matrix mole-
cules in vitro, although a significant effect has been observed at
concentrations > 500 ,ug/ml (10 and unpublished data). This
result suggests that although the COOH-terminal residue may
not be absolutely required for peptide function, it does con-
tribute quite significantly to peptide activity in vitro. Coinjec-
tion of 6 gmol GRGDwith B16-F1O cells resulted in 29%
inhibition of colony formation (Table I). Since the initial
blood level of GRGDis likely to be -1 mg/ml, assuming a
blood volume of - 2 ml, this low level of inhibition is consis-
tent with the similarly minimal effects obtained in vitro.

Recently, it has been reported that the tetrapeptide SDGR,
an inversion of the authentic RGDSsequence, also contains
substantial inhibitory activity in cell adhesion assays (10). The
reason for this somewhat surprising discovery is currently un-
known, but it has coincidentally led to the identification of an
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apparent difference in the adhesive responses of two different
cell types. Whereas RGDSand SDGRwere almost equally
active in blocking fibroblast spreading on immobilized fibro-
nectin (10), the reverse peptide was without activity in assays
measuring platelet binding and adhesion to fibronectin (47).
From the data presented in Table I, it is clear that SDGRis
also inhibitory in the experimental metastasis assay (60% inhi-
bition at 6 ,umol, P = 0.05). Similar data have been obtained in
a number of independent experiments at similar or higher
significance levels. Combining the results of three experi-
ments, the inhibition by SDGRwas 54%, a value significant at
P < 0.001. As discussed further below, this result provides
indirect evidence against the involvement of platelets in pep-
tide-mediated inhibition of colonization.

Circulatory retention of GRGDS.In our initial report (1 1),
we performed one experiment to investigate the time frame
over which GRGDSpromoted cell loss from the lung. Using
an assay designed to monitor retention of radiolabeled
B16-FO0 cells in the target organ, it was found that coinjection
of GRGDShad two apparent effects on the kinetics of cell loss.
First, there was a slight but reproducible drop in the number of
cells that initially arrested in the lung, and second, over the
initial postinjection period the number of arrested cells de-
clined progressively until after 6 h, fivefold fewer cells were
present in the lungs of peptide-treated mice (1 1, and see also
Fig. 3). To extend these findings, we have performed studies to
examine the behavior of GRGDSin the circulation and to test
whether the peptide is only active immediately after injection;
i.e., is its principal mode of action to block the initial arrest of
B16-FIO cells, or is it able to induce cell loss subsequent to
tumor cell arrest?

One obviously important question concerns the actual
half-life of GRGDSin the blood of mice. GRGDSwas labeled
with [3H]sodium borohydride by reductive methylation and
injected into the lateral tail vein of C57BL/6 mice. At various
times, blood samples were withdrawn by cardiac puncture and
the level of radioactivity determined. The results shown in Fig.
2 demonstrate that the clearance of [3H]GRGDS was both
rapid and biphasic. A very rapid initial decrease in circulating
peptide level (to - 25%of the initial level) was detected from 0
to 2 min after injection, assuming a blood volume of 2 ml.

3.5 r

0.5
0 1 2 3 4

Time after injection (hours)

Figure 2. Clearance of
[3H]GRGDS and [35S]-
sulfate from the vascu-
lar system of C57BL/6
mice. The level of ra-
dioactivity in blood
samples was determined
as described in Methods
and used to calculate
the estimated blood
concentration of pep-
tide. The first samples
were withdrawn after 2
min. The deviation
from linearity of the
GRGDScurve is due to
the number of counts

approaching background. The half-life of each substance was calcu-
lated by regression analysis. Each point represents the mean of a

group of three mice ± SE. (o) Sulfate; (.) GRGDS.

This initial decrease was probably due to rapid equilibration
with interstitial fluid, since parallel injections of [35S]sulfate
exhibited a similar rapid decline (Fig. 2). The sulfate ion has
been used to estimate interstitial fluid volume since it is dis-
tributed without obstruction into the extracellular space, yet
its renal clearance occurs only at a relatively slow rate (48, 49).
Control experiments demonstrated that GRGDSmock-la-
beled with sodium borohydride was equally effective as the
unlabeled peptide in blocking cellular adhesion to fibronectin,
thereby demonstrating that the labeling procedure did not af-
fect the biological activity of GRGDS.

