Potent VEGF blockade causes regression of coopted
vessels in a model of neuroblastoma
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Vascular endothelial growth factor (VEGF) plays a key role in
human tumor angiogenesis. We compared the effects of inhibitors
of VEGF with different specificities in a xenograft model of
neuroblastoma. Cultured human neuroblastoma NGP-GFP cells
were implanted intrarenally in nude mice. Three anti-VEGF agents
were tested: an anti-human VEGF65 RNA-based fluoropyrimidine
aptamer; a monoclonal anti-human VEGF antibody; and VEGF-Trap,
a composite decoy receptor based on VEGFR-1 and VEGFR-2 fused
to an Fc segment of IgG1. A wide range of efficacy was observed,
with high-dose VEGF-Trap causing the greatest inhibition of tumor
growth (81% compared with controls). We examined tumor an-
giogenesis and found that early in tumor formation, cooption of
host vasculature occurs. We postulate that this coopted vascula-
ture serves as a source of blood supply during the initial phase of
tumor growth. Subsequently, control tumors undergo vigorous
growth and remodeling of vascular networks, which results in
disappearance of the coopted vessels. However, if VEGF function
is blocked, cooption of host vessels may persist. Persistent coop-
tion, therefore, may represent a novel mechanism by which neu-
roblastoma can partly evade antiangiogenic therapy and may
explain why experimental neuroblastoma is less susceptible to
VEGF blockade than a parallel model of Wilms tumor. However,
more effective VEGF blockade, as achieved by high doses of
VEGF-Trap, can lead to regression of coopted vascular structures.
These results demonstrate that cooption of host vasculature is an
early event in tumor formation, and that persistence of this effect
is related to the degree of blockade of VEGF activity.

t is well established that the growth and metastasis of solid

tumors depend on angiogenesis. Many studies have shown that
one mechanism by which tumors induce the formation of new
blood vessels is expression of proangiogenic factors. The most
commonly implicated factor is vascular endothelial growth factor
(VEGF), a specific endothelial cell mitogen, permeability, and
survival factor, overexpressed in virtually all human tumors (1).
Antagonism of the VEGF pathway results in inhibition of
angiogenesis and tumor growth in a number of tumor model
systems (2).

In previous studies, we have shown that the degree of efficacy
of VEGF suppression differs markedly in different experimental
tumors. Despite similar levels of initial VEGF expression, after
administration of anti-VEGF antibody, both primary tumor
growth and metastasis were nearly completely eradicated in
experimental Wilms tumors, whereas in a parallel model of
neuroblastoma, tumor growth was only moderately affected with
persistence of metastasis (3, 4). This difference in response to
antiangiogenic therapy suggests that other mechanisms may
support perfusion and tumor growth in neuroblastoma.

Recruitment or cooption of preexisting blood vessels by
tumors, as previously described by Holash and colleagues, may
represent one such mechanism (5-7). Early in tumor develop-
ment, preexisting vasculature is engaged by growing tumor cells.
Subsequently, the coopted vessels regress. The tumor becomes
hypoxic, VEGF expression is up-regulated, and neoangiogenesis
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is induced. In other studies, vascular cooption in experimental
glioblastoma after tumors were exposed to VEGF blockade
suggests that this mechanism may also be invoked by established
tumors deprived of VEGF (8, 9).

