
[CANCER RESEARCH 51. 2077-2083. April 15. 1991]

Inhibition of Tumor Growth in Mice by an Analogue of Platelet Factor 4 That
Lacks Affinity for Heparin and Retains Potent Angiostatic Activity

Theodore E. Maione, Gary S. Gray, Anthony J. Hunt, and Richard J. Sharpe

Repligen Corporation, Cambridge, Massachusetts 02139

ABSTRACT

An analogue of human platelet factor 4 (PF4) lacking affinity for
heparin was specifically designed to evaluate the importance of this
property in the antitumor effects of recombinant PF4. The purified
protein, recombinant PF4-241 (rPF4-241), failed to bind heparin but
retained the ability to suppress the growth of tumors in mice. Daily
intralesional injections of r l'I 4-241 significantly inhibited the growth of
the B-16 melanoma in syngeneic mice without direct inhibitory effects on
B-16 cell growth in vitro. Similar antitumor effects were observed with
the human colon carcinoma, 11(1-116, grown in nude mice, indicating
that the inhibitory activity was neither tumor-type specific nor T-cell
dependent. rPF4-241 inhibited endothelial cell proliferation in vitro with
dose dependence similar to the native sequence rl'l 4. Both rl'l 4 and
rl'l 4-241 inhibited angiogenesis in the chicken chorioallantoic mem

brane. The analogue, however, was inhibitory at lower concentrations
than rl'l 4 in the chorioallantoic membrane system and its inhibitory

effects were not abrogated by the presence of heparin. The present
findings support the conclusion that both rl'l 4 and rl'l 4-241 inhibit
tumor growth by suppression of tumor-induced neovascularization. The
finding that this activity is independent of heparin binding may allow the
development of PF4-based angiostatic agents with reduced toxicity and
improved bioavailability. These results also suggest that PF4 may play
a more specific role in modulation of blood vessel development than
previously recognized.

INTRODUCTION

Progressive tumor growth is dependent on the establishment
of a vascular network to support the metabolic needs of the
hyperproliferating transformed cells (1). Suppression of the
neovascularization process has been proposed as a form of
cancer therapy (2), but to date agents with high efficacy and
acceptable toxicity have not been developed for human use.
While the role of endogenous proteins and chemicals in the
stimulation of new vascular development (angiogenesis) is well
established (3), natural endothelial cell suppressors which arrest
capillary growth have not been well characterized. Two human
proteins, PF41 and major basic protein from eosinophils, dem

onstrated angiogenesis inhibitory activity which was attributed
to their ability to bind heparin with high affinity (4). Recently,
we showed that rPF4 was an effective inhibitor of angiogenesis
in the chicken chorioallantoic membrane and a specific inhibi
tor of growth factor-stimulated endothelial cell proliferation in
vitro (5). rPF4 significantly suppressed the growth of s.c. murine
B-16 melanoma in syngeneic hosts when administered intrale-
sionally but had no effects on the proliferation of the cells in
culture (6). Similarly, rPF4 inhibited the growth of human
tumor lines in immunodeficient mice (6), supporting the con
clusion that the observed antitumor effects were more likely
due to inhibition of angiogenesis than to Â¡mmunomodulatory
effects.

Administration of rPF4 i.p. and i.v., however, failed to pro-
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duce significant inhibition of s.c. tumor growth. The clearance
of platelet factor 4 from the circulation in animals and humans
is known to be exceptionally rapid (7, 8), primarily due to the
high affinity of this protein for heparin and heparan sulfate. In
addition to its function in suppressing thrombosis, a role for
heparin in the modulation of angiogenesis has also been estab
lished (9). Under some conditions heparin promotes angiogen
esis, while in combination with certain steroids heparin can
potentiate inhibition of neovascularization (10). Also, acidic
and basic fibroblast growth factors, which stimulate endothelial
cell proliferation in vitro and may play a role in the angiogenic
process in vivo, bind heparin with high affinity (11). Binding
heparin may protect these proteins from proteolysis and dena-
turation and modulate their potency as angiogenesis inducers
(12). It has also been suggested that extracellular matrix hepa
ran sulfate may act as a storage reservoir of these proteins in
vivo with release following mechanical, enzymatic, or chemical
tissue damage stimulating wound-healing processes (13).