After initial equilibration (> 2 min postinjection), [3H]-
GRGDSand [35S]sulfate were cleared at different rates (Fig. 2).
The respective half-times were 8 and 63 min. The clearance
rate of GRGDSis therefore similar to that of other small pro-
tein molecules tested in previous studies (50, 51). The rapid
clearance of GRGDSsuggests that peptide-mediated inhibi-
tion of experimental metastasis occurs over the initial postin-
jection time period, since the concentration of peptide in
plasma would be expected to fall to < 100 ,ug/ml within 30
min of injection. In order to exclude the possibility that the
difference in antimetastatic activity of the peptide homologues
employed in Table I might be inversely related to their half-life
in the circulation, the clearance rate of [3HJ-GRGES was de-
termined. This was found to be 9 min, a value very similar to
that of GRGDS.

In view of the rapid clearance rate of GRGDS,we next
investigated whether the effects of the peptide in vivo might be
restricted to inhibition of tumor cell attachment rather than to
dislodgement subsequent to arrest. It was conceivable that the
decrease in the percentage of initially arrested cells induced by
GRGDS(1 1) might be sufficient to trigger the rapid loss of
remaining cells by host defense mechanisms. Wehave tested
this hypothesis in the experiment shown in Fig. 3. Different
numbers of ['25I]iododeoxyuridine-labeled B16-FO0 cells (3-5
X 104) were injected in the absence of GRGDS,and the time
course of pulmonary retention was followed for 6 h. The rates
of cell loss were compared with that of 5 X 104 cells coinjected
with 6 ,mol GRGDS.Wepredicted that if the sole action of
GRGDSwas to reduce the number of initially attached cells,
then the time course of cell loss in the presence of the peptide
would follow that of an appropriate untreated inoculum de-
signed to supply the same number of initially arrested cells.
From the results in Fig. 3, however, GRGDSalso appears to
act subsequent to initial arrest, since cell inocula that yield
fewer attached cells initially (3-4 X 104 cells injected) were
subsequently lost at a slower rate than peptide-treated cells
that initially arrested at higher levels. Weconclude, therefore,
that despite its short circulatory half-life, GRGDSis able to
promote B16-FIO cell dislodgement over the initial post-injec-
tion time period.

Tumor cell-blood cell interactions in GRGDS-mediated in-
hibition of experimental metastasis: role ofplatelets. Although
the most likely mechanism of action of GRGDSin blocking
experimental metastasis is direct interference with the adhe-
sion of B16-FIO cells to extracellular matrix molecules in the
blood vessel wall, the complexity of the metastatic process
suggests that there are many other possible cell functions that,
if blocked by peptide, could result in decreased colonization.
The most obvious alternative site of action of GRGDSwould
be effects on blood cells. It is now well established that both
platelets (13, 15) and NKcells (16, 17) play prominent roles in
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Figure 3. Effect of GRGDSon pulmonary retention of B16-F1O
cells. Cultures were labeled with ['25 ]iododeoxyuridine and a range
of initial cell numbers (indicated at the right) was injected into
C57BL/6 mice with or without 6 jtmol GRGDS.At the indicated
times after injection, pulmonary radioactivity was determined as de-
scribed in Methods. Each point represents the mean of three mice.
For the sake of clarity error bars are omitted, but in virtually every
case experimental points differed from the mean by . 10%. (o) Con-
trol; (.) GRGDS.

the metastatic cascade, although with opposing effects. It is
therefore possible that GRGDScould either inhibit platelet
function or stimulate NKcell activity. These two systems are
the most likely to be affected, since they both act soon after
tumor cell release into the circulation. Platelets are thought to
promote metastasis by binding to tumor cells in the blood and
consequently facilitating lodgement in target organs. This pro-
cess is postulated to occur shortly after tumor cell release.
Alternatively, a potential artifactual stimulation of NK cell
function by GRGDSis possible because NKactivity requires
no prior stimulation, unlike classical immune system func-
tion.