We have recently examined vascular cooption in a xenograft
model of neuroblastoma (10). Neuroblastoma tumor cells im-
planted into the kidney of nude mice result in large vascular
tumors. Treatment with an anti-VEGF antibody causes partial
tumor inhibition, decreased angiogenesis, and by angiography
results in the appearance of novel rounded structures at vessel
branches, which we had initially termed “terminal vascular
bodies” (10). In the current study, we demonstrate that these
structures are in fact renal glomeruli that have been coopted by
tumor tissue. This cooption is an early event in tumor growth in
experimental neuroblastoma, because it is present in both con-
trol xenografts and tumors treated with the anti-VEGF agents
[monoclonal anti-VEGF antibody (11) and VEGF-Trap, a com-
posite decoy receptor based on VEGF receptor-1 (VEGFR-1)
and VEGFR-2 fused to an Fc segment of IgG1 (12)]. In control
neuroblastomas, this stage is followed by vascular remodeling in
conjunction with brisk angiogenesis; coopted glomeruli disap-
pear. However, in tumors treated with either anti-VEGF anti-
body or low-dose VEGF-Trap, cooption persists, permitting
perfusion and ongoing tumor growth. Treatment with high-dose
VEGF-Trap results in stunted tumors, which are virtually avas-
cular and in which only rare coopted glomeruli are present,
suggesting that the coopted vasculature has regressed. These
studies demonstrate that cooption of host vasculature occurs
early in neuroblastoma tumor growth. Persistent cooption ap-
pears to depend on an intermediate degree of VEGF blockade
and may result in the relative resistance of a specific tumor to
antiangiogenic therapy, which may be overcome by a higher
degree of VEGF blockade.

Methods

Cell Line. The human neuroblastoma cell line NGP, which had
previously been transfected with a retroviral vector containing
enhanced green fluorescent protein, was maintained in culture
in 75-cm? flasks with McCoy’s 5A medium (Mediatech, Fisher
Scientific). Medium was supplemented with 10% FBS and 1%
penicillin/streptomycin (GIBCO). Cells were grown at 37°C in
5% CO, until confluent. NGP-GFP cells were harvested by
trypsinization, counted with trypan blue staining, and washed
and resuspended in sterile saline solution (phosphate buffered
saline, GIBCO) at a concentration of 107 cells/ml.

Animal Model. All experiments were approved by the Institutional
Animal Care and Use Committee of Columbia University.
Female NCR nude mice, 4-6 weeks of age (Taconic Farms),

Abbreviations: VEGF, vascular endothelial growth factor; rVEGF, VEGF receptor; LD, low
dose; HD, high dose; aSMA, a-smooth muscle actin; TUNEL, terminal deoxyribonucleic
d-UTP nick end labeling.
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were housed in a barrier facility and acclimated to 12-hr light/
dark cycles for at least 1 day before use.

Tumor Implantation. The left flank was prepared in a sterile
manner after anesthetizing the mice with i.p. ketamine (50
mg/kg) and xylazine (5 mg/kg). An incision was made exposing
the left kidney, and an inoculum of 109 NGP-GFP tumor cells in
0.1 ml of PBS was injected with a 25-g needle. The flank muscles
were closed with a single 4-0 Polysorb suture (US Surgical,
Norwalk, CT) and the skin closed with staples.

Antiangiogenic Treatment. There were three sets of experiments,
each with its own set of control tumors: (/) NX1838, a RNA-
based fluoropyrimidine polyethylene glycol-conjugated aptamer
targeting human VEGF,65 (NeXstar, Boulder, CO) (13, 14) at
250 pg per dose NX1838 (n = 5) or vehicle control (0.05%
mouse serum albumin, Sigma, n = 5) injected i.p. daily; (ii)
humanized monoclonal anti-VEGF antibody (A4.6.1, Genen-
tech) (11), at 100 pg/dose (n = 19) or vehicle control (n = 21)
administered i.p. biweekly; and (iii) 100 ng per dose [low dose
(LD), VEGF-Trap LD, n = 10], 500 pg per dose [high dose
(HD), VEGF-Trap HD, n = 10] VEGF-Trap (Regeneron
Pharmaceuticals, Tarrytown, NY) (12), or vehicle control
(n = 21) administered i.p. biweekly. Treatment began 3 or 4 days
after tumor implantation and continued for 5.5 weeks (6-week
time point). An additional set of mice (four mice for control,
anti-VEGF antibody, VEGF-Trap LD, and VEGF-Trap HD)
were examined after 3.5 weeks of treatment (4-week time point).

