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ABSTRAC T

Malignant gliomas are a prominent target for cancer gene therapy approaches because of their poor prog-

nosis despite all currently available therapies. Gene therapy strategies developed to interfere with the normal

function of vascular endothelial growth factor receptors have been successfully used in different experimen-

tal models to block tumor angiogenesis and to inhibit tumor growth. In this study we examined whether retro-

viruses encoding a mutant VEGF receptor 2 (VEGFR-2) could suppress tumor angiogenesis and thereby pro-

long the survival of rats bearing syngeneic intracerebral glioma tumors. Survival time of rats with intracerebral

tumors was significantly prolonged in a dose-dependent manner when retroviruses carrying a VEGFR-2 mu-

tant were cotransplanted with tumor cells. No effect on survival was observed in rats that received virus-pro-

ducing cells or virus supernatant intracerebrally after 5 days of tumor injection. In established subcutaneous

tumors treatment with multiple injections of virus-producing cells also inhibited tumor growth in a dose-de-

pendent manner. After implantation of tumor cells stably transfected with a truncated form of VEGFR-2,

rats exhibited a rate of survival similar to that of animals treated with high numbers of virus-producing cells

encoding the truncated form of VEGFR-2. Morphologically, tumors showed signs of impaired angiogenesis,

such as extensive necrosis and reduced tumor vascular density. These results suggest a dual mode of function

of truncated VEGFR-2, namely dominant-negative inhibition of VEGFR-2 function and VEGF depletion by

receptor binding. We further explored the safety of retrovirus-mediated gene transfer. Although virus se-

quences were found in different tissues after intracerebral injection of virus-producing cells, no morphologi-

cal changes were observed in any tissue after a follow-up time of 6 months. Our results indicate that VEGFR-

2 inhibition is useful for the treatment of malignant gliomas.
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OVERVIEW  SU MMARY

Approaches to block VEG F/VEGFR pathways have been

successfully used to inhibit tumor growth. The present study

was undertaken to evaluate the effect of retroviruses en-

coding dominant-negative VEGFR-2 on the survival of rats

bearing 9L intracerebral tumors and on growth of 9L sub-

cutaneous tumors. The effect on tumor growth was dose de-

pendent, w ith the maximal effect achieved when virus-pro-

ducing cells were coimplanted in eightfold excess over tumor

cells. Established tumors growing subcutaneously could be

suppressed  with multiple injections of virus-producing cells,

also in a dose-dependent manner. No effect on survival was

observed in rats that received virus-producing cells or virus

supernatant after 5 days of tumor injection. In summ ary,

our data suggest that antiangiogenic gene therapy using a

dominant-negative VEGFR-2 strategy is a feasible ap-

proach to control brain tumor growth if gene delivery can

be improved.

INTRODUC TION

G
LIO BL AST OM AS RE PRES EN T one-third of all primary brain tu-

mors. They have an extrem ely poor prognosis despite the

use of surgery, radiation therapy, and chemotherapy (Black,
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1991). The development of new therapeutic strategies such as

gene therapy may therefore be of great promise. One potential

gene therapeutic approach for malignant tumors involves inhi-

bition of tumor angiogenesis (Plate, 1996; Kong and Crystal,

1998).

Antiangiogenesis  relies on the concept that the growth of

solid tumors is dependent on their ability to satisfy their de-

mand for nutrients and oxygen (Folkman, 1995a; Folkman et

al., 1966). To meet this demand tumors must be able to gener-

ate new blood vessels, through a process termed angiogenesis

(Folkman, 1995b).

Angiogenesis is a complex process that includes activation,

proliferation, and migration of endothelial cells, disruption of

the capillary basal membrane, and formation of vascular tubes

and networks (Folkman, 1995a). In tumors, angiogenesis can

be triggered by various proteins secreted by tumor cells or

macrophages (Folkman and Klagsbrun, 1987; Klagsbrun and

D’ Amore, 1991). Vascular endothelial growth factor (VEGF)

appears to be the most relevant angiogenic factor in solid tu-

mors (Kim et al., 1993; Senger et al., 1993; Saleh et al., 1996).

Consistent with this concept, VEGF is upregulated in most hu-

man tumors (Plate et al., 1992; Brown et al., 1993a,b, 1995;

Senger et al., 1993; Suzuki et al., 1996). The mechanism of

VEGF upregulation is not fully understood but growing evi-

dence suggests that hypoxia is the major driving force (Shweiki

et al., 1992; Damert et al., 1997).

VEGF binds to endothelial cells via interaction with high-

affinity tyrosine kinase receptors Flt-1 (VEGFR-1) and Flk-

1/KDR (VEGFR-2), found almost exclusively on endothelial

cells (Shibuya et al., 1990; De Vries et al., 1992; Terman et

al., 1992; Millauer et al., 1993). The selective expression of

VEGF receptors ensures that VEGF action is confined to the

endothelial cells.

The fms-like tyrosine receptor (Flt-1, VEGFR-1) consists of

seven IgG-like repeats in the ligand-binding domain, a single

transmembrane  domain, and a tyrosine kinase domain (Shibuya

et al., 1990). The function of Flt-1 is still speculative. Although

necessary for normal vascular developm ent (Fong et al., 1995),

there is no evidence of the participation of Flt-1 in endothelial

cell migration or proliferation (Waltenberger et al., 1994).

Fetal liver kinase (Flk-1, VEGFR-2) is the mouse homolog

of kinase insert domain-containi ng receptor, KDR, in humans

(Matthews et al., 1991; Terman et al., 1992; Millauer et al.,

1993). VEGFR-2 has a similar arrangement of extracellular,

transmembrane , and intracellular domains than VEGFR-1. In

contrast to VEGFR-1, VEGFR-2 is phosphorylated and

VEGFR-2-expressing cells proliferate after addition of VEGF

(Millauer et al., 1993; Waltenberger et al., 1994).

Previously, upregulation of VEGF and VEGF receptors dur-

ing glioma development and progression has been described.

VEGF receptors were not detected in normal human brain vas-

cular cells, whereas expression was increased in the tumor vas-

culature (Plate et al., 1993, 1994; Plate and Risau, 1995). Thus,

the upregulation of VEGF receptors appears to be a critical

event that regulates glioma angiogenesis.

The relevance of the VEGF/VEGFR-2 ligand/receptor sys-

tem for tumor angiogenesis was confirmed in different experi-

mental settings (Millauer et al., 1994, 1996; Strawn et al., 1996;

Skobe et al., 1997). Millauer et al. (1994) used retrovirus-me-

diated gene transfer of a dominant-negati ve VEGFR-2 to block

endogeneous wild-type receptor function. Although an effect of

dominant-negative VEGFR-2 on tumor growth was observed,

further investigations are warranted to develop this laboratory

model into clinically applicable gene therapy. In this study we

explored the efficacy of dominant-negative VEGFR-2 receptor

antiangiogenic therapy in a syngeneic subcutaneous and in-

tracerebral rat glioma model.