As mentioned above, our finding that the reverse peptide
SDGRis active in blocking experimental metastasis of
B16-F0 cells (Table I) suggests that platelets may not be the

site of action of GRGDS,since SDGRis known to lack inhibi-
tory activity in assays of platelet adhesion (47). However, since
these assays could be quite different from situations encoun-
tered in vivo, we have carried out two experiments to test the
effect of platelet-tumor cell aggregation on GRGDS-mediated
inhibition of pulmonary colonization.

First, the circulating platelet count in mouse blood was
decreased by injection of a specific antiplatelet serum (APS),
and then the effect of GRGDSon B16-FIO colonization was
examined. Injection of 0.05 ml of APS reduced the platelet
count by 55±19% 24 h later. Injection of an equal volume of
preimmune serum produced no detectable reduction in plate-
let number. As anticipated from the results of Gasic et al. (27),
the decrease in platelet count induced by APS resulted in a
dramatic reduction in the ability of untreated B16-F10 cells to
colonize the lungs of C57BL/6 mice (73% inhibition, P
= 0.005, Table II). In other experiments, this level of inhibi-
tion was found to be close to maximal. Injection of preim-
mune serum gave insignificant inhibition (9.3%; Table II).
This result confirms the key role that platelets play in promo-
tion of experimental metastasis. Whencontrol mice, and mice
preinjected 24 h earlier with 0.05 ml APS or preimmune
serum, were challenged with B16-FIO cells in the presence or
absence of 6 ,umol GRGDS, the peptide was able to inhibit
colonization in all animals to a similar degree (76%, 77%, and
79% inhibition in control, APS-treated and preimmune
serum-treated animals, respectively; Table II). Mice treated
with both APS and GRGDSexhibited 94% inhibition of
B16-FlO colonization relative to untreated animals (Table II),
demonstrating an additivity of action. Since GRGDSis still
fully active when the contribution of platelet adhesion is re-
moved from the system, we conclude that its mechanism of
action is to a large degree unrelated to inhibition of platelet
function.

As a second test, mice were given acetylsalicylic acid in
their drinking water for 3 d prior to challenge with B16-FIO
cells in the presence or absence of GRGDS. It has been re-
ported previously that administration of acetylsalicylic acid
reduces platelet reactivity to collagen and also reduces experi-
mental metastasis, although the extent of inhibition obtained
was not as great as with APS (18, 27, 29, 52). Systemic admin-
istration of acetylsalicylic acid (3.5 mMin drinking water) to
C57BL/6 mice reduced the level of B16-F1O cell pulmonary

Table II. Effect of APSon GRGDS-mediated Inhibition of B16-F1O Experimental Metastasis

Colony number Colony number,
Treatment of mice Treatment of cells (mean±SE) Inhibition median (and range) P

None Control 92.2±26.4 73 (33-187)
None GRGDS 22.1±5.5 76 19 (6-42) 0.05
0.05 ml PI Control 83.6±13.4 9 79 (55-134) NS
0.05 ml PI GRGDS 17.8±3.6 81 16 (11-35) 0.002
0.05 ml APS Control 25.3±5.8 73 24 (11-48) 0.005
0.05 ml APS GRGDS 5.9±1.9 94 9 (0-10) <0.001

6 X 104 B16-FIO cells were coinjected with or without 6 Mmol GRGDSinto groups of control C57BL/6 mice or mice preinjected 24 h earlier
with 0.05 ml preimmune (PI) rabbit serum or APS. Colony formation was determined after 14 d. P values were estimated by Mann-Whitney U
test. Each GRGDS-treated group was compared with its respective untreated control and the PI and APS controls were compared with the
non-antibody-treated control.
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colonization by 28% (P = 0.05, Table III). This result is similar
to that reported previously (18, 52). Coinjection of GRGDS
with B16-FO0 cells into acetylsalicylic acid-treated mice re-
sulted in nearly equal inhibition of colonization as when
tumor cells were injected into untreated mice (90% and 93%,
respectively, P < 0.001, Table III), thereby confirming the
results obtained with APS and reinforcing the notion that
platelets are not involved in GRGDS-mediated inhibition of
experimental metastasis.