Fluorescein Angiograms. Fluorescein angiography for demonstra-
tion of vascular architecture was performed as previously de-
scribed (9). After anesthetizing the mice with i.p. ketamine (50
mg/kg) and xylazine (5 mg/kg), a sternotomy was performed to
expose the heart. Five percent fluorescein isothiocyanate—
dextran (2,000,000 M,, Sigma) in a volume of 1-cc PBS was
injected into the left ventricle. After perfusion of the tumor,
mice were killed.

Harvesting of Specimens. After death of mice, tumors and con-
tralateral kidneys were removed. One-half of each kidney/tumor
was fixed in fresh 4% paraformaldehyde for histology and
immunohistochemistry at room temperature. The other half was
flash frozen in liquid nitrogen and stored at —80°C. Paraform-
aldehyde-fixed specimens were subsequently embedded in par-
affin blocks.

Immunohistochemistry. a-Smooth muscle actin (aSMA) staining. A
monoclonal anti-aSMA actin antibody (Sigma) was diluted
(1:200), and incubated overnight at 4°C. Specimens were then
incubated in turn with a 1:400 rabbit anti-mouse biotinylated
secondary antibody (Zymed). Enhanced horseradish peroxi-
dase-conjugated streptavidin and a substrate chromogen, AEC
(3-amino-9-ethyl carbazole), was used to develop a brown-red
color (HistoStain-Plus kit, Zymed).

Terminal deoxyribonucleic d-UTP nick end labeling (TUNEL) as-
say. Mounted paraformaldehyde-fixed specimens underwent
TUNEL assay for apoptosis by using the In Situ Cell Death Kit
(Roche Applied Science, Indianapolis) and were examined by
light microscopy.

In Situ Hybridization. Tissue was initially preserved in 4% para-
formaldehyde overnight, transferred to 17% sucrose, and em-
bedded in OCT compound and frozen. Tissue sections were then
probed with 33S-labeled cRNA with a probe spanning codons
57-192 of human VEGF as described (6).

Statistical Analysis. Tumor weights were expressed as mean =
SEM and compared by Kruskal-Wallis analysis.
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Fig. 1. Inhibition of neuroblastoma tumors by anti-VEGF agents. Neuroblas-

toma xenografts were treated with the anti-VEGF agents (NX1838, n = 5;
anti-VEGF antibody, n = 19; VEGF-Trap LD, n = 10; and VEGF-Trap HD, n = 10),
with the results expressed as percent of control tumors (control NX1838, n =
5; control anti-VEGF antibody, n = 21; control VEGF-Trap LD, n = 10; and
control VEGF-Trap HD, n = 10), with error bars representing SEM for treated
tumors. Statistical analysis was done by Kruskal-Wallis analysis, with NX1838
(P = 0.08), anti-VEGF antibody (P = 0.12), VEGF-Trap LD (P = 0.10), and
VEGF-Trap HD (P = 0.0009).

Results

Comparison of Anti-VEGF Reagents in Experimental Neuroblastoma.
Using a metastasizing murine model of neuroblastoma (3), we
tested the effects of anti-VEGF reagents with differing targets.
We evaluated NX1838, an RNA-based fluoropyrimidine poly-
ethylene glycol-conjugated aptamer, which has an estimated
dissociation constant (Kg) for human VEGF;es of 200 pM
(NeXstar) (13, 14); the monoclonal anti-VEGF antibody
(A.4.6.1, Genentech) (11) that specifically binds to human
VEGEF with an affinity of 0.1-10 nM but not murine VEGF; and
VEGF-Trap, a soluble composite decoy receptor consisting of
Ig-like domains of VEGFR-1 and VEGFR-2 fused to an Fc
segment (VEGF-Trap, Regeneron Pharmaceuticals) (12), which
binds with very high affinity (=1 pM) to multiple isoforms of
VEGEF from several species (including human and murine). The
VEGF-Trap also binds to placental growth factor. Tumor weight
was evaluated at 6 weeks.

