Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 8795–8800, July 1998
Medical Sciences

Paracrine expression of a native soluble vascular endothelial
growth factor receptor inhibits tumor growth, metastasis,
and mortality rate
(angiogenesisyendothelial cellsycancerygene therapy)

COREY K. GOLDMAN*, RICHARD L. KENDALL†, GUSTAVO CABRERA*, LILIANA SOROCEANU‡, YUJI HEIKE*,
G. YANCEY GILLESPIE‡, GENE P. SIEGAL§, XIANZHI MAO†, A NDREW J. BETT¶, WILLIAM R. HUCKLE†,
KENNETH A. THOMAS†i, AND DAVID T. CURIEL*
*Gene Therapy Program, §Departments of Pathology, ‡Cell Biology, and Surgery, Division of Neurosurgery, University of Alabama, Birmingham, AL 35294; and
Departments of †Pharmacology and ¶Human Genetics, Merck Research Laboratories, West Point, PA 19486

Edited by M. Judah Folkman, Harvard Medical School, Brookline, MA, and approved May 26, 1998 (received for review November 24, 1997)

Given the potential role of VEGF in promoting tumor
angiogenesis, growth, and metastasis, it is an attractive target
for therapeutic intervention. This hypothesis is supported by
animal experiments in which anti-VEGF monoclonal antibodies are shown to inhibit the growth of implanted tumors (23)
and metastatic spread (24–26). Furthermore, either monoclonal antibodies (27) or suppression of VEGF expression (28)
results in regression of established tumors. Inhibition of tumor
implantation and growth is also achieved by expression of
VEGF antisense (29, 30) and of artificially truncated VEGF
KDR receptors (31). Although these approaches contribute to
the validation of the VEGF system as an attractive therapeutic
target and might represent feasible strategies for inhibiting
pathological angiogenesis, they all utilize nonnative inhibitors.
The only currently known endogenously expressed selective
inhibitor of VEGF is an alternatively spliced version of the
FLT-1 VEGF receptor (32). The splicing alteration results in
retention of an intron within the mRNA that is translated
through to the first in-frame stop codon. This alternatively
spliced form of the FLT-1 protein retains the N-terminal six of
seven extracellular Ig-like domains fused to the unique intronencoded 31-amino acid residue C-terminal sequence but is
devoid of the membrane proximal Ig-like domain, the membrane spanning polypeptide, and the entire intracellular tyrosine kinase-containing region. The product, denoted soluble
FLT-1 (sFLT-1), is a heparin-binding protein that complexes
VEGF with the same high affinity and presumably equivalent
specificity of the full-length membrane-spanning receptor. It is
expressed by vascular endothelial cells and can inhibit their
mitogenic response to VEGF in culture by directly sequestering VEGF. In addition, sFLT-1 appears to be able to inhibit the
activities of VEGF in a dominant negative manner by heterodimerizing with the extracellular ligand-binding region of
the membrane spanning FLT-1 (32) and KDR (33) VEGF
receptors, thereby preventing receptor tyrosine transphosphorylation and activation of downstream signal transduction.
Therefore, sFLT-1 is a potent and selective endogenous inhibitor of VEGF-mediated angiogenesis. The present set of
studies demonstrate that enhanced expression of sFLT-1 by
tumor cells in vivo inhibits solid tumor growth, impedes
metastatic nodule development, and extends host survival.