In addition, we investigated the safety of retrovirus-medi ated

gene transfer encoding a truncated VEGFR-2.

MATERIALS AND M ETHODS

Recombinant vectors

Production of LXflk-1TM vector has been previously de-

scribed (Millauer et al., 1994). In brief, the flk-1TM  mutant

lacks 561 C-terminal amino acids of the intracellular kinase do-

main. The flk-1TM cDNA was subcloned into pLXSN retrovi-

ral plasmid. Expression of the cDNAs is driven by the 5 9
Moloney murine sarcoma virus long terminal repeat (LTR). The

vector also contains an internal simian virus 40 (SV40) pro-

moter that drives a neomycin resistance gene (neor) (Miller and

Rosman, 1989).

Cells and cell cultures

GPE LXflk-1TM  is a GP 1 E86 ecotropic virus-packaging

cell line that produces virus carrying flk-1TM (Millauer et al.,

1994). GPE LXNULL is a similar virus-packaging line with

pLXSN vector without transgene, and is used as control. GPE

LXNULL virus-producing cells were obtained by calcium  phos-

phate transfection of GP-E86 as described (Ausubel, 1997). In-

dividual colonies were harvested and tested for virus produc-

tion and vector integration by Southern blot analysis. Titers of

virus-producing cell lines were about 1 3 106 colony-forming

units (CFU)/ml.

GS-9L (rat gliosarcoma) cells were a gift of T. Budd (St.

Lawrence University, New York). GS-9L-flk-1TM cells were

engineered by infecting GS-9L with virus supernatant contain-

ing flk1-TM. Transfected cells were selected in G418 (Pansys-

tems, Aidenbach, Germany) (1 mg/ml). Clones with high ex-

pression levels of flk-1 were screened by Northern and Western

blot. Expression of cell surface receptors was determ ined by an
125I-labeled VEGF binding study as described (Clauss et al.,

1996). Growth curves in vitro of GS-9L-flk-1TM were deter-

mined as described (Saleh et al., 1996) and were similar to those

of parental cells.

Virus-producing cells were cultured in 10% fetal bovine

serum  (FBS) in Dulbecco’ s modified Eagle’ s medium (DMEM;

Life Technologies, Gaithersburg, MD) containing G418. GS-

9L and GS-9L-flk-1TM cells were cultivated in 10%

FBS±RPMI (Life Technologies). For in vivo injections, cells

were trypsinized, centrifuged, rinsed twice with phosphate-

buffered saline (PBS), counted (Casy 1; Schärfe Systems, Reut-

lingen, Germany), and resuspended in PBS for inoculation.

Preparation of flk1-TM virus-containing concentrated
supernatant

Viral stock was obtained from cultures that had been grown

to near 80% confluence in selection medium, then maintained
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in medium lacking G418 for 24 hr. The supernatant from GPE

LXflk-1TM virus-producing cells was harvested, filtered

through a 45- m m pore size filter, and stored at 2 70°C. To con-

centrate the virus supernatant, stocks were thawed and cen-

trifuged for 20 min at 14,000 rpm in a JA-14 rotor (Beckman

Instrum ents, Palo Alto, CA) at 4°C. The supernatant was trans-

ferred into new sterile bottles and centrifuged for 16 hr at 14,000

rpm. The supernatant was discarded and the pellet was resus-

pended in 0.1% of the original volume in DMEM. The virus

titer was 4.5 3 107 CFU/ml.

Intracerebral tumor implants

All procedures with animals were performed according to

the institutional guidelines for use of laboratory animals. Fe-

male Fischer 344 rats (150±180 g) (Charles River Laboratories,

Wilmington, MA) were used for syngeneic GS-9L implants.

Transplantation has been previously described (Plate et al.,

1993). For coimplantation experiments, tumor cells (4 3 105)

were stereotactically inoculated either alone or mixed with

virus-producing cells in a final volume of 20 m l. Virus-con-

taining concentrated supernatant (VCS, 10 m l) was coinocu-

lated with 4 3 105 GS-9L. The rats were divided into groups

described in Table 1.

To determ ine the efficacy of an antiangiogenic therapy us-

ing the VEGFR-2 dominant strategy in established tumors, 4 3
105 GS-9L tumor cells were implanted intracerebrally. Five

days later, 3 3 106 GPE LXflk-1TM (five animals), or VCS

(five animals) in a final volume of 10 m l, was stereotactically

injected at the tumor inoculation site using the same coordi-

nates. At this time point, two additional animals were sacrificed

to confirm  tumor growth. Control animals (n 5 5) were injected

with PBS alone.

To determ ine the toxicity of virus-producing cells in the brain

and peripheral organs, 4 3 105 GPE LXflk-1TM were im-

planted intracerebrally. Three and 6 months after cell injection,

rats (two animals at each time point) were sacrificed and tis-

sues were collected as described below.

Animals were observed daily for the development of symp-

toms associated with progression of intracerebral tumors. Ani-

mals displaying advanced symptoms (loss of appetite, leaning,

dehydration, and/or significant weight loss) were sacrificed by

cardiac perfusion with PBS. The brains were removed and an-

alyzed histologically. From two animals of each group, the

brains were divided into two parts so that both parts contained

tumor tissue. One part was fixed in 4% paraformaldehyd e for

5 days, and reserved for histological examination. The other

part of the brain and heart, kidney, liver, lung, and spleen were

immersed in cryovials and immediately frozen in liquid nitro-

gen. Rats without symptoms after 3 months of tumor cell im-

plantation were excluded from the study.

Subcutaneous  tumor implants

To investigate the influence of tumor size on tumor growth

inhibition after GPE LXflk-1TM administration, six groups of

344 Fischer rats (n 5 6 for each group) were injected subcuta-

neously with 106 GS9L tumor cells in 500 m l of PBS in the

right flanks. GPE LXflk-1TM cells (106) were inoculated every

3 days, with the beginning of treatment being at a different time

point for each group: day 0 (group II), day 3 (group III), day 9

(group IV), day 18 (group V), and day 36 (group VI). Control

tumors were injected with PBS alone (group I). On day 39, rats

were sacrificed and tumors were removed for histological analy-

sis. To quantify tumor growth, two perpendicular diameters of

the resultant subcutaneous tumors were measured with calipers

every 3 days. The inhibition was calculated by comparing the

tumor size of groups injected with GPE LXflk-1TM with that

of the control group.