We found that treatment with NX1838 and anti-VEGF anti-
body resulted in partial inhibition of tumor growth (Fig. 1,52 and
53% of control, respectively, P = 0.08 and P = 0.12, respectively).
We also tested the efficacy of VEGF-Trap at two doses, 100 ug
(VEGF-Trap LD) and 500 pg (VEGF-Trap HD). VEGF-Trap
LD partially suppressed tumor growth (30% of control, P =
0.10), whereas VEGF-Trap HD displayed the highest degree of
tumor suppression of the antiangiogenic agents tested (19% of
control, P = 0.009) (Fig. 1). These results demonstrate that
VEGF-Trap at 500 ug per dose can significantly suppress tumor
growth in our xenograft model of neuroblastoma.

Vascular Cooption Is an Early Event in Neuroblastoma Tumor Growth.
We next performed a detailed comparison of angiogenesis in the
control tumors with the anti-VEGF antibody and VEGF-Trap-
exposed tumors (because of the limited supply of NX1838, we
were unable to conduct a more detailed analysis). We examined
angiogenesis by fluorescein angiography and aSMA immuno-
staining at 4 and 6 weeks. At 4 weeks, fluorescein perfusion
outlined rounded structures at the branch points of vessels in
control, anti-VEGF antibody-treated, VEGF-Trap LD, and
VEGF-Trap HD tumors (Fig. 2 A-D, respectively; see white
arrowheads). Closer examination by confocal microscopy sug-
gested that the structures (about 80 microns in diameter) were
renal glomeruli, with afferent and efferent blood vessels (Fig. 2
E-H, respectively). Entrapment of renal glomeruli within tumor
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Fig. 2. Fluorescein angiography. Tumor vasculature was evaluated by fluorescein-dextran angiography at 4 (A-H) and 6 weeks (/I-N). At 4 weeks, standard
fluorescent microscopy (A-D, X 10 original magnification) revealed cooption of renal glomeruli in Control (A), anti-VEGF antibody (B), VEGF-Trap LD (C), and
VEGF-Trap HD (D). Close-up view of coopted glomeruli by confocal microscopy: Control (E), anti-VEGF antibody (F), VEGF-Trap LD (G), and VEGF-Trap HD (H),
demonstrates connection of glomeruli to afferent and efferent vessels, seen in best in £ and G. At 6 weeks, standard fluorescent microscopy (/-L, X4 original
magnification) demonstrates vascular remodeling with abundant vessels in control tumors (/), but persistent cooption in the anti-VEGF antibody (J) and
VEGF-Trap LD (K), with glomeruli indicated by arrowheads. In VEGF-Trap HD (L), sparse vasculature and little cooption were seen at 6 weeks. Pseudodepth
coloring of Control (M) and anti-VEGF antibody (N), demonstrates the abundant vasculature in Control tumors, and the persistent cooption in the anti-VEGF
antibody-treated tumors. The coopted glomeruli are approximately 80 um in size (Bar = 100 um.).

tissue was evident after hematoxylin/eosin staining in control  cells replace the renal parenchyma; however, glomeruli are
(Fig. 3 A and E), anti-VEGF antibody (Fig. 3 B and F), preserved, becoming encased in tumor. Red blood cells are
VEGF-Trap LD (Fig. 3 C and G), and VEGF-Trap HD (Fig. 3  visible within the glomeruli, indicating that these structures
D and H). At the interface of tumor—kidney invasion, the tumor  remain perfused, despite being surrounded by tumor tissue.
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Fig. 3.

Cooption of renal glomeruli at 4 weeks. Early in tumor growth, all tumors demonstrate cooption of renal glomeruli (arrowheads) as seen by

hematoxylin/eosin staining (A-D, X 20; E-F, X 10): Control (A and E), anti-VEGF antibody (Band F), VEGF-Trap LD (Cand G), and VEGF-Trap HD (D and H). In control
(E) and VEGF-Trap HD (H), coopted glomeruli (arrowheads) encased by tumor tissue (t) are seen adjacent to renal tissue (r).