ABSTRACT
Vascular endothelial growth factor (VEGF)
is a potent and selective vascular endothelial cell mitogen and
angiogenic factor. VEGF expression is elevated in a wide
variety of solid tumors and is thought to support their growth
by enhancing tumor neovascularization. To block VEGFdependent angiogenesis, tumor cells were transfected with
cDNA encoding the native soluble FLT-1 (sFLT-1) truncated
VEGF receptor which can function both by sequestering VEGF
and, in a dominant negative fashion, by forming inactive
heterodimers with membrane-spanning VEGF receptors.
Transient transfection of HT-1080 human fibrosarcoma cells
with a gene encoding sFLT-1 significantly inhibited their
implantation and growth in the lungs of nude mice following
i.v. injection and their growth as nodules from cells injected
s.c. High sFLT-1 expressing stably transfected HT-1080 clones
grew even slower as s.c. tumors. Finally, survival was significantly prolonged in mice injected intracranially with human
glioblastoma cells stably transfected with the sflt-1 gene. The
ability of sFLT-1 protein to inhibit tumor growth is presumably attributable to its paracrine inhibition of tumor angiogenesis in vivo, since it did not affect tumor cell mitogenesis in
vitro. These results not only support VEGF receptors as
antiangiogenic targets but also demonstrate that sflt-1 gene
therapy might be a feasible approach for inhibiting tumor
angiogenesis and growth.
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Neovascularization is critical for supporting the rapid growth
of solid tumors (1). Tumor angiogenesis appears to be achieved
by the expression of angiogenic agents within solid tumors that
stimulate host vascular endothelial cell mitogenesis and possibly chemotaxis. One such protein, vascular endothelial
growth factor (VEGF) or vascular permeability factor (reviewed in refs. 2–4), is a selective endothelial cell mitogen and
angiogenic agent that is induced by several growth factors and
cytokines, elevated expression of either the ras (5, 6), raf (7),
src (8) or mutant P53 (9) oncogenes and hypoxia (10–12)
characteristic of rapidly growing solid tumors. VEGF can also
be derived from immune cells that infiltrate tumors (13). In
addition, expression of the VEGF endothelial cell receptors
FLT-1 and KDR/FLK-1 are induced either directly (14) or
indirectly (15) by hypoxia. Increased serum VEGF is found in
cancer patients (16, 17) and elevated VEGF levels are reported
to be a prognostic clinical factor correlated with decreased
survival in breast (18), ovarian, (19), lung (20), gastric (21), and
colon (22) cancer patients.