DNA isolation and analysis

DNA was isolated from tissue by overnight incubation at

55°C with proteinase K (0.5 mg/ml; Boehringer GmbH,

Mannheim, Germany) in 50 mM Tris-HCl (pH 8.0), 100 mM

ETDA, 100 mM NaCl, 1% sodium dodecyl sulfate (SDS). Each
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TABLE 1. SURVIVAL O F FISCHE R 344 RATS IN COIM PLA NTA TIO N AND LATE TH ER APY EXPER IM EN TS

Ratio of
tumor cells to virus

Group producer cells Number of rats Mean survival timea

Coimplantation  experiments
Control (GS-9L alone) Ð 13 12 (1.5)
GS-9L/GPE LXNULL 1 ; 111. 5 12 (0.8)
GS-9L/GPE LXflk-1TM 1 ; 0.01 10 15 (1.2)
GS-9L/GPE LXflk-1TM 1 ; 0.11 15 26 (12)
GS-9L/GPE LXflk-1TM 1 ; 111. 11 32 (10.3)
GS-9L/GPE LXflk-1TM 1 ; 811. 9 41 (8.1)
GS-9L/VCS Ð 10 24 (3.5)
GS-9L-flk-1TM Ð 5 39 (7.4)
GPE LXflk-1TM Ð 4 Sacrificed without symptoms

(3 and 6 months)
Late therapy experiments

Control (PBS) Ð 5 12 (0.7)
GPE LXflk-1TM (3 3 106) Ð 5 12 (2.1)
VCS Ð 5 11 (2.0)

aStandard deviation in parentheses.



mixture was subsequently extracted two times with equal vol-

umes of buffered phenol±chloroform±isoam yl alcohol

(25:24:1). DNA was precipiated with 2 vol of ethanol and 0.5

vol of 7.5 M ammonium acetate, pelleted at 12,000 3 g in a

microcentrifuge for 10 min, rinsed twice with 70% ethanol, and

dried at room temperature in a laminar flow hood. The DNA

pellet was resuspended in 80 m l of water with RNase A (0.1

mg/ml; Sigma, St. Louis, MO) and incubated at 37°C for 30

min. To remove digested RNA, DNA was again precipitated as

described above. The DNA pellet was rehydrated in 80 m l of

water. OD260 readings were taken to determine the DNA con-

centration. A 1- m g sample was run on a 0.8% agarose gel to

confirm visually the concentration of samples and DNA purity.

Southern blot analysis

Sample DNA (10 m g/lane) was digested by overnight incu-

bation with EcoRI (10 IU/ m g; Boehringer GmbH) and elec-

trophoresed in a 1% agarose gel in 1 3 TAE buffer at 35 V.

DNA was transferred by a standard Southern procedure to a

Duralon membrane (Stratagene, La Jolla, CA). After UV cross-

linking, membranes were hybridized for 1 hr in Quick Hyb

(Stratagene) at 68°C with randomly primed, 32P-labeled, 760-

bp neor fragm ent.

Detection of neor gene by PCR

For amplification of the neor gene, the following oligonu-

cleotide primers were used as described (Kiem et al., 1994):

Sense primer Neo R 350: 5 9 AAGAGACAGGATGAAG-

GATCG 3 9
Antisense primer Neo R 1150: 5 9 CAGAAGAACTCGT-

CAAGA 3 9

These sequences amplified an 800-bp fragment. DNA samples

(1 m g) were amplified by using 2.5 U of Taq polymerase (Qia-

gen, Hilden, Germany) per 50- m l reaction mixture with 150 ng

of each primer. The thermocycler profile used included initial de-

naturation at 94°C for 4 min, followed by 30 cycles each con-

sisting of 94°C for 1 min, 50°C for 2 min, and 72°C for 4 min.

Aliquots (10 m l) were separated in a 1% agarose gel and trans-

ferred to nylon membrane (Duralon-UV; Stratagene) by a South-

ern blotting method (Ausubel, 1997). neor-specific polymerase

chain reaction (PCR) products were detected by hybridization of

a 32P-labeled DNA probe. This probe was synthesized from a

plasmid fragment containing the neor sequence by PCR ampli-

fication. Primers used in this synthesis were as follows:

Sense primer Neo R 450: 5 9 ACAAACAGACAATCGGCT-

GCT 3 9
Antisense primer Neo R 1027: 5 9 GCCAACGCTATGTCCT-

GATA 3 9

The resultant 577-bp fragment would hybridize to neor frag-

ments amplified by the previous primers, but should not hy-

bridize to the primers themselves.

RNA probe generation by in vitro transcription

To determine the infection rate of tumor/endothelial cells in

tumor and normal tissue, in situ hybridization was conducted

using a neor probe and an Flk-1 probe. A 760-bp neor PCR

fragm ent in PGEM-T (Promega, Madison, WI) and a 2.6-kb

EcoRI±BamHI fragm ent of the murine flk-1 cDNA encoding

part of the extracellular domain in PGEM3 (Promega) were

used to generate nonradioactive antisense and sense RNA

probes by in vitro transcription. After linearization of the plas-

mid, single-stranded ª runoffº  transcripts were synthesized from

the SP6/T7 polymerase promoters by using digoxigenin-label ed

UTP as a substrate according to the manufacturer instructions

(DIG RNA-labeling  kit; Boehringer GmbH). After determina-

tion of concentration and labeling efficiency, digoxigenin-la-

beled probes were stored at 2 20°C or directly used for in situ

hybridization analysis.

In situ hybridization

Paraffin-embed ded 4- m m sections were deparaffinized, fol-

lowed by digestion with proteinase K (10 mg/ml) for 15 min

at 37°C. After postfixation with 4% paraformaldehyd e, sections

were acetylated with 0.1 M triethanolamine  and 0.25% acetic

anhydride for 10 min at room temperature. Prehybridization  so-

lution containing 4 3 SSC (1 3 SSC is 0.15 M NaCl plus 0.015

M sodium citrate), 50% deionized formamide, 2% SDS, 5 3
Denhardt’ s solution, 10% dextran sulfate, and yeast tRNA (0.5

mg/ml) was applied for 1.5 hr at 48°C. The RNA sense/anti-

sense probe concentration for hybridization was 0.1±0.5 ng/ml

of initial transcript. Tissue sections were incubated in a hu-

midified chamber under glass coverslips at 48°C overnight.

Posthybridizatio n stringency washes at 48°C included 2 3 SSC

for 30 min, 2 3 SSC plus 0.1% SDS for 5 min, 0.1 3 SSC plus

0.1% SDS for 15 min. Each wash was carried out twice. After

RNase A treatment (2.5 mg/ml in 2 3 SSC) for 5 min at 37°C

hybridized probes were detected by anti-DIG antibody conju-

gated to alkaline phosphatase (Boehringer GmbH) diluted 1:500

for 1 hr at room temperature. Nitroblue tetrazolium/5-brom o-

4-chloro-3-indoly l phosphate solution was used as color sub-

strate in 0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5. Color reaction

times ranged from 6 to 8 hr, after which slides were rinsed in

TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).