These results demonstrate that cooption of renal vasculature and
glomeruli occurs early in tumor growth.

At 6 weeks, control tumor growth was characterized by
vascular remodeling with abundant new vessels (Fig. 2 I and M).
We did not detect glomerular cooption in 6-week controls either
by fluorescein angiography or by hematoxylin/eosin staining
(data not shown). In contrast, 6-week xenografts exposed to
anti-VEGF antibody or VEGF-Trap LD displayed persistent
vascular cooption both by fluorescein angiography (anti-VEGF
antibody, Fig. 2 J and N; VEGF-Trap LD, Fig. 2K) and hema-
toxylin/eosin staining (data not shown). Confocal microscopy
demonstrates that the multiple coopted glomeruli are perfused
by branches originating from long straight vessels (anti-VEGF
antibody, Fig. 2N). When anti-VEGF antibody and VEGF-Trap
LD therapy are stopped, these vascular structures are lost within
3 weeks and replaced by abundant new vessels, suggesting that
neoangiogenesis had remodeled the originally coopted structure
(data not shown). In the VEGF-Trap HD group, tumors at 6
weeks had very sparse vasculature with little glomeruli cooption
seen by angiography (Fig. 2L). Because fluorescein—dextran
angiography will demonstrate only perfused glomeruli, we also
examined sections stained by hematoxylin/eosin to determine

whether nonperfused glomeruli remained within the tumor
tissue. By using this method of examination, again only rare
glomeruli were seen (data not shown), indicating that there was
near complete regression of the coopted vascular structure that
was seen at 4 weeks. These results demonstrate that partial or
incomplete blockade of VEGF can block vascular remodeling
and elicit persistent vascular cooption in experimental neuro-
blastoma, whereas more complete VEGF blockade results in
regression of the coopted vasculature and a more profound
antitumor effect.

Anti-VEGF Reagents Result in Decreased Vasculature. Staining for
aSMA immunopositive cells was performed to further evaluate
recruitment of perivascular cells (15). Control tumors displayed
a dense perivascular network at 4 (Fig. 44) and 6 weeks (Fig. 4F).
Animals injected with anti-VEGF antibody, VEGF-Trap LD,
and VEGF-Trap HD developed tumors with markedly de-
creased aSMA-staining vascular components as compared with
controls at both 4 (Fig. 4 B-D) and 6 weeks (Fig. 4 F-H).
Similarly, markedly decreased endothelium was also seen by
immunostaining for the endothelial marker platelet—endothelial
cell adhesion molecules-1 (data not shown). When injections of

Fig. 4.

Decreased vascularity (reflected by diminished recruitment of perivascular cells) is seen by a«SMA staining. Four (A-D) and 6 weeks (E-H), X 10 original

magnification. Control (A and E) tumors have abundant vasculature and are associated with numerous perivascular cells. There was marked decrease in neoangio-
genesis with only a few larger-caliber vessels in tumors after injection of anti-VEGF antibody (B and F), VEGF-Trap LD (C and G), and VEGF-Trap HD (D and H).
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Fig.5. Apoptosisinrenal glomeruli. Apoptosis was evaluated at 4 (A-D) and 6 weeks (E-H) by TUNEL. Control (A and E), anti-VEGF antibody (B and F), VEGF-Trap
LD (C and G), and VEGF-Trap HD (D and H). Endothelial apoptosis was seen in anti-VEGF antibody (/nset B), VEGF-Trap LD (Inset C), and VEGF-Trap HD (D) but
rarely in control tumors (A). Both control tumors and VEGF-Trap HD demonstrated apoptosis within glomeruli, suggesting that in tumors where cooption is
transient, glomeruli undergo early apoptosis. Red blood cells are seen in the glomeruli of anti-VEGF antibody (B) and VEGF-Trap LD (C) tumors, but there is little
apoptosis within the glomeruli. Apoptosis within glomeruli is seen at a later time point (6 weeks) in the anti-VEGF antibody (F) and VEGF-Trap LD (G) tumors.

anti-VEGF agent were withheld for 2 weeks, 8-week tumors
demonstrated increased blood vessel development compared
with their 6-week counterparts (data not shown).