MATERIALS AND METHODS
Cell Lines. The HT-1080 human fibrosarcoma cell line was
obtained from the American Type Tissue Culture Collection
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and the D54-MG human glioblastoma cell line was a gift from
Darell Bigner (Duke University, Durham, NC). Cell lines were
verified to be Mycoplasma free and maintained in DMEM/
Ham’s F-12 plus 10% fetal bovine serum supplemented with
5 mM glutamine and 10 mg/ml ciprofloxacin (complete medium).
Plasmids. The 2.1-kb sflt-1 cDNA, originally obtained from
a human umbilical vein endothelial cell cDNA library (32), was
ligated into the BamHI site of the eukaryotic expression vector
pcDNA3 (Invitrogen) generating the plasmid psflt-1. The
presence and proper orientation of the sflt-1 cDNA were
verified by DNA sequencing and restriction analysis. An
additional plasmid expressing higher levels of sFLT-1 was
constructed by inserting the human cytomegalovirus (HCMV)
intron A between the HCMV early promoter and sflt-1 cDNA
(pCIsflt-1). A HCMV promoter-driven b-galactosidase cDNA
reporter in a pUC 19 plasmid (pLacZ) was used to confirm
gene transfer.
Gene Transfections. For adenovirus–polylysine complex
transfection (34, 35), supercoiled plasmid DNA was purified
endotoxin-free using the Qiagen megaprep columns (Chatsworth, CA). Adenovirus–polylysine conjugates were prepared
by linkage of replication-defective adenovirus to poly-L-lysine
as described (35) and diluted to a concentration of 1 3 1011
viral particles/ml. Conjugate DNA complexes were then
formed by the sequential addition to 100 ml of adenovirus–
polylysine, 6 mg of psflt-1, pcDNA3, or pLacZ plasmid DNA
diluted in 200 ml of 20 mM Hepes/150 mM NaCl (pH 7.3),
followed by 4 mg of poly-L-lysine diluted in 200 ml of the same
Hepes/NaCl solution. Conjugate–DNA complex containing 2
mg of plasmid DNA was incubated for 6 hr at 37°C with
HT-1080 cells in 1 ml of medium containing 2% fetal bovine
serum, after which 1 ml of complete medium was added to the
cells. Greater than 95% transfection efficiency was verified by
5-bromo-4-chloro-3-indolyl- b - D -galactoside staining of
pLacZ-transfected cells.
Northern Blot Analysis. Total RNA from HT-1080 cell lines
was isolated by standard procedures with RNAgents total
RNA isolation system (Promega) and 10 mg was separated on
a 1.2% agarose/formaldehyde gel and transferred to a Hybond-N1 membrane (Amersham). The 634-bp probe, generated from the HindIII–BamHI restriction fragment (bp 1661–
2294) of sflt-1, was labeled (36) and hybridized overnight at
42°C with 0.52 3 105 cpm/ml of hybridization solution (63
SSC, 53 Denhardt’s solution, 100 mg/ml sheared, denatured
salmon sperm DNA, and 50% formamide; SSC 5 0.15 M
NaCl, 15 mM sodium citrate). A b-actin probe confirmed
comparable RNA sample loads. The membrane was washed
three times with 23 SSC/0.1% SDS for 5 min at 23°C followed
by three washes with 0.13 SSC/0.1% SDS for 30 min at 50°C,
exposed for 5 days, and bands were visualized and quantified
on a PhosphorImager (Molecular Dynamics).
Western Blot Analysis. Conditioned media were generated
by culturing 5 3 106 control cells and sflt-1 stably transfected
clones each in 10 ml of DMEMyF-12y10% fetal bovine serum
for 48 hr, and 1-ml samples were mixed with 50 ml of a 50%
slurry of heparin–Sepharose CL-6B (Pharmacia) in PBS and
incubated overnight with rocking at 4°C. Beads were harvested
by centrifugation, washed three times with PBS, and eluted by
boiling in 20 ml of SDS/PAGE sample buffer. Eluted samples
were electrophoretically separated on a 10% SDS/PAGE gel,
transferred to Immobilon-P (Millipore), and analyzed by Western blotting with an antibody to the N-terminal sequence of
sFLT-1 (33).
Covalent Crosslinking. A 10-ml aliquot of protein eluted
from heparin–Sepharose with 40 ml of PBSy1.2 M NaCl was
mixed with 10 ml of DMEM/0.2% gelatin and 105 cpm of
125I-labeled VEGF (Amersham), covalently crosslinked with
bis(sulfosuccinimidyl) suberate (Pierce), and the products
analyzed on SDS/PAGE as described (32).
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Cell Proliferation. To assess the effects of sflt-1 gene transfer
on cell proliferation, 105 HT-1080 cells were plated 24 hr after
transfection with either psflt-1 or pcDNA3 in three sets of
triplicate wells. The cells were counted by trypan blue exclusion 24-, 48-, and 72-hr postplating to measure proliferation
rates. A similar experiment was performed for stable clones by
plating 104 clonal cells in triplicate wells.
HT-1080 Lung Metastasis. To assess the effect of transient
transfection of psflt-1 or pcDNA3 on HT-1080 lung metastasis,
HT-1080 cells were transfected with either psflt-1 or pcDNA3
(2 mg DNA/well), harvested 24 hr later, and counted. Cells
were washed and diluted in serum-free medium and injected
via tail vein into CB-17 severe combined immunodeficient
(SCID) mice. Lungs were harvested 30 days later, fixed in 10%
neutral-buffered Formalin, longitudinally trisected, paraffin
embedded, and three 5–7-mm-thickness sections were cut at
200-mm intervals from each embedded block. Tissue sections
were stained with hematoxylin and eosin, examined for the
presence of tumor nodules by a pathologist (G.P.S.) unaware
of the treatments, and statistical significance was determined
by x2 analysis.
HT-1080 s.c. Tumor Growth. HT-1080 cells were transiently
transfected with either psflt-1 or pcDNA3 (2 mg DNA/well),
harvested after 24 hr, counted, washed in serum-free medium,
and injected s.c. into the flanks of athymic nude mice. For
clonal experiments, HT-1080 cells were transfected with either
pcDNA3 or pCIsflt-1, incubated in complete medium for 2
days, and then supplemented with 800 mg/ml G418 (GIBCO).
After at least five passages, cells were subcloned by limiting
dilution, expanded, characterized for mitotic rate in vitro, and
injected into both flanks of mice to monitor tumor growth.
Tumor length and width were used to calculate volume with
the formula for a prolate ellipsoid: Volume 5 (4/3)p(length/
2)(width/2)((length 1 width)/4). Tumor sizes are reported as
mean volumes 6 SE and statistical differences between groups
were determined using Student’s t test.
D54-MG Intracranial Xenografts. D54-MG human glioma
cells were adenovirus–polylysine transfected with either psflt-1
or pcDNA3 and propagated in complete medium containing
400 mg/ml G418 antibiotic for 1 mo to select for stable
transfectants. The selected cells were harvested, counted, and
resuspended to a final concentration of 107 cells/100 ml in
serum-free DMEM/F-12 containing 5% methylcellulose to
enhance cell viability. A midline scalp incision was made in
CB-17 SCID mice, a 0.5-mm diameter burr hole was drilled
1.5–2.0 mm to the right of the midline and 0.5–1.0 mm
posterior to the coronal suture, and cells (5 3 105/5 ml) were
stereotactically injected to a depth of 2.5 mm. Mice were
monitored twice daily and the statistical significance of differences in survival times among groups was determined using
a Kaplan–Meier survival analysis log rank (Mantel–Cox) test.