Immunohistochemistry

Immunohistoch emical stainings were perform ed with von

Willebrand factor (Dakopatts, Copenhagen, Denmark) (diluted

1:100), a rat-specific CD3 marker (IF4; Serotec, Oxford, Eng-

land) (diluted 1:1000), and a rat-specific microglia-macr ophage

marker (Ed-1; Serotec) (diluted 1:1000). Staining was carried

out using immunoperox idase staining kits for rabbit and mouse

immunoglobulins (Vector Laboratories, Burlingam e, CA) ac-

cording to the manufacturer instructions. The immunoperoxi-

dase reaction was visualized with 3,3 9 -diaminobenzidi ne-HCl

(DAB) buffer tablets (Merck, Darmstadt, Germany) or 3-amino-

9-ethylcarbazole (AEC) (Vector Laboratories) and 0.006%

H2O2. The slides were briefly counterstained with hematoxylin

and mounted. Negative controls included incubations in which

the primary antibodies were omitted.

Combined in situ hybridization  and
immunohistochemistry

To visualize whether endothelial cells were transduced in

vivo with GPE LXflk-1 TM, we perform ed in situ hybridiza-
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tion as described, followed by immunostaining with von Wille-

brand factor. After in situ hybridization color development,

slides were blocked with serum (Vector Laboratories) and im-

munohistochem istry using von Willebrand factor (Dakopatts)

was performed as described.

Statistical analysis

Statistical analysis was performed using Statistica (StatSoft)

software for Kaplan±Meier plots. The log-rank test was used

for statistical analysis of survival data. p , 0.001 was consid-

ered significant.

RESULTS

We first compared the survival time of animals coimplanted

with GPE LXflk-1TM in different ratios (tumor cells/virus-pro-

ducing cells) with the survival of control groups (GS-9L alone

and GS-9L with GPE LXNULL). The virus-producing cells

GPE LXNULL were used as control to exclude unspecific re-

sponses in tumor growth due to infection with retroviruses. The

results are summarized in Table 1. Animals without treatment

developed neurological symptoms within 12±14 days after tu-

mor cell injection. In animals inoculated with tumor cells and

GPE LXflk-1TM (1:0.1, 1:1, and 1:8 ratios) survival was longer

than in control rats (Fig. 1). No survival benefit was observed

in animals coimplanted with GS-9L/GPE LXflk-1TM at a ra-

tio of 1:0.01. The effect on survival of tumor-bearing rats was

dose dependent, with a maximum achieved when the virus-pro-

ducing cells were in eightfold excess relative to the tumor cells.

Rats treated with flk-1TM  virus particle-containing  producer

cell supernatants (VCS) immediately after tumor cell implan-

tation also exhibited prolonged survival, but to a lesser extent

when compared with rats inoculated with virus-producing cells.

We then investigated whether the VEGFR-2 dominant-neg-

ative strategy was able to prolong survival in rats with estab-

lished GS-9L tumors. Animals treated with GPE LXflk-1TM

or VCS 5 days after tumor cell inoculation did not show any

significant change in survival time, compared with the control

group (Table 1; Fig. 1).

We evaluated whether the VEGFR-2 dominant-negative

strategy could inhibit tumor growth in established tumors in a

subcutaneous tumor model. Rats coinoculated with GS-9L and

GPE LXflk-1TM at a 1:1 ratio developed small tumors with

92% tumor growth inhibition. When GPE LXflk-1TM was in-

jected commencing on day 3, 67.5% suppression of tumor

growth was observed; 45% tumor growth suppression was ob-

served when the treatm ent was started on day 9 after tumor cell

inoculation. No effects on tumor growth were observed when

the tumors were inoculated with GPE LXflk-1TM commenc-

ing on days 18 and 36 after tumor cells injection (Fig. 2).

We investigated further the participation of VEGF seques-

tration in the dominant-negat ive strategy by inoculating intra-
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FIG . 1. (A) Kaplan±Meier survival curves of Fischer 344 rats after brain grafting of GS-9L cells alone, or after coimplanta-
tion with GPE LXNULL, with different ratios of GPE LXflk-1TM, or with VCS. Survival of rats implanted with GS-9L-flk-
1TM was also evaluated. Differences in survival were evaluated by the log-rank test. (B) Kaplan±Meier survival curves of rats
with GS-9L tumors treated with a single injection of GPE LXflk-1TM or VCS. Control animals were injected with PBS alone.
Intracerebral implantation of GS-9L tumor cells (4 3 105) on day 0. Virus-producing  cells (3 3 106) or VCS was injected 5 days
after tumor cell inoculation. No significantly prolonged survival rates were observed in the late treatment groups.



cerebrally GS-9L stably transfected with flk-1TM. These cells

exhibited growth rates similar to that of the parental cell line

in vitro (data not shown); therefore, the effect on tumor growth

in vivo cannot be attributed to alteration in tumor cell mitoge-

nesis due to expression of VEGFR-2 or retrovirus integration.

GS-9L flk-1TM binds VEGF as determ ined by a 125I-labeled

VEGF-binding assay (data not shown). Rats implanted with GS-

9L flk-1TM  showed significantly prolonged survival, similar to

that obtained in rats coimplanted with an eightfold excess of

virus-producing cells relative to tumor cells (Fig. 1).

Histologically, control animals showed large tumors with

well-vascularize d tissue. Necrotic areas were absent. In con-

trast, GPE LXflk-1TM-coinoculated tumors showed large ar-

eas of necrosis with reduced tumor vascularization (Fig. 3). Rats

injected with GS-9L stably transfected with flk-1TM developed

large tumors, with central necrosis. Vascularization of these tu-

mors was greatly impaired, since only a few vessels around

necroses were observed (Fig. 3). Little immunoreactiv ity was

observed for monocyte-mac rophage and T cell markers in all

tumors studied (data not shown).

Detection of neor and VEGFR-2 in tumors

To detect infection rates of treated tumors we performed in

situ hybridization with neor and VEGFR-2. The efficacy of gene

transfer was proportional to the number of implanted virus-pro-

ducing cells in the coimplantation experiments. Using the gene

marker neor, we observed that the majority of transduced cells

were tumor cells. At the time point of tumor removal, en-

dothelial cells were sporadically positive for neor (Fig. 4a and

b). Dominant-nega tive VEGFR-2-inhibited tumors expressed

neor in tumor cells (Fig. 4c and d), which matched the result

obtained with a VEGFR-2-specific probe (flk-1) (Fig. 4e and

f). Endogenous VEGFR-2 expression in tumor endothelial cells

was confirmed by in situ hybridization (data not shown). In situ

hybridization of GS-9L flk-1TM  tumors with an flk-1 probe

confirmed VEGFR-2 expression (Fig. 4g and h). In tumors

treated with GPE LXflk-1TM and VCS 5 days after tumor cell

implantation, transduction efficiency was low, with only focal

neor-positive signals (data not shown).