The prevalence of heparin-like molecules on the surface of
endothelial cells (14) as well as the observation of mast cells,
which carry heparin in releasable granules, at sites of neovas
cularization (15) suggest a number of possible mechanisms for
modulation of angiogenesis by heparin-binding agents. The goal
of the present study was the evaluation of the importance of
heparin affinity in the angiostatic activity of PF4. The heparin-
binding domain of PF4 had previously been identified by pep-
tide mapping (16) and carboxy peptidase treatment (17) of the
native protein to contain several lysine residues apparently
essential for interaction with sulfated polysaccharides. The
rPF4 gene was modified to eliminate the lysine residues needed
for heparin binding but retain the amphipathic Â«-helicalstruc
ture (Fig. \A) of the carboxyl terminus (18). The analogue
described in the present study, rPF4-241, lacked affinity for
heparin but possessed potent angiostatic and antitumor activity.
These findings suggest that the COOH-terminal portion of PF4
contains independent structural determinants for heparin bind
ing and angiostatic activities and that development of novel
inhibitors of angiogenesis based on this structure may be
possible.

MATERIALS AND METHODS

Chemicals

Cell culture media and components were purchased from Gibco
(Grand Island, NY) unless otherwise noted. Basic fibroblast growth
factor was purchased from Amgen (Thousand Oaks, CA) and endothe
lial cell growth supplement was from Collaborative Research (Lexing
ton, MA). ['H]thymidine (6.7 Ci/mmol) was purchased from NEN

Research Products (Boston, MA). Native sequence rPF4 was prepared
as previously described (5).

Cell Cultures

Human umbilical vein endothelial cells were obtained from the
American Type Culture Collection and maintained in Medium 199
(Gibco), 10% heat-inactivated fetal bovine serum, heparin (5 units/ml),
endothelial cell growth supplement (150 Mg/ml) or basic fibroblast
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Fig. 1. Production of recombinant PF4-241 in E. coli. A, axial projections of the carboxyl-terminal portions of human PF4 predicted by the known crystal structure
of bovine PF4 (18) and rPF4-241 predicted by statistical protein conformational algorithms. B, plasmid diagram of pPF4-241 illustrating the genetic construction
designed to express rPF4-241 at high levels as a fusion protein. The plasmid also encodes chloramphenicol acyltransferase and /Mactamase for antibiotic selection
and plasmid stability. C. sequence of synthetic rPF4-241 gene and corresponding single letter code amino acid sequence. The initial 34 amino acids are derived from
the E. coli /Ã¬-glucuronidasegene followed by the only internal methonine and the rPF4-241 sequence. The DNA sequence for rPF4-241 was optimized for expression
in E. coli. The amino acids replacing the four native lysine residues are double underlined. D, relative purity of rPF4 and rPF4-241. Samples of recombinant human
platelet factor 4 (lane A, 5 >ig)purified by heparin-agarose chromatography and rPF4-241 (lane B, 3 ng) purified as described in "Materials and Methods" were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15% acry'amidc). Charge and amino acid differences between the two 70 amino acid proteins
produce a consistent shift in apparent molecular weight. Ordinate, molecular weight in thousands.
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growth factor (2 ng/ml) at 37Â°Cunder 5% CO2. Cells were routinely

used in assays from passages 17-30.
The B16-F10 murine melanoma was obtained from the Division of

Cancer Treatment Tumor Repository (Frederick, MD) and grown in
RPMI-1640 medium containing 6 mg/ml 4-(2-hydroxyethyl)-l-piper-
azineethanesulfonic acid buffer, 300 Mg/ml L-glutamine, 10% heat-
inactivated fetal bovine serum, and 20 Mg/m' gentamicin sulfate. HCT-
116 human colon carcinoma cells were obtained from the American
Type Culture Collection and cultured in the same medium used for the
B16 melanoma.

Animals

Immunocompetent female C57BL/6J and athymic female CByB6F,/
J mice were obtained from The Jackson Laboratory (Bar Harbor, ME)
and generally used when 6-12 weeks old.

Assays

Cellular proliferation was assessed by incorporation of ['HJthymidine

into DNA or increase in cell number as previously described (5. 6).
Inhibition of angiogenesis in the chicken CAM was determined 2 days
following implantation of the test substance on the CAM (5). Eggs
were blindly scored for the presence or absence of an avascular zone
surrounding the implant. At least 10 samples were tested at each
concentration in a given assay and error bars reflect the SE of the mean
for at least three assays.