RESULTS
Human sflt-1 cDNA was cloned into the HCMV-driven mammalian expression vector pcDNA3 generating the plasmid
psflt-1. Transcription/translation analysis confirmed the expression of the sflt-1 gene product from the psflt-1 plasmid
(not shown). HT-1080 cells were first transiently transfected
with either psflt-1 or pcDNA3 using the high efficiency
adenovirus–polylysine system (34, 35). Cell proliferation rates
of the sflt-1 and control transient transfectants in culture were
indistinguishable, with equal division times of 48 hr demonstrating that expression of the sflt-1 gene did not alter replication rates.
To determine the effect of sFLT-1 expression on tumor cell
implantation and growth, immunodeficient nude mice were
injected via tail vein with 8 3 105 HT-1080 cells transiently
transfected with either psflt-1 or pcDNA3. The lungs of
animals sacrificed 30 days later were histologically examined
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for the presence of tumor nodules. As shown in Fig. 1, seven
of nine of the animals injected with pcDNA3-transfected
HT-1080 cells developed intrapulmonary tumor nodules identified as clusters of $6 cells. In contrast, only one of nine
animals injected with HT-1080 cells transiently transfected
with psflt-1 developed demonstrable pulmonary nodules (P ,
0.02), indicating that even transient expression of sFLT-1
significantly inhibited the implantation and growth of HT-1080
lung metastasis.
The growth of transiently transfected HT-1080 cells was also
examined following s.c. injection into immunodeficient mice.
As seen in Fig. 2, s.c. tumors developing from 3 3 106 injected
cells expressing sFLT-1 were significantly smaller (P , 0.03)
than those formed by an identical number of pcDNA3 control
plasmid-transfected tumor cells from days 7 through 17 after
implantation. However, psflt-1 tumor nodules grew detectably
after the first week, increasing in volume at a rate nearly
comparable to the control tumors. Temporary inhibition of
growth presumably reflects transient sflt-1 gene expression
(35) and, perhaps, transgene dilution on multiple cycles of
tumor cell division.
To determine the effect of persistent high sFLT-1 expression
on tumor growth, HT-1080 cells were stably transfected with
sflt-1 plasmid (pCIsflt-1) incorporating the HCMV intron A,
which has been observed to enhance gene expression by
'10–100-fold (A.J.B., R.L.K., W.R.H., R. C. McFall, and
K.A.T., unpublished observations), 39 of the promoter. These
stable transfectants were cloned and individual colonies were
characterized for transgene mRNA and protein expression. As
shown by the Northern blotting (Fig. 3A), control HT-1080
cells did not express sflt-1 mRNA whereas clones C4 and B3
expressed moderate and 20-fold higher sflt-1 mRNA levels,
respectively, as quantified by PhosphorImager analysis. Western blotting of media conditioned by these cells showed a
similar pattern of sFLT-1 protein expression (Fig. 3B). As
expected, previously observed complexes corresponding to
VEGF crosslinked to either one or two molecules of sFLT-1
(32) were detected within conditioned media of the B3 high
expresser clone by SDS/PAGE gel analysis. These complexes