Detection of gene marker in peripheral organs

To determine whether transduction of peripheral organs oc-

curs after intracerebral inoculation of virus-producing cells, ge-

nomic DNA was isolated from tumors (as positive control), con-

tralateral brain, heart, liver, lung, kidney, and spleen after the

animals died. Using Southern blot analysis for neor gene, we

could detect specific hybridization signals only in treated tu-

mors (data not shown). In addition, we performed PCR analy-

sis for neor to detect retrovirus sequences that were present but

below the level of Southern blot detection sensibility. We am-

plified neor marker gene in all organs studied. Variability in

hybridization signals existed between animals, but since this

was not a quantitative study, the differences may have been due

to DNA loading or variations in amplification efficiency. In rats
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FIG . 2. Growth of GS-9L subcutaneous tumors (n 5 6 for each group) treated with GPE LXflk-1TM. Tumors were inoculated
with 106 GPE LXflk-1TM cells every 3 days, with the beginning of treatment being at different time points for each group: day
0 (group II), day 3 (group III), day 9 (group IV), day 18 (group V), and day 36 (group VI). Tumors were removed on day 39.
Control tumors were injected with PBS (group I).
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FIG . 3. Hematoxylin and eosin staining, left (original magnification, 3 7), and immunohistochemistr y for von Willebrand fac-
tor, right (original magnification, 3 125), of control and treated tumors. Control animals (implanted with GS-9L alone and coin-
jected with GPE LXNULL) showed large tumors, with well-vascularized  tissue. Necrotic areas were absent. In contrast, GPE
LXflk-1TM-treated tumors showed extensive necrosis with reduced tumor vascularization. Animals injected with GS-9L stably
transfected with flk-1TM  also developed large tumors, with central necrosis. NB, Normal brain; T, tumor.
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FIG. 4. Expression of gene marker neor in endothelial cells and tumor cells. (a) In situ hybridization with von Willebrand im-
munohistochem istry of GS-9L tumor sample coimplanted with GPE LXflk-1TM, showing endothelial cells positive for neor (ar-
rowheads); (b) sense control (original magnification, 3 500). (c±f) Coexpression of neor (c), sense control (d), and VEGFR-2 (e)

in clusters of tumor cells; sense control (f) (original magnification, 3 312). (g) GS-9L flk-1TM tumors, showing flk-1 mRNA ex-
pression; (h) sense control (original magnification, 3 312).
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implanted with GPE LXflk-1TM only, we found neor sequences

predominantly in lung and spleen at 3 months postinjection. At

6 months postinjection no specific amplification of neor gene

was found in any tissue (Fig. 5). To identify the cells positive

for retroviral vector sequences, in situ hybridization analyses

were carried out on tissues that were strongly positive for neor

gene on PCR analysis. None of these tissues showed detectable

mRNA levels for neor (data not shown). Histological analysis

of these tissues showed no morphological abnormalities (data

not shown).

DISC USSION

Our study shows prolonged survival when GS-9L tumor cells

and virus-producing cells expressing a truncated VEGFR-2

were coinjected into rat brains. The morphological features of

tumors, such as necrosis and decreased tissue vascularization,

suggest that angiogenesis was successfully impaired in this

model. On the other hand, tumors injected with control vector

virus producer cells were highly vascularized, indicating that

tumor neovascularization  was not affected by the presence of

these cells or by infection with retrovirus. Moreover, null vec-

tor virus-producing cells did not have any protective effect on

survival of the rats.

The survival was prolonged in a dosage-dependent  manner

in coimplantation studies. Virus-concentrat ed supernatant also

suppressed tumor growth and prolonged survival time, but to a

lesser extent as observed when virus-producing cells were coim-

planted. Under these experimental conditions, virus-producing

cells or retroviruses were in close contact with target cells and

transduction efficiency was likely to be high.

We next implanted virus producer cells or virus-concentrated

supernatant in established intracerebral tumors, a experimental

setting that mimicks more closely the clinical situation in hu-

mans. On day 5 after tumor cell inoculation, rats received an

intratumoral injection of GPE LXflk-1TM or VCS. No changes

in survival time were observed in the treated groups. Using in

situ hybridization with a neor probe, we observed a low level

of transduction that was restricted to a small tumor zone. It is

well established that the transduction of target cells using retro-

viral vectors occurs in the immediate vinicity of virus-produc-

ing cells, since the diffusion of virus particles is limited in the

tumor extracellular matrix (Puumalainen  et al., 1998). Thus, at

the time point of treatment tumors might already be too large

to achieve efficient transduction. Even if optimal gene trans-

duction could be obtained in this setting, a syngeneic 9L in-

tracerebral glioma may grow too fast (median survival, 12 days)

for cytostatic rather than cytotoxic therapy.

We further examined the influence of tumor size on the ther-

apeutic efficacy of VEGFR-2 dominant-negat ive retroviral

treatment in a subcutaneous tumor model. Significant growth

inhibition was observed when an equal ratio of tumor cells and

virus-producing cells was used. Delayed treatment starting on

day 3 or on day 9 also suppressed tumor growth (67.5 and 45%,

respectively). In the later treatment groups (treatment com-

mencng on day 18), the failure of tumor growth inhibition most

likely represents inadequate gene transfer since in large tumors,

a large fraction of tumor and endothelial cells escaped trans-

duction. Taken together, these results emphasize the limits of

retrovirus-m ediated gene therapy protocols.

Relatively few endothelial cells were found to coexpress neor

and von Willebrand factor. The majority of transduced cells

were tumor cells. This observation raised the possibility that in

addition to dominant-negat ive receptor inhibition, VEGF de-

pletion by VEGFR-2-expressing tumor cells could participate

in the antiangiogeneic effect. We therefore implanted GS-9L

cells stably transfected with the truncated VEGFR-2. In this set-

ting, which mimicks an optimal situation of in vivo gene trans-

fer to tumor cells, but will leave endothelial cells untransduced,

rats exhibited a rate of survival similar to that of animals treated

FIG. 5. PCR analysis for neor in peripheral organs after inoculation with GPE LXflk-1TM, perform ed using neor primers and
1 m g of DNA. Negative control tissue DNA (lane 1) was obtained from rats implanted only with tumor cells. Rats were im-
planted with GS-9L and GPE LXflk-1TM at ratios of 1:0.1 (lane 2), 1:1 (lane 3), and 1:8 (lane 4). Rats implanted only with GPE
LXflk-1TM were sacrificed 3 months (lane 6) and 6 months (lane 5) after intracerebral inoculation.



with high numbers of GPE LXflk-1TM . Morphologically, tu-

mors showed a similar phenotype of impaired angiogenesis with

large necrotic areas and few tumor capillaries. GS-9L flk-1TM

expressed the extracellular domain from VEGFR-2 at the cell

surface and could therefore bind VEGF, reducing the amount

of VEGF available to endothelial cells.