Tumor Models

B16-F10 Murine Melanoma. Cells (5 x 10s), harvested in log phase

and suspended in RPMI-1640 medium, were implanted s.c. in the
depilated flanks of syngeneic hosts (C57BL6/J mice) as previously
described (6). Generally five mice were used in each treatment or control
group with each possessing a single primary tumor. Visible tumors
were present within 24 h, at which time intralesional injections with
the specified reagent or carrier were initiated. The primary tumors were
measured blindly using digital calipers prior to the administration of
the test substance on the days indicated. Data represent the average
tumor volumes (Â±SEM)of the surviving mice in each group.

HCT-116 Human Colon Carcinoma. Cells (2 x IO7), prepared as

described above, were implanted s.c. in nude mice (CByB6Fi/J) to
assure 100% tumor take. Relatively large (100-200 mm1) tumors were

visible within 24 h, and treatments and measurements were initiated as
described above.

Construction of rPF4-241 Expression Clone

The rPF4-241 expression plasmid pPF4-241 (Fig. \B) was con
structed by modifying the human recombinant PF4 expression plasmid
pPF4-2112 which contained a synthetic gene encoding PF4 expressed
as a fusion protein. Modifications of pPF4-211 were made by replacing
segments of the PF4 gene, including the COOH-terminal portion
between the Pstl and Xmal sites, with synthetic oligonucleotide cas
settes to yield a modified PF4 gene with the appropriate amino acid
substitutions (Fig. 1C). The final construct, pPF4-241, expressed rPF4-
241 as a fusion protein containing a 35 amino acid amino-terminal
sequence derived from the Escherichia coli /3-glucuronidase gene sepa
rated from rPF4-241 by a unique internal methionine residue. Codon
usage in the synthetic gene was optimized for expression of E. coli. The
sequence of rPF4-241 is identical to PF4 except for the replacement of
two lysine pairs in the COOH-terminal heparin-binding domain with
glutamine-glutamate (Fig. 1C). The non-PF4 fusion segment (under
lined) is separated from the rPF4-241 sequence (bold) by the internal
methionine.

Purification of rPF4-241 from E. coli

E. coli cells (strain SG20251) containing the pPF4-241 plasmid were
grown aerobically to high density (50 g cells/liter) in modified 2%
growth medium containing 20 Mg/ml chloramphenicol. Temperature

2J. A. Myers el al., submitted for publication.

was maintained at 37Â°Cin a Chemap fermenter and cells were harvested

by centrifugation after 18-20 h of growth. Cells expressing the fusion
protein rPF4-241 were resuspended in 50 ITIMTris-CI, pH 7.6-0.5%
Triton X-100-5 mM EDTA and treated with lysozyme (2 mg/g of cells)

and DNase I (5 units/g cells), followed by physical disruption using a
bead mill. Following centrifugation, the lysis pellet containing fusion
rPF4-241 was resuspended in 70% formic acid and cleaved with cyan
ogen bromide (0.1 g/g cells). Following evaporation and extraction into
nondenaturing buffer (50 mM Tris-CI, pH 7.4-20 mM dithiothreitol-5
mM EDTA), cleaved rPF4-241, lacking amino acids from E. coli, was
purified using DEAE-ion exchange chromatography. The protein was
eluted in 0.5 M NaCl. Remaining minor contaminants including lipo-
polysaccharides were removed by C4 reverse phase chromatography.
The protein eluted in 40% acetonitrile using a 0-100% acetonitrile
gradient (in 0.1% trifluoroacetic acid) over 40 min. Following lyophi-
lization, the protein was resuspended in buffer containing 25 mM
sodium phosphate, pH 7.5-8 M urea-5 mM dithiothreitol-5 mM EDTA
at 0.2 mg protein/ml. Renaturation of the molecule was allowed to
proceed over 48 h by dialysis against 25 mM sodium phosphate, pH
7.5, at 4Â°C.