In addition to assays modulating platelet number or func-
tion by addition of exogenous agents, we also performed a
control to test the possibility that GRGDSitself might affect
the platelet count. However, 1 h after injection of either 6
,umol GRGDSor an equivalent volume of PBS-, there was no
change in the number of platelets in C57BL/6 mouse blood
(3.02±0.73 X 109/ml and 2.77±0.74 X 109/ml, respectively,
compared with 3.07±0.33 X 109/ml for uninjected mice).

Tumor cell-blood cell interactions in GRGDS-mediated in-
hibition of experimental metastasis: role of NKcells. As dis-
cussed above, the early effect of GRGDSon tumor cell dis-
lodgement from the target organ implies that it is unlikely that
any long-term stimulation of the immune system is involved
in peptide-mediated inhibition of colonization. However, in
order to rule out this possible mechanism, GRGDSwas in-
jected into mice 2 d prior to challenge with B16-FIO cells.
From the data presented earlier in Fig. 2, it is clear that this
preinjection time should be more than adequate to allow clear-
ance of GRGDSfrom the circulation. If the peptide were act-
ing via long-term immune stimulation, then the stimulus
would have already been given to the mice and colonization
could still have been inhibited. The number of colonies in-
duced by 5 X 104 B16-FIO cells in control mice and in mice
preinjected with 6 ,mol GRGDSwere similar (29.6±5.2 and
33.5±3.6, respectively), whereas mice in which GRGDSand
B16-FIO cells were coinjected showed significant inhibition of
colonization (7.4±2.2 colonies, 75% inhibition, P < 0.001).

If the immune system were to make a significant contribu-
tion to GRGDS-mediated inhibition of experimental metas-
tasis, it would be more likely to involve components that do
not require prior sensitization. In view of the proposed role of
NK cells in reducing tumor metastasis, we have examined
their role in peptide inhibition of B16-F10 experimental me-
tastasis. In order to test directly the involvement of NKcells,
we have employed C57BL/6 mice bearing the beige mutation.
These mice are characterized by a specific genotypic defect in

NK activity (35, 36). If the sole action of GRGDSwere to
stimulate NK function, the peptide would be expected to be
inactive in blocking colonization in beige mice. From the re-
sults presented in Table IV, it is clear that for the same number
of B16-Fl 0 cells injected, many more colonies were produced
in beige mice. This result is consistent with previous reports
(37, 53) and illustrates the role that NKcells play in removal of
metastatic cells from the circulation. Interestingly, GRGDS
was equally potent in blocking experimental metastasis of
B16-FIO cells in both C57BL/6 and C57BL/6"g/bg mice (86%
and 81% inhibition, respectively, P < 0.001 for both, Table
IV), providing strong evidence that NKcells play an insignifi-
cant role in peptide-mediated inhibition. The small difference
in percentage inhibition by GRGDScould be easily explained
by inevitable inaccuracies in counting such large numbers of
colonies per lung.

Discussion

In this study we have extended our previous work that estab-
lished inhibition of B16-Fl0 experimental metastasis by
GRGDS,a peptide derived from the cell adhesion site of fibro-
nectin, and now report on the efficacy of peptide treatment for
prevention of metastatic disease and its biological character-
ization after administration to mice. We conclude that
GRGDSis able to prevent metastasis to such an extent that
recipient mice survive substantially longer than mice not re-
ceiving peptide; that GRGDSinhibition is highly specific, is
not restricted to effects on tumor cell attachment, but for the
most part occurs over the initial postinjection period (0-6 h);
and that no deleterious or stimulatory effects on blood cell
function in metastasis (platelets, NKcells, other immune cells)
were detected as a consequence of GRGDSadministration.