Several gene therapy strategies have been developed in or-

der to interfere with the normal function of endothelial cell re-

ceptors (Goldman et al., 1998; Lin et al., 1998). Kong et al.

(1998) showed that an adenovirus encoding soluble VEGFR-1

substantially suppresses tumor metastasis. The authors sug-

gested that the soluble VEGFR-1 might interact with endoge-

nous VEGFR-1 and VEGFR-2, forming inactive heterodimeric

receptors; alternatively, the soluble receptor could sequester

VEGF.

Thus, dominant-negative strategies for VEGFR-1 and

VEGFR-2 may act not only in a cis fashion, which would re-

quire gene transfer to all endothelial cells within the tumor, but

also in a trans , ª bystanderº  fashion: depletion of VEGF may

induce vessel regression, since VEGF has been shown to act as

a vascular survival factor (Alon et al., 1995; Benjamin and

Keshet, 1997; Hanahan, 1997). Our results are consistent with

this hypothesis and suggest that VEGF sequestration may be an

important mechanism  in vivo when retrovirus encoding a trun-

cated VEGFR-2 is inoculated within tumors. The use of vec-

tors with endothelial cell-specific promoters or vector delivery

directly into the blood stream may improve endothelial cell

transduction and therefore the participation of receptor het-

erodimerization in the VEGFR-2 dominant-negative strategy.

Toxicity studies

Replication-defe ctive retroviral vectors have been exten-

sively used in animal models and in more than 100 early-phase

human clinical trials to deliver the transgene of interest (for re-

views see Anderson, 1992; Miller, 1992; Ross et al., 1996).

Retroviral vectors are incorporated selectively into the genome

of dividing cells. Within the brain, intratum oral injection of

retroviruses will transduce only the proliferating cell pool, e.g.,

tumor and endothelial cells (Culver et al., 1992). However, one

theoretical concern associated with the use of retroviral vectors

for gene therapy is the possibility that these vectors induce

transduction of remote, nontarget tissues.

In this study promiscuous transduction of nontarget tissues

was monitored using Southern blot analysis and PCR assay.

Southern blot analysis of the samples did not reveal any vec-

tor sequences in peripheral organs. By using PCR, vector se-

quences were detected in all tissues examined (contralateral

brain, heart, lung, kidney, liver, and spleen). Rats sacrificed 6

months after inoculation of GPE LXflk-1TM did not exhibit

vector sequences in the organs studied. To verify the cell types

that were positive for vector sequences, in situ hybridization

analysis was perform ed. No specific signal was found in any

tissue. It is possible that mRNA transcripts levels for neor were

too low to be detected by in situ hybridization. Alternatively,

the LTR promoter could be shut down by the host cell.

The blood±brain barrier could minimize the spread of retro-

viruses or virus-producing cells, but it is well known that the

barrier is significantly disrupted in brain tumors. Murine virus-

producing cells could pass through the blood±brain barrier into

the peripheral blood. It has been shown that murine retroviruses

or murine cells are not destroyed in serum from nonprimate

species, including rats (Rollins et al., 1996). Thus, promiscu-

ous transduction can occur, owing either to circulating virus-

producing cells or to circulating retroviruses in a rat model.

However, this situation is not expected to be found in humans,

since in peripheral blood of primates the survival of murine

cells and retrovirus vectors is limited owing to inactivation by

the complement-mediated immune response (Rother and

Squinto, 1996). Several studies dealing with the safety of retro-

viral vectors in gene therapy showed no retroviremia or pathol-

ogy in long-term follow-up of primates exposed to murine am-

photropic retrovirus (Cornetta et al., 1989). We also did not

find any morphological change in the peripheral organs that

could be related to the integration of retrovirus sequences. Still,

a further concern associated with the use of retroviral vectors

in gene therapy is the possibility that these vectors can induce

oncogenesis by insertional mutagenesis (Temin, 1990). Addi-

tional long-term studies on this subject are certainly warranted.

In conclusion, antiangiogenic gene therapy using a domi-

nant-negative VEGFR-2 strategy is a feasible approach to con-

trol brain tumor growth if gene delivery can be improved. Our

results suggest a dual mode of function, namely inhibition of

endogenous VEGFR-2 function and VEGF depletion. The use

of other vector systems or intravascular delivery of cationic li-

posome-DNA complexes may improve endothelial cell trans-

duction. Although inadvertent transduction of nontarget organs

could be detected in a rat model, no pathological changes were

observed in transduced tissues. Therefore, the dominant-nega -

tive VEGFR-2 strategy in brain tumors is not expected to be

associated with significant toxicity.

AC KNOWLEDGM ENTS

We thank Dr. B. Millauer and Dr. A. Ullrich for providing

the virus-producing cells GPE flk-1TM, Dr. M. Clauss for per-

forming the 125I-labeled VEGF binding assay, Dr. G. Breier and

Dr. U. Machein for long-standing cooperation and support, and

R. Hass, S. Erhardt, and I. Lethenet for technical assistance.

This work was supported by Grant 01KV9533/7 from the Bun-

desministerium  für Bildung und Forschung (BMBF).

REFERENC ES

ALON, T., HEMO, I., ITIN, A., PE’ ER, J., STONE, J., and KESHET,

E. (1995). Vascular endothelial growth factor acts as a survival fac-

tor for newly formed retinal vessels and has implications for retinopa-

thy of prematurity. Nature Med. 10, 1024±1028.

ANDERSON, W.F. (1992). Human gene therapy. Science 256,

808±813.

AUSUBEL, F.M. (1997). Current Protocols in Molecular Biology , 

Vol. I. (John Wiley & Sons, New York) chap. 9.1.4.

BENJAMIN, L.E., and KESHET, E. (1997). Conditional switching of

vascular endothelial growth factor (VEGF) expression in tumors: In-

duction of endothelial cell shedding and regression of heman-

gioblastoma-lik e vessels with VEGF withdrawal. Proc. Natl. Acad.

Sci. U.S.A. 94, 8761±8766.

BLACK, P.M. (1991). Brain tumors. N. Engl. J. Med. 324, 1555±1564.

BROWN, L.F., BERSE, B., JACKMAN, R.W., TOGNAZZI, K.,

MAC H EIN ET AL.1126



MANSEAU, E.J., DVORAK, H.F., and SENGER, D.R. (1993a). In-

creased expression of vascular permeability factor (vascular en-

dothelial growth factor) and its receptors in kidney and bladder car-

cinomas. Am. J. Pathol. 143, 1255±1262.