RESULTS

Expression and Purification of rPF4-241. Recombinant PF4-
241 was expressed in E. coli as a fusion protein and comprised
the major cellular component (approximately M, 12,000) after
overnight growth. The identity of the major protein species was
confirmed by Western analysis using antiserum to human PF4.
The fusion protein appeared as inclusion bodies, permitting
centrifugal separation from the bulk of the cellular proteins and
facilitating the preparation of highly purified rPF4-241. These
results parallel those seen for the expression of rPF4 in E. coli
(5), demonstrating that the modifications made to the COOH-
terminal, heparin-binding domain of PF4 affected neither the
high level of protein expression nor formation of inclusion
bodies.Purification of the insoluble rPF4-241 fusion protein
was not required prior to cyanogen bromide cleavage and pu
rification of rPF4-241. The removal of four lysine residues in
the PF4 sequence, however, eliminated affinity of rPF4-241 for
heparin-agarose and necessitated the use of other Chromato
graphie media. DEAE-Sepharose chromatography followed by
reverse phase chromatography on a C4 column produced rPF4-
241 of comparable purity to native sequence rPF4 prepared by
heparin affinity chromatography (Fig. \D). The NH2-terminal
sequence of purified rPF4-241 was confirmed by automated
Edman degradation to begin at the glutamate residue immedi
ately following the internal methionine residue. Purified rPF4-
241 reacted with both goat antiserum and a murine monoclonal
antibody (provided by U. Hammerling, Sloan-Kettering Insti
tute) raised to human platelet-derived PF4.

Lack of Heparin Binding by rPF4-241. As predicted, purified
PF4-241 failed to bind to immobilized heparin at physiological
pH and low ionic strength. In agreement with these findings,
and in contrast to results with native sequence rPF4, rPF4-241
failed to neutralize the anticoagulant effects of heparin in
solution (Fig. 2). Inhibition of factor Xa activity (19) by heparin
and antithrombin III could be completely prevented by equiva
lent levels of either human recombinant or platelet-derived PF4
(data not shown); whereas rPF4-241 failed to prevent the hep-
arin-induced inactivation of factor Xa, even at doses 10-fold
higher than effective doses of rPF4. In addition, while the
angiostatic properties of rPF4 could be abrogated by coincident
provision of heparin to the test system (5), supplemental hep
arin did not effect the biological activities of rPF4-241 (data
not shown), confirming that affinity for heparin under the assay
conditions used was negligible.
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Protein Concentration (MM)

Fig. 2. Lack of heparin-neutralizing activity of rPF4-241. Varying concentra
tions of recombinant human PF4 (â€¢)and rPF4-241 (â€¢)were mixed with 0.6 MM
heparin (Upjohn) and analyzed in the factor Xa assay (19). Human platelet-
derived PF4, rPF4, and protamine were equally effective for neutralizing heparin
in this assay. The complete reaction mixture containing 10 mM Tris, pH 8.0-150
HIM NaCI-180 ^M chromozym X (Boehringer Mannheim)-heparin-0.18 unit
antithrombin 111.but lacking PF4, inhibited the added factor Xa by 85% over the
4-min time course used in these experiments. The reaction was started by the
addition of 3 x IO'3 units of factor Xa (final volume. 300 iÂ¡\)and the generation

of reaction products was monitored at 405 nm. No preincubation of the reaction
components was necessary to observe efficient heparin neutralization. Bar, Â±SD.

Suppression of Angiogenesis by rPF4-241. When tested for
the ability to inhibit angiogenesis in the chicken CAM model,
rPF4-241 demonstrated angiostatic activity at lower doses than
previously observed with native sequence rPF4 (5) (Fig. 3). In
these experiments angiostatic activity was scored as the simple
presence or absence of an avascular zone in the CAM; however,
at fully inhibitory levels the avascular zones induced by rPF4-
241 were also substantially larger in area compared to those
caused by native sequence rPF4. The inhibitory effect of rPF4-
241 was not suppressed by including heparin in the test prepa
rations. Whether the apparent enhanced angiostatic activity of
rPF4-241 compared to the native sequence molecules reflects
an intrinsic increase in specific activity or is the result of altered
physical properties such as solubility has not been established.

Inhibition of Endothelial Cell Proliferation. Recombinant
PF4-241 inhibited growth factor-driven endothelial cell prolif
eration with dose dependence similar to that observed with
native sequence rPF4 (Fig. 4). At doses of these proteins which
inhibited endothelial cell proliferation >80%, the growth of
transformed cell lines and normal human fibroblasts was unaf
fected. While the determinants for angiogenesis inhibition are
apparently contained in the carboxyl terminus of the protein,
small polypeptides corresponding to this region do not inhibit
cellular proliferation; either additional protein domains are
required for endothelial cell growth suppression or small syn
thetic peptides lack an essential active conformation. High
concentrations of rPF4-241 resulted in the release of endothe
lial cells previously attached to serum-coated plastic culture
dishes without apparent cytotoxicity. A strict correlation be
tween cell attachment and DNA synthesis in endothelial cells
has been previously reported (20), but the cause/effect relation
ship of these phenomena have not yet been established. Whether
the cytostatic effects of rPF4-241 are mediated solely by inter
fering with cell attachment or by directly affecting cellular
metabolism has not been determined.