By examining the survival time for animals receiving a
single coinjection of B16-FO0 cells and GRGDS,we have dem-
onstrated that the peptide is effective at preventing formation
of metastases such that not only is colony formation inhibited,
but also that this inhibition translates into a substantial pro-
longation of life-span. 100% of mice receiving 3 mgof GRGDS
along with 1 X 104 or 3 X I04 B16-FO0 cells were still alive
> 150 d later and were therefore classified as long-term survi-
vors. Although metastases are often present at the time of
clinical presentation of the primary tumor, anti-cell adhesive
peptides may be useful as an adjuvant to standard chemother-

Table 111. Effect of Acetylsalicylic Acid on GRGDS-mediated Inhibition of B16-F1O Experimental Metastasis

Colony number Colony number,
Treatment of mice Treatment of cells (mean±SE) Inhibition median (and range) P

None Control 224±27.2 - 219 (110-341)
None GRGDS 15.4±2.3 93 13 (11-29) <0.001
ASA Control 161±11.6 28 151 (120-209) 0.05
ASA GRGDS 16.5±3.9 90 13 (7-40) <0.001

7 x 104 B16-F10 cells were coinjected with or without 6 Amol GRGDSinto groups of control mice or mice given 3.5 mMacetylsalicylic acid
(ASA) in their drinking water for 3 d prior to injection. Colony formation was determined after 14 d. P values were estimated by Mann-Whit-
ney U test. GRGDS-treated groups were compared with their respective untreated controls and the acetylsalicylic acid control was compared
with the complete negative control.

Adhesive Interactions in Tumor Metastasis 787



Table IV. Effect of GRGDSon B16-FIO Experimental
Metastasis in Beige Mice

Colony Colony number,
Treatment number Relative median

Mice of cells (mean±SE) inhibition (and range)

C57BL/6 Control 111±17.0 118(47-192)
C57BL/6 GRGDS 15.8±2.4 86 15 (8-28)
C57BL/64bgf Control >300 >300
C57BL/6b'11 GRGDS 229±17.6 24* 217 (181-303)

7 X 104 B16-F10 cells were coinjected with or without 6 Amol
GRGDSinto groups of C57BL/6 or C57BL/6b""" mice. Colony for-
mation was determined 14 d later. Each GRGDS-treated group was
compared to its respective untreated control.
* This value is an underestimate of the inhibition by GRGDSin
beige mice, since many more than 300 colonies were present in the
control. The raw data for the number of colonies formed in the ab-
sence of peptide in beige mice (line 3) was 1,210±53.7. Using this
figure, the relative inhibition by GRGDSin beige mice was calcu-
lated to be 81 %. However, since there are inevitable inaccuracies in
counting this many colonies, the data in the table are presented ac-
cording to the general convention used when there are too many col-
onies to count precisely.

apy or immunotherapy, or to prevent seeding of metastatic
cells after surgical removal of a primary tumor.

From a comparison of the effects of a library of homolo-
gous synthetic peptides of similar size, we have established the
specificity pattern of the phenomenon of GRGDS-mediated
inhibition of pulmonary colonization. Among the peptides
tested, both GRGDSand RGDSwere highly inhibitory, and
the reverse sequence of the latter peptide, SDGR, also pos-
sessed substantial activity. Two other homologues, GRGES,
which contains a highly conservative substitution of a glutamic
acid residue for an aspartic acid residue, and GRGD,which
lacks the COOH-terminal serine residue of GRGDS,possessed
greatly reduced activity. As a whole, this profile of inhibition
by the peptide library is very similar to their relative potencies
in inhibitory assays measuring cellular adhesion in vitro (6, 7,
9, 10). This close correlation provides strong evidence sup-
porting the contention that the active peptides (GRGDS,
RGDS, and SDGR) inhibit experimental metastasis by inter-
fering with the adhesive function of B16-F 10 cells. Thus these
results demonstrate the involvement of the RGD-recognition
signal in the tumor colonization process. At present we cannot
be certain which GRGDS-sensitive extracellular matrix mole-
cule is involved in colonization, since several potential candi-
dates are known to contain RGDsequences (including fibro-
nectin, serum spreading factor/vitronectin, fibrinogen, colla-
gens, and von Willebrand factor [6, 54-56]). Although the
complete amino acid sequence of laminin has not yet been
published, there is currently no evidence for an RGD-related
determinant (Yamada, Y., personal communication). Fur-
thermore, RGDSand GRGDSare only slightly inhibitory in
assays measuring cell adhesion to laminin in vitro (57), sug-
gesting that laminin is not the ligand whose function is blocked
by these peptides in vivo. It appears, therefore, that metastatic
tumor cells may use more than one adhesion factor during
colonization, since it is now well established that interference

in tumor cell-laminin binding can also prevent experimental
metastasis (3-5).