FIG. 1. Transient transfection of HT-1080 cells with sflt-1 cDNA
inhibits lung implantation and growth. Human HT-1080 fibrosarcoma
cells were transiently transfected with plasmid expressing sFLT-1 or
the corresponding control plasmid and 8 3 105 cells in 0.3 ml were
injected via the tail vein (n 5 9/group). After 30 days lungs were
removed and examined histologically to detect tumor nodules, defined
by clusters containing $6 tumor cells. The statistical difference
between groups was computed using x2 statistics (p, P , 0.02).
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FIG. 2. Transient transfection of HT-1080 cells with sflt-1 cDNA
inhibits the growth of s.c. nodules. Human HT-1080 fibrosarcoma cells
were transiently transfected with plasmid expressing sFLT-1 (filled
circles) or the corresponding control plasmid (open circles). Cells (3 3
106) transfected with either psflt-1 (n 5 5) or pcDNA3 (n 5 7) were
injected into the flanks of athymic nude mice. Nodule dimensions were
used to compute tumor volume. The statistical difference between
groups was computed using Student’s t test (p, P , 0.03).

were not detected in media from either control cells or the
lower expressing C4 clone in which they were presumably
below the threshold of detection (Fig. 3C).
Microscopically, these cell lines were indistinguishable and,
as demonstrated in Fig. 4A, had similar growth rates in vitro.
These three cell lines were expanded in tissue culture and 3 3
106 cells of each line were injected into the two flanks of six
nude mice (12 nodules/clone). As shown in Fig. 4B, the
pcDNA3 nodules grew rapidly compared with the clones
transfected with the pCIsflt-1 plasmid. On day 19 (Fig. 4C,
top), it was necessary to sacrifice the animals injected with
pcDNA3 stably transfected HT-1080 control cells because the
tumors were large (2.04 6 0.48 cm3) and beginning to ulcerate.
In contrast, clone C4 cells which expressed sFLT-1 grew as
significantly (P , 0.001) smaller tumors (Fig. 4C, middle) of
0.278 6 0.011 cm3 (Fig. 4B). The B3 tumors, expressing greater
amounts of sFLT-1, were even smaller (Fig. 4C, bottom)
(0.055 6 0.015 cm3 mean volume) than those arising from the
C4 cells (P , 0.05) on day 19 (Fig. 4B). At day 36 (Fig. 4B),
the C4 clone mean tumor volume (1.52 6 0.30 cm3) approached the size of the day 19 pcDNA3 tumors, whereas the
B3 tumors remained significantly smaller (0.215 6 0.106 cm3,
P , 0.001). These results demonstrate that higher persistent
paracrine expression of sFLT-1 resulted in the slower tumor
growth.
In a second independent tumor model, 5 3 105 human
D54-MG glioma cells that were either not transfected or stably
transfected with either control or psflt-1 plasmid were stereotactically implanted into the brains of SCID mice to establish the effect of sFLT-1 on mortality rate. D54-MG cells,
which are known to produce detectable levels of VEGF (37,
38), grow as brain tumors, leading to death with reproducible
kinetics (39). As depicted in Fig. 5, animals injected with either
untransfected or pcDNA3-transfected D54-MG cells had median survival times of 24 and 23 days, respectively. In contrast,
animals injected with D54-MG expressing sFLT-1 lived almost
twice as long with a median survival of 46 days (P , 0.003).

DISCUSSION
Specific fragments of proteins can function as selective inhibitors inasmuch as they are able to antagonistically compete
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FIG. 3. Expression of sflt-1 mRNA and sFLT-1 protein by stably transfected HT-1080 tumor cells. In each panel samples derived from control
cells stably transfected with pcDNA3 and clones C4 and B3, each stably transfected with pCIsflt-1, are in lanes 1, 2, and 3, respectively. (A) Total
cellular RNA was analyzed for the presence of sflt-1 mRNA on a Northern blot hybridized with a specific sflt-1 probe. (B) A Western blot of
heparin-binding proteins from media conditioned by these cells was probed with an antisera directed against the N-terminal polypeptide sequence
of sFLT-1. (C) Heparin-binding proteins isolated from media conditioned by these cells were covalently crosslinked to 125I-labeled VEGF and
analyzed by SDS/PAGE and autoradiography. Arrows indicate the migration positions of free VEGF (V) and VEGF crosslinked to either one (M,
monomer) or two (D, dimer) molecules of sFLT-1.