Inhibition of Primary Tumor Growth. Both rPF4-241 and
native sequence rPF4 suppressed the growth of the B16-F10
melanoma when grown as an s.c. tumor in syngeneic mice with
similar efficacy (Fig. SA). Daily intralesional injection of 50 mg

of either protein not only suppressed the growth of the tumor
over the time course of the treatments but, under the conditions
used, also prevented the delayed growth of tumors in a substan
tial proportion of the experimental animals (Fig. SB). Surviving
protein-treated animals were sacrificed approximately 3 months
following termination of the experiment and showed no signs
of persistent tumor. The precise dose levels and schedules
necessary to achieve these results were not optimized, but delay
of initiation of injections (e.g., 72 h after tumor inoculation),
decrease in dose (to 12.5 mg/day), or earlier cessation of treat
ments (e.g., at day 10) all reduce the extent of tumor growth
inhibition by either protein species.

At doses similar to those which inhibit endothelial cell pro
liferation, neither rPF4 nor rPF4-241 significantly inhibited
proliferation of the B16-F10 melanoma cells in vitro, suggesting
modulation of host response to the tumor as the mechanism of
tumor growth suppression by these proteins.

The growth of the human colon carcinoma HCT-116 in nude
mice was also inhibited by intralesional administration of these
agents (Fig. 6). The initial tumor inoculum of HCT-116 cells
necessary to assure growth of primary tumors was substantially
greater than that required for the B16-F10 cell line and pro
duced measurable tumors within 24 h. Subsequent tumor
growth, however, was somewhat slower than that of B16 mel
anoma primary tumors. By the 10th day following tumor in
oculation the sizes of tumors in both treated groups were
statistically different from the buffer-treated controls. Follow
ing termination of treatments, tumor growth resumed in the
rPF4-treated group, but significant tumor development was not
observed in the rPF4-241 -treated group of mice. Differences in
efficacy of these two protein species in this model system have
not been specifically evaluated. rPF4-241 possess enhanced
solubility compared to native sequence rPF4 in the carrier
buffer used in these experiments (20 mM sodium phosphate,
pH 7.5) which may explain the observed quantitative differences
of their effects. Successful inhibition of HCT-116 tumor growth
in nude mice by rPF4 and rPF4-241 demonstrates that the
antitumor effects of these agents are not tumor specific and
also eliminates the possibility that these effectors act through
modulation of T-cell-dependent immune responses.

2345
Protein (nmol/dlsc)

Fig. 3. Inhibition of angiogenesis by rPF4 and rPF4-241. rPF4-241 (â€¢)and
rPF4 (â€¢)were tested for their ability to inhibit angiogenesis in the chicken CAM.
Angiostatic activity was measured by blind assessment of the presence or absence
of avascular zones in the CAM as previously described (5). Implant discs were
made by air drying 10-fil aliquots of a protein solution containing 0.5% (w/v)
methylcellulose. Point, average inhibition from several assays; at least 10 sample
discs were implanted/assay; bar, Â±SEM.
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Fig. 4. Inhibition of human umbilical vein endothelial cell proliferation by
rPF4-241 and rPF4. rPF4-241 (â€¢)and rPF4 (â€¢)were evaluated for their ability
to inhibit growth factor-stimulated DNA synthesis by human umbilical vein
endothelial cells in vitro. Cells were routinely used in assays from passages 17-
30. Cells in complete growth medium lacking heparin were allowed to attach for
>4 h before the addition of the test substance (final volume, 100 Â¿il),incubated
with the protein for 24 h. and then pulsed with 1 nCi/well [3H]thymidine. The
plates were incubated for an additional 6 h and then frozen at -70"C. The plates

were subjected to 2 freeze/thaw cycles before harvest to assure complete removal
of cells and matrix. Well contents were aspirated onto a fiber filter, washed with
distilled H2O. and fixed with MeOH. Point, average of 3 wells; bar, Â±SD.