In an attempt to discriminate between potential effects of
GRGDSon tumor cell attachment and dislodgement, we de-
signed an experiment to test whether the inhibition of coloni-
zation observed with GRGDStreatment could be explained
solely by blockage of B16-F10 cell attachment to the lung.
However, since the rate of loss of B 1 6-FI0 cells from the target
organ was higher in peptide-treated mice than in control mice
containing similar or lower numbers of initially arrested cells,
it is apparent that GRGDScontinues to promote tumor cell
loss subsequent to their initial arrest in the capillary bed of the
lung. This result, coupled with previously published lung re-
tention data, plus the finding that the circulatory half-life of
[3H]GRGDS is only 8 min, is strong evidence that the decrease
in melanotic colony formation observed 2 wk after tumor cell
injection is in large part due to peptide-promoted cell losses
occurring during the first few hours postinjection. Again, this
conclusion is consistent with our postulated mechanism of
disruption of adhesion by the peptide, since it is likely that
there is only a narrow window during which tumor cells will be
sensitive to detachment. Once the cells penetrate the endothe-
lium, traverse the underlying basement membrane, and lodge
in extracellular spaces, it is unlikely that inhibitors of adhesion
would be able to cause such detachment.

In addition to possible effects on adhesion, an early site of
action of GRGDScould also theoretically include modulation
of tumor cell-blood cell interactions. In particular, it is well
established that tumor cell-platelet aggregation is a significant
factor in determining the arrest and survival of circulating
metastatic cells (14, 15). Since GRGDShas been reported to
block platelet aggregation (47, 58), it was conceivable that the
peptide might be acting at least partly via interference with the
binding of platelets to injected B16-FIO cells. Shortly after
injection, GRGDSdid not alter the number of circulating
platelets, suggesting that an artifactual effect on the platelet
count could not account for the biological activity of the pep-
tide. Furthermore, since GRGDSwas equally active in block-
ing experimental metastasis in mice rendered thrombocyto-
penic with APS or treated with acetylsalicylic acid, it appears
that any contribution of platelet aggregation to GRGDS-me-
diated inhibition of pulmonary colonization is minimal.

Removal of metastatic tumor cells by NK cells without
prior sensitization is now thought to play a major role in natu-
ral host defense against tumors (16, 17). By employing
C57BL/6 mice bearing the homozygous beige mutation, we
have therefore examined the role of NK cell function as a
contributor to the promotion of tumor cell dislodgement by
GRGDS. Despite the 11-fold increase in melanotic colony
formation observed in beige mice, GRGDSstill possessed full
activity in blocking experimental metastasis of B16-FIO cells,
suggesting that GRGDSdoes not block colonization by stimu-
lating NKactivity. It is notable that the inhibitory capacity of
the peptide is independent of the final number of colonies
observed. Instead, its relative activity is only a function of the
size of the tumor cell inoculum as reported previously (1 1).

In conclusion, we have performed studies to test the po-
tential efficacy of fibronectin-derived peptides for prevention
of experimental metastasis. The inhibitory activity is specific,
and all of the data are consistent with a mechanism of action
involving interference with tumor cell adhesion to the target
organ. It should be noted, however, that we cannot presently
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entirely exclude the possibility that RGD-containing peptides
may have unpredictable physiological effects that directly in-
fluence metastatic capacity (e.g., effects on tumor cell invasion
through interference with extracellular proteolysis [ 1-3]). It is
also clear as a result of these studies that, in order for GRGDS
to be useful in preventing tumor metastasis, its circulatory
concentration will need to be maintained at a high level either
by continuous infusion or by artificially increasing its half-life
by structural modification.
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