Anti-VEGF Reagents Result in Endothelial and Glomerular Apoptosis.
To explore the mechanism of decreased angiogenesis seen with
anti-VEGF treatment, TUNEL assays were performed to detect
the presence of apoptosis, particularly in the endothelial cells
and glomeruli. Control tumors had little apoptosis in endothelial
cells at 4 or 6 weeks (Fig. 5 4 and E). In the treated tumors
(anti-VEGF antibody, VEGF-Trap LD, and VEGF-Trap HD) at
4 weeks, endothelial cell apoptosis was observed (Fig. 5 B-D). At
4 weeks, apoptosis was found in coopted glomeruli in the control
and VEGF-Trap HD tumors but rarely in the VEGF-Trap LD
or anti-VEGF antibody-exposed tumors. At 6 weeks, however,
there was marked apoptosis within glomeruli in all three anti-
VEGF-treated groups (Fig. 5 F—H). The presence of apoptosis
within glomeruli at 4 weeks is consistent with the absence of
these structures at 6 weeks in the control and VEGF-Trap HD
groups and contrasts with the status of coopted glomeruli in
VEGF-Trap LD and anti-VEGF antibody-treated tumors. Apo-
ptosis in glomeruli outside of the tumor mass was not observed.
Our results suggest that very efficient blockade of VEGF with
VEGF-Trap HD overrides factors tending to preserve coopted
glomeruli in VEGF-deprived neuroblastoma xenografts, result-
ing in endothelial apoptosis and involution of these coopted
vascular structures.

Anti-VEGF Reagents Result in VEGF Up-Regulation. To cvaluate
VEGF expression in these tumors, in situ hybridization was
performed by using a probe that crossreacts with both mouse and
human VEGF. At 4 weeks, all xenografts demonstrated a diffuse
low level of VEGF expression (data not shown). At 6 weeks, the
control xenografts continued to demonstrate a diffuse low level
of VEGF expression (Fig. 64). Treatment of xenografts with the
anti-VEGF reagents resulted in marked increase in VEGF
expression in the anti-VEGF antibody, VEGF-Trap LD and
VEGF-Trap HD tumors (Fig. 6 B-D, respectively). These results
suggest that the blockade of VEGF and the resultant decrease
in perfusion, via decreased neoangiogenesis and endothelial
apoptosis, lead to tumor hypoxia and a strong up-regulation in
VEGF expression. Hypoxia-induced VEGF expression in tu-
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mors may serve as a useful surrogate for the effectiveness of
antiangiogenesis agents.

Discussion

Our data are consistent with a model in which certain tumors,
such as neuroblastomas, initially coopt host vasculature and then
remodel this host vasculature, destroying the initial coopted
structures. These results further lead to the hypothesis that such
cooption can be dramatically and differentially affected by the
degree of VEGF blockade. Partial VEGF blockade, as may be
achieved by the anti-VEGF antibody A4.6.1, or low-dose VEGF-
Trap, allows for initial vessel cooption but inhibits later remod-
eling, resulting in long-term persistence of the coopted vascular

Fig. 6. Anti-VEGF treatment results in up-regulation of VEGF expression. In
situ hybridization demonstrated a low-level diffuse expression of VEGF in
control (A) tumors at 6 weeks, but marked up-regulation of VEGF in anti-VEGF
antibody (B), VEGF-Trap LD (C), and VEGF-Trap HD (D) tumors at the same time
point. In D, renal tissue is present (r) and contains glomeruli that express VEGF.
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