DISCUSSION

Suppression of tumor growth by rPF4 and rPF4-241 in vivo
without apparent direct effects on the transformed cells in vitro
supports the conclusion that these agents act through modula
tion of the host response to the implanted tumor. Notably,
these agents are potent inhibitors of angiogenesis and specific
inhibitors of endothelial cell proliferation, processes essential
for tumor neovascularization and sustained growth. Addition
ally, PF4 isolated from human platelets and recombinant PF4
produced in E. coli have been shown to prevent immuno-
suppression in a murine model (21, 22). The effects have been
reported to be T-cell mediated (23) and might also be suggested
as a mechanism of rPF4 antitumor effects. Demonstration that
rPF4 (6) and rPF4-241 retained antitumor activity in immu-
nodeficient mice, however, shows that tumor growth suppres
sion is not T-cell dependent and probably not due to immuno-
modulatory effects. Enhancement of the humoral immune re
sponse or development of natural killer cells by rPF4 or rPF4-
241 cannot be ruled out, but the resumption of tumor growth
following cessation of rPF4 administration in short experimen
tal treatment cycles (6) argues against the involvement of long-
term effects in the inhibitory mechanism. In the absence of
other significant biological effects of rPF4 and rPF4-241 the
inhibition of host endothelial cell proliferation and tumor neo
vascularization by these agents seems to be the most reasonable
explanation of the observed antitumor activity.

For angiostatic agents to have wide utility for the treatment
of human neoplasms as well as other "angiogenic diseases," the

ability to inhibit pathological vascularization at multiple sites
by systemic administration is considered essential. While direct
treatment of certain types of tumors with an angiostatic drug
might be appropriate, it seems more likely that these agents
would have the highest value for postsurgical prevention of
tumor recurrence and establishment of mÃ©tastases.While the
circulating levels of rPF4-based proteins needed for successful

systemic therapy of primary s.c. tumors have not yet been
established, the effects of these proteins on the development of
mÃ©tastasesare probably of greater relevance. The B16-F10
melanoma system used in this study possesses extensively char
acterized (24) metastatic properties and is particularly well
suited for continued evaluation and optimization of the antitu-
mor activities of rPF4 and related molecules.

The finding that a PF4-based molecule lacking heparin affin
ity retains angiostatic activity is in direct conflict with previous
suppositions about the activity of this protein. Our own obser
vations with native sequence rPF4 supported a central role for
heparin binding in the inhibitory activities since added heparin
abrogated the effects of the recombinant protein. In those same
studies, however, synthetic peptides possessing all four lysines
in the carboxyl terminus lost angiostatic activity when flanking
amino acids were deleted, suggesting that structural features
provided by non-basic residues also contributed to the inhibitory

OÂ«-" â€¢-â€¢

Days

Fig. 5. Inhibition of syngeneic tumor growth in mice by rPF4 and rPF4-24I.
In A, rPF4-241 (â€¢),native sequence rPF4 (â€¢),and their respective carrier
solutions, 25 mM sodium phosphate, pH 7.0 (D), and 20 mm sodium acetate, pH
4.0 (O). were tested for their ability to inhibit the growth of the B-16 (FIO)
melanoma in syngeneic C57BL/6J mice as described previously (6). Proteins were
dissolved at 0.5 mg/ml in the appropriate buffer and daily injections of 100 /<!of
solution were begun 24 h following the implantation of tumor cells when a tumor
of approximately 25-50 mm3 was generally visible. Treatments were continued

through day 14 and tumor volumes were measured blindly. Point, average tumor
sizes of the surviving mice in each group; bar, Â±SEM. In B, the number of
surviving animals in each group was assessed on a daily basis. Symbols for the
treated groups are the same as in A. Animals surviving on day 46 were sacrificed
approximately 2 months later and possessed no signs of residual tumor tissue.
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Time Post Tumor Inoculation (Days)

Fig. 6. Inhibition of the growth of human colon carcinoma HCT-116 in nude
mice by rPF4 and rPF4-24l. rPF4 (â€¢),rPF4-241 (A), and sterile phosphate-
buffered saline. pH 7.0 (â€¢),were tested by intralesional injection for their effects
on s.c. tumor growth. In this experiment both protein preparations were dissolved
at 1.0 mg/ml in phosphate-buffered saline and an injection volume of 50 /jl/day
was used. Other conditions and operations were similar to those described for
Fig. 5.

effects. These results indicate that rPF4 possesses active do
mains for heparin binding and inhibition of vascularization
which are overlapping but not identical. The reduction of the
angiostatic effects of rPF4 by heparin could be explained as an
interaction which obscured the association of the angiostatic
site with its receptor. Under physiological conditions the inter
action with endogenous heparin-like molecules on the surface
of endothelial cells might be an important mechanism for
concentration of locally released PF4 and expression of its
biological activity. The pattern of distribution of PF4 on en-

dothelium might represent an important mechanism for mod
ulation of local vascular development.