BROWN, L.F., BERSE, B., JACKMAN, R.W., TOGNAZZI, K.,

MANSEAU, E.J., SENGER, D.R., and DVORAK, H.F. (1993b). Ex-

pression of vascular permeability factor (vascular endothelial growth

factor) and its receptors in adenocarcinom as of the gastrointestinal

tract. Cancer Res. 53, 4727±4735.

BROWN, L.F., BERSE, B., JACKMAN, R.W., TOGNAZZI, K.,

GUIDI, A.J., DVORAK, H.F., SENGER, D.R., CONNOLY, J.L.,

and SCHNITT, S.J. (1995). Expression of vascular permeability fac-

tor (vascular endothelial growth factor) and its receptors in breast

cancer. Hum. Pathol. 26, 86±91.

CLAUSS, M., WEICH, H., BREIER, G., KNIES, W., ROCKL, W.,

WALTENBERGER, J., and RISAU, W. (1996). The vascular en-

dothelial growth factor receptor Flt-1 mediates biological activities.

Implications for a functional role of placenta growth factor in mono-

cyte activation and chemotaxis. J. Biol. Chem. 271, 17629±17634.

CORNETTA, K., WIEDER, R., and ANDERSON, W.F. (1989). Gene

transfer into primates and prospects for gene therapy in humans. Prog.

Nucleic Acid Res. Mol. Biol. 36, 311±322.

CULVER, K.W., RAM, Z., WALLBRIDGE, S., ISHII, H., OLD-

FIELD, E.H., and BLAESE, R.M. (1992). In vivo gene transfer with

retroviral vector-produce r cells for treatment of experimental brain

tumors. Science 256, 1550±1552.

DAMERT, A., MACHEIN, M., BREIER, G., FUJITA, M.Q., HANA-

HAN, D., RISAU, W., and PLATE, K.H. (1997). Up-regulation of

vascular endothelial growth factor expression in a rat glioma is con-

ferred by two distinct hypoxia-driven mechanisms. Cancer Res. 5,

3860±3864.

DE VRIES, C., ESCOBEDO, J.A., UENO, H., HOUCK, K., FER-

RARA, N., and WILLIAMS, L.T. (1992). The fms-like tyrosine ki-

nase, a receptor for vascular endothelial growth factor. Science 255,

989±991.

FOLKMAN, J. (1995a). Angiogenesis in cancer, vascular, rheumatoid

and other disease. Nature Med. 1, 27±31.

FOLKMAN, J. (1995b). Tumor angiogenesis. In The Molecular Basis

of Cancer . H. Mendelsoh, P.M. Howley, M.A. Israel, and L.A. Li-

otta, eds. (W.B. Saunders, Philadelphia) pp. 206±232.

FOLKMAN, J., and KLAGSBRUN, M. (1987). Angiogenic factors.

Science 235, 442±447.

FOLKMAN, J., COLE, P., and ZIMMERMAN, S. (1966). Tumor be-

havior in isolated perfused organs: In vitro growth and metastases of

biopsy material in rabbit thyroid and canine intestinal sement. Ann.

Surg. 164, 491±502.

FONG, G.H., ROSSANT, J., GERTSENSTEIN, M., and BREITMAN,

M.L. (1995). Role of Flt-1 receptor tyrosine kinase in regulating the

assembly of vascular endothelium. Nature (London) 375, 66±70.

GOLDMAN, C.K., KENDALL, R.L., CABRERA, G., SOROCEANU,

L., HEIKE, Y., GILLEPSIE, G.Y., SIEGAL, G.P., MAO, X.,

HUCKLE, W.R., THOMAS, K.A., and CURIEL, D.T. (1998).

Paracrine expression of a native soluble vascular endothelial growth

factor receptor inhibits tumor growth, metastasis and mortality rate.

Proc. Natl. Acad. Sci. U.S.A. 95, 8795±8800.

HANAHAN, D. (1997). Signaling vascular morphogenesis  and main-

tanance. Science 277, 48±50.

KIEM, H.P., DAROVSKY, B., VON KALLE, C., GOEHLE, S.,

STEWART, D., GRAHAM, T., HACKMAN, R., APPELBAUM,

F.R., DEEG, H.J., MILLER, A.D., STORB, R., and SCHUENING,

F.G. (1994). Retrovirus-mediated gene transduction into canine pe-

ripheral blood repopulation cells. Blood 83, 1467±1473.

KIM, K.J., LI, B., WINER, J., ARMANINI, M., GILLETT, N.,

PHILLIPS, H.S., and FERRARA, N. (1993). Inhibition of vascular

endothelial growth factor-induced angiogenesis suppresses tumor

growth in vivo. Nature (London) 362, 841±844.

KLAGSBRUN, M., and D’ AMORE, P.A. (1991). Regulators of an-

giogenesis. Annu. Rev. Physiol. 53, 217±239.

KONG, H.L., and CRYSTAL, R.G. (1998). Gene therapy strategies for

tumor antiangiogenesis . J. Natl. Cancer Inst. 90, 273±286.

KONG, H.L., HECHT, D., SONG, W., KOVESDI, I., HACKETT,

N.R., YAYON, A., and CRYSTAL, R.G. (1998). Regional suppres-

sion of tumor growth by in vivo transfer of a cDNA encoding a se-

creted form of the extracellular domain of flt-1 vascular endothelial

growth factor receptor. Hum. Gene Ther. 9, 823±833.

LIN, P., SANKAR, S., SHAN, S., DEWHIRST, M.W., POLVERINI,

P.J., QUINN, T.Q., and PETERS, K.G. (1998). Inhibition of tumor

growth by targeting endothelium using a soluble vascular endothe-

lial growth factor receptor. Cell Growth Differ. 9, 49±58.

MATTHEWS, W., JORDAN, C.T., GAVIN, M., JENKINS, N.A.,

COPELAND, N.G., and LEMISCHKA, I.R. (1991). A receptor ty-

rosine kinase cDNA isolated from a population of enriched primi-

tive hematopoietic cells and exhibiting close genetic linkage to c-kit.

Proc. Natl. Acad. Sci. U.S.A. 88, 9026±9030.

MILLAUER, B., WIZIGMANN-VOSS, S., SCHNURCH, H., MAR-

TINEZ, R., MOLLER, N.P., RISAU, W., and ULLRICH, A. (1993).

High affinity VEGF binding and development expression suggest

flk-1 as a major regulator of vasculogenesis and angiogenesis. Cell

72, 835±846.

MILLAUER, B., SHAWVER, L.K., PLATE, K.H., RISAU, W., and

ULLRICH, A. (1994). Glioblastoma growth inhibited in vivo by a

dominant-negat ive Flk-1 mutant. Nature (London) 367, 576±579.