with the functions of their full-length counterparts. In addition
to sFLT-1, fragments of several growth factor and cytokine
receptors, made by either proteolysis or alternative splicing,
and receptor fragment homologues encoded by viruses have
been shown to function as specific inhibitors (summarized in
ref. 32). Fragments of plasminogen and collagen XVIII, denoted angiostatin (40) and endostatin (41), respectively, also
have been demonstrated to inhibit vascular endothelial cell
proliferation, angiogenesis, and tumor growth albeit by as yet
undefined molecular mechanisms. The molecular targets of
sFLT-1 tumor inhibition are the ligands that bind the FLT-1
receptor including VEGF and receptors that can dimerize with
sFLT-1 including full-length FLT-1 (32) and KDR (33).
Vascular endothelial cells make both sflt-1 mRNA (32) and
the corresponding sFLT-1 protein (33). Recombinant sFLT-1
is a soluble heparin-binding protein that binds VEGF with high
affinity (Kd 5 20 pM) and a specificity presumably comparable
to that of FLT-1. Therefore, sFLT-1 can selectively sequester
VEGF much like an antibody but, unlike an antibody, it can
also inhibit endothelial cell mitogenesis at concentrations that
are substoichiometric to VEGF consistent with a dominant
negative inhibition of receptor activation. sFLT-1 can homodimerize, indicating that it can also form dimers with
full-length FLT-1 through the equivalent extracellular domains. To date, however, FLT-1 has not been shown to mediate
a mitogenic signal in vascular endothelial cells whereas the
homologous VEGF receptor KDR is mitogenically competent
(reviewed in ref. 3). Recently, we showed that sFLT-1 can
heterodimerize with the corresponding extracellular region of
KDR (33), thus it should also be able to form heterodimers
with full-length KDR.
Growth factor tyrosine kinase receptors appear to function
by ligand-mediated dimerization which promotes tyrosine
transphosphorylation of the two adjacent intracellular kinase
domains generating signal transduction protein docking sites.
The efficient inhibition of VEGF by sFLT-1 is compatible with
a dominant negative mechanism in which the soluble receptor
dimerizes with full-length VEGF receptors preventing receptor tyrosine transphosphorylation, phosphotyrosine-dependent binding of signal transduction proteins, and downstream
functional activation. The solubility of sFLT-1 allows it to

function in a paracrine manner on vascular endothelial cell
receptors while its binding to heparin in vitro is probably
indicative of a similar interaction with cell surface heparan
proteoglycans which could partition sFLT-1 to the vicinity of
plasma membrane-spanning VEGF receptors promoting their
dimerization.
Previous studies demonstrate that interference of VEGFmediated angiogenesis with either anti-VEGF antibodies (24–
26) or antisense (29) is sufficient to inhibit metastasis. We now
show that in addition to inhibiting VEGF-induced vascular
endothelial cell mitogenesis in culture, targeted transient
expression of sFLT-1 efficiently inhibits the metastatic implantation and growth of circulating HT-1080 tumor cells.
Perhaps sFLT-1 might either inhibit the extravasation of tumor
cells by effects on the microvasculature or decrease the
survival of implanted cells and the growth of small avascular
nodules independent of neovascularization by restricting their
access to blood-borne survival factors and growth stimulants
through diminished local microvascular permeability.
Both the duration and magnitude of sFLT-1 expression
contribute to its inhibition of the growth of primary HT-1080
s.c. tumors. Although transient transfection of HT-1080 cells
temporarily inhibits tumor growth in vivo, a substantially
longer duration of inhibition is achieved with stable transfection. Furthermore, in an ongoing experiment, tumors grew to
the point of ulceration in mice implanted with either control
HT-1080 cells or the C4 clone expressing sFLT-1 within 3 wk
and 2 mo, respectively, whereas even after 6 mo tumors have
not yet grown in half of the animals receiving the B3 clone
expressing high levels of sFLT-1.
Intracranial injections of human glioblastoma cells provide
a second independent test of the effect of sFLT-1 stable
expression. Although brain tumor size could not be readily
measured as a function of time, host survival was monitored.
Mice receiving cells stably expressing sFLT-1 but not clonally
selected for high expression survived approximately twice as
long as those receiving either untransfected parental cells or
these cells stably transfected with a control plasmid. Therefore,
sFLT-1 cannot only inhibit tumor growth and metastatic
implantation but also increase host survival.

Medical Sciences: Goldman et al.