Under nonphysiological conditions such as those used in this
study, elimination of heparin-binding activity in rPF4-241 does
not result in a loss of other biological activities, possibly because
the high concentrations of reagents used alleviated the need for
concentration at the cellular level. Since the natural biological
role of PF4 is still not defined, we cannot predict the physio
logical consequences of elimination of its heparin affinity; how
ever, we might anticipate novel pharmacological properties for
rPF4-241 such as enhanced clearance properties or bioavail-
ability. Our preliminary results, however, indicate that rPF4-
241 is cleared from circulation very rapidly by a heparin-
independent mechanism,3 and to date, we have been unable to

demonstrate systemic antitumor activity. Because of the low
molecular weight (7800) of the modified protein, rapid elimi
nation of rPF4-241 from circulation by unrestricted glomerular
filtration might be predicted. It is possible that modification of
additional protein parameters such as net molecular charge or
alternative structural domains will be required to produce an
agent with pharmacological properties suitable for general clin
ical application. Even at the highest levels tested, however,
dose-limiting toxicities have not been observed with either
native sequence rPF4 or rPF4-241, suggesting that further
systemic dose escalation studies may yet produce relevant bio
logical effects. The enhanced solubility of the modified sequence
at physiological pH represents a significant advantage should

3S. Niewiarowski, el al., unpublished data.

high levels of this drug be needed for therapeutic efficacy in
human applications. The absence of heparin affinity for rPF4-
241 would also permit the use of this drug with reduced concern
(compared to rPF4) for its effects on normal coagulation status
which may be regulated by endothelial cell surface heparan
sulfate. Similarly, the option of heparin administration to con
trol disease-related thrombotic events probably would not be
limited by the presence of rPF4-241. Conversely, the use of
native sequence rPF4 would neutralize the anticoagulant prop
erties of therapeutically administered heparin, and heparin
would reduce the angiostatic effects of rPF4 (5).

Confirmation of angiostatic activity of rPF4-241 demon
strates that the essential features responsible for the activity of
the mutant protein in the CAM system are distinct from the
lysine residues essential for heparin binding. Lack of activity of
synthetic peptides for endothelial cell proliferation suppression,
however, suggests that additional structures of the full-length
protein are required for this activity. Our previous findings with
synthetic peptides demonstrated that the active domain for
inhibition of endothelial cell growth was not contained in the
NH2-terminal 29 amino acids. The simplest explanation of lack
of inhibitory activity by the COOH-terminal peptides in cell
culture systems would be that peptide conformations essential
for activity are absent under the conditions used. Peptides of
this length are not expected to possess particularly stable struc
tures in solution. In the presence of the remainder of the protein
backbone, however, promotion of a-helix formation might be
expected. Identification of the biologically active protein con
formation will be essential for the development of structurally
stabilized peptides and, ultimately, non-peptide-based mimetic
structures possessing PF4-like activity.

The finding that rPF4-241, which lacks detectable affinity
for heparin but retains the angiostatic properties of native
sequence rPF4, suggests that receptors for PF4 other than
heparan sulfate exist on the surface of endothelial cells. Previ
ously published work demonstrated that the principal binding
site on endothelial cells for PF4 was heparan sulfate and that
the number of sites could be significantly reduced by heparinase
treatment (25). The possibility that alternative binding sites
existed, however, could not be excluded, and the pattern of PF4
internalization indicated that a specific endocytic mechanism
for PF4 uptake was involved. Demonstration of a specific
receptor for rPF4-241 would support the presence of an alter
native PF4-binding site and strongly argues for the involvement
of PF4 in physiological modulation of endothelial cell prolif
eration. The present finding that high affinity heparin binding
is not required for inhibition of angiogenesis by PF4 not only
suggests new therapeutic approaches to management of patho
logical vascularization but may also contribute to the elucida
tion of endogenous mechanisms of the regulation of blood
vessel development.
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