MILLAUER, B., LONGHI, M.P., PLATE, K.H., SHAWVER, L.K.,

RISAU, W., ULLRICH, A., and STRAWN, L.M. (1996). Dominant-

negative inhibition of flk-1 suppresses the growth of many tumors

in vivo. Cancer Res. 56, 1615±1620.

MILLER, A.D. (1992). Human gene therapy comes of age. Nature

(London) 357, 455.

MILLER, A.D., and ROSMAN, G.J. (1989). Improved retroviral vec-

tors for gene transfer and expression. BioTechniques 7, 980±990.

PLATE, K.H. (1996). Gene therapy of malignant glioma via inhibition

of tumor angiogenesis. Cancer Metastasis Rev. 15, 237±240.

PLATE, K.H., and RISAU, W. (1995). Angiogenesis in malignant

gliomas. Glia 15, 339±347.

PLATE, K.H., BREIER, G., WEICH, H.A., and RISAU, W. (1992).

Vascular endothelial growth factor is a potential tumor angiogenesis

factor in human gliomas in vivo. Nature (London) 359, 845±848.

PLATE, K.H., BREIER, G., MILLAUER, B., ULLRICH, A., and

RISAU, W. (1993). Upregulation of vascular endothelial growth fac-

tor and its cognate receptors in a rat glioma model of tumor angio-

genesis. Cancer Res. 53, 5822±5827.

PLATE, K.H., BREIER, G., WEICH, H.A., MENNEL, H.D., and

RISAU, W. (1994). Vascular endothelial growth factor and glioma

angiogenesis: Coordinate induction of VEGF receptors, distribution

of VEGF protein and possible in vivo regulatory mechanism. Int. J.

Cancer 59, 520±529.

PUUMALAINEN, A.M., VAPALAHTI, M., AGRAWAL, R., KOS-

SILA, M., LAUKKRANEN, J., LEHTOLAINEN, P., VIITA, H.,

PALJÄRVI, L., VANNINEN, R., and YLÄ-HERTTUALA, S.

(1998). b -Galactosidase  gene transfer to human malignant glioma in

vivo using replicant deficient retrovirus and adenovirus. Hum. Gene

Ther. 9, 1769±1774.

ROLLINS, S.A., BIRKIS, C.W., SETTER, E., SQUINTO, S.P., and

ROTHER, R.P. (1996). Retroviral vector producer cell killing in hu-

man serum is mediated by natural antibody and complement: Strate-

gies for evading the humoral immune response. Hum. Gene Ther. 7,

619±629.

ROSS, G., ERICKSON, R., KNORR, D., MOTULSKY, A.G., PARK-

MAN, R., SAMULSKI, J., STRAUS, S.E., and SMITH, B.R. (1996).

Gene therapy in the United States: A five-year status report. Hum.

Gene Ther. 7, 1781±1790.

ROTHER, R.P., and SQUINTO, S.P. (1996). The alpha-galactosy l epi-

ANTIANGIOGENESIS BY TRUNC ATED V EGFR-2 1127



tope: A sugar coating that makes viruses and cells unpalatable. Cell

86, 185±188.

SALEH, M., STACKER, S.A., and WILKS, A.F. (1996). Inhibition of

growth of C6 glioma cells in vivo by expression of antisense vascu-

lar endothelial growth factor sequence. Cancer Res. 393, 393±401.

SENGER, D.R., VAN DE WATER, L., BROWN, L.F., NAGY, J.A.,

YEO, K.T., YEO, T.K., BERSE, B., JACKMAN, R.W., DVORAK,

A.M., and DVORAK, H.F. (1993). Vascular permeability factor

(VPF, VEGF) in tumor biology. Cancer Metastasis Rev. 12, 303±324.

SHIBUYA, M., YAMAGUCHI, S., YAMANE, A., IKEDA, T., TOJO,

A., MATSUSHIMA, H., and SATO, M. (1990). Nucleotide sequence

and expression of a novel human receptor-type tyrosine kinase gene

(flt) closely related to fms family. Oncogene 5, 519±524.

SHWEIKI, D., ITIN, A., SOFFER, D., and KESHET, E. (1992). Vas-

cular endothelial growth factor induced by hypoxia may mediate hy-

poxia-initiated angiogenesis. Nature (London) 359, 843±845.

SKOBE, M., ROCKWELL, P., GOLDSTEIN, N., VOSSELER, S., and

FUSENIG, N.E. (1997). Halting angiogenesis suppresses carcinoma

cell invasion. Nature Med. 3, 1222±1227.

STRAWN, L.M., MCMAHON, G., APP, H., SCHRECK, R., KUCH-

LER, W.R., LONGHI, M.P., HUI, T.H., TANG, C., LEVITZKI, A.,

GAZIT, A., CHEN, I., KERI, G., ORFI, L., RISAU, W., FLAMME,

I., ULLRICH, A., HIRTH, K.P., and SHAWVER, L.K. (1996). Flk-

1 as a target for tumor growth inhibition. Cancer Res. 56, 3540±3545.

SUZUKI, K., HAYASHI, N., MIYAMOTO, Y., YAMAMOTO, 

M., OHKAWA, K., ITO, Y., SASAKI, Y., YAMAGUCHI, Y.,

NAKASE, H., NODA, K., ENOMOTO, N., ARAI, K., YAMADA,

Y., YOSHIHARA, H., TUJIMURA, T., KAWANO, K., YOSHI-

KAWA, K., and KAMADA, T. (1996). Expression of vascular per-

meability factor/vascular endothelial growth factor in human hepa-

tocellular carcinoma. Cancer Res. 56, 3004±3009.

TEMIN, H.M. (1990). Safety considerations in somatic gene therapy

of human disease with retrovirus vectors. Hum. Gene Ther. 1,

111±123.

TERMAN, B.I., DOUGHER-VERMAZEN, M., CARION, M.E., DIM-

ITROV, D., ARMELLINO, D.C., GOSPODAROWICZ, D., and

BOHLEN, P. (1992). Identification of the KDR tyrosine kinase as a

receptor for vascular endothelial cell growth factor. Biochem. Bio-

phys. Res. Commun. 187, 1579±1586.

WALTENBERGER, J., CLAESSON-WELSH, L., SIEGBAHN, A.,

SHIBUYA, M., and HELDIN, C.H. (1994). Different signal trans-

duction properties of KDR and Flt-1, two receptors for vascular en-

dothelial growth factor. J. Biol. Chem. 269, 26988±26995.

Address reprint requests to:

Dr. Karl H. Plate

Neurozentrum,  Abteilung Neuropathologie

Universitätsklinikum Freiburg

Breisacherstr. 64

D-79106 Freiburg, Germany

E-mail: Plate@nz11.ukl.uni-freibu rg.de

Received for publication November 10, 1998; accepted after re-

vision February 15, 1999.

MAC H EIN ET AL.1128