Proc. Natl. Acad. Sci. USA 95 (1998)

8799

A

C

B

Downloaded by guest on May 15, 2021

FIG. 4. In vitro and in vivo growth of HT-1080 clones stably transfected with sflt-1 cDNA. HT-1080 tumor cells were stably transfected with
control pcDNA3 plasmid (open square) or the corresponding pCIsflt-1 plasmid incorporating HCMV intron A (pCIsflt-1) from which clones C4
(open circles) and B3 (filled circles) were selected. (A) In vitro the control (pcDNA3), moderate (C4) sFLT-1-expressing, and high (B3)
sFLT-1-expressing clones grew with equivalent rates in culture. (B) In nude mice (n 5 6/group) tumors developing from two s.c. injections totaling
3 3 106 cells/animal of either the control (pcDNA3), moderate sFLT-1-expressing (C4), or high (B3) sFLT-1 expressing clones grew at high,
intermediate, and low rates, respectively. (C) Tumors are shown in situ 19 days after injections of HT-1080 cells either stably transfected with control
plasmid DNA (pcDNA3, top) or clones stably expressing intermediate (C4, middle) and high (B3, bottom) levels of sFLT-1.

The mechanism of escape from sFLT-1 inhibition is not yet
established. One possibility is that tumor cells are eventually
selected that express either diminished sFLT-1 or increased
VEGF. These mechanisms are consistent with a longer duration
of inhibition of tumor growth by the stably transfected clone
expressing high levels of sFLT-1 compared with the parallel clone
expressing lower levels. However, in our initial attempts to
characterize cells cultured from three independent HT-1080
tumors that eventually arose from implanted sflt-1-stable transfectants, we have not seen a consistent alteration in the expression
of either sflt-1 or VEGF mRNA. In cells cultured from one of
these tumors we found a 3-fold increase in the sflt-1 mRNA
coupled with an 8-fold decrease in sFLT-1 protein, possibly
implicating increased proteolytic degradation. Alternatively, tu-

mor cells could arise that express other angiogenic factors that are
not inhibited by sFLT-1 but this mechanism would not explain the
correlation between the increased level of sFLT-1 expression and
the longer duration of tumor growth inhibition.
Although the full spectrum of FLT-1 functions may not yet
be known, FLT-1 knockout mice exhibit altered vascular
integrity (42). In addition to mediating chemotactic responses
of monocytes and perhaps endothelial cells in vitro (43), FLT-1
might modulate endothelial cell mitogenesis either by functioning as a decoy for the mitogenically competent KDR
receptor or by forming mitogenically functional receptor heterodimers with it. Unlike a VEGF-specific antibody, the
intrinsic ability of sFLT-1 to bind placenta growth factor (44)
indicates that it could inhibit the function of not only VEGF/
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FIG. 5. Survival kinetics of SCID mice injected intracranially with
D54-MG human glioma cells stably transfected with sflt-1 cDNA.
D54-MG human glioma cells (5 3 105) either not transfected (open
squares) or stably transfected with either pcDNA3 (stippled squares)
or psflt-1 (filled circles) were stereotactically injected into brains of
SCID mice (n 5 5/group) to a depth of 2.5 mm after which they were
monitored twice daily. Survival of animals injected with tumor cells
expressing the sflt-1 gene was significantly (P , 0.005; Kaplan–Meier
survival analysis, Mantel–Cox log rank test) longer than those injected
with tumor cells transfected with either control pcDNA3 or no plasmid
which were not different from each other.

placenta growth factor heterodimers but also placenta growth
factor homodimers (45). In principle, sFLT-1 could also be
expected to inhibit any other hetero- or homodimeric VEGF
homologues that contain FLT-1-binding subunits. Whatever
the potential advantages or disadvantages of these other types
of inhibition might be, the evolutionary selection of endogenous sFLT-1 expression indicates that it could be a physiologically normal and therapeutically attractive means of inhibiting
angiogenesis.
As demonstrated by the sflt-1 transfection results, efficient
inhibition of tumor angiogenesis probably requires the continuous presence of an antagonist. One strategy to achieve this
goal is to deliver repeatedly either small molecule or macromolecular-specific inhibitors of VEGF receptor activity. Alternatively, sflt-1 gene therapy could be a viable therapeutic
approach if continuously expressed in a controlled fashion
from stable vectors delivered in vivo. We are currently generating and evaluating the efficacy of persistent viral and cellular
vectors stably expressing sFLT-1.
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