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ABSTRACT The hyperpermeability of tumor vessels to
macromolecules, compared with normal vessels, is presumably
due to vascular endothelial growth factoryvascular permeability
factor (VEGFyVPF) released by neoplastic andyor host cells. In
addition, VEGFyVPF is a potent angiogenic factor. Removal of
this growth factormay reduce the permeability and inhibit tumor
angiogenesis. To test these hypotheses, we transplanted a human
glioblastoma (U87), a human colon adenocarcinoma (LS174T),
and a human melanoma (P-MEL) into two locations in immu-
nodeficient mice: the cranial window and the dorsal skinfold
chamber. The mice bearing vascularized tumors were treated
with a bolus (0.2 ml) of either a neutralizing antibody (A4.6.1)
(492mgyml) against VEGFyVPForPBS (control).We found that
tumor vascular permeability to albumin in antibody-treated
groupswas lower than in thematched controls and that the effect
of the antibody was time-dependent and influenced by the mode
of injection. Tumor vascular permeability did not respond to i.p.
injection of the antibody until 4 days posttreatment.However, the
permeability was reduced within 6 h after i.v. injection of the
same amount of antibody. In addition to the reduction in vascular
permeability, the tumor vessels became smaller in diameter and
less tortuous after antibody injections and eventually disap-
peared from the surface after four consecutive treatments inU87
tumors. These results demonstrate that tumor vascular perme-
ability can be reduced by neutralization of endogenous VEGFy
VPF and suggest that angiogenesis and the maintenance of
integrity of tumor vessels require the presence of VEGFyVPF in
the tissue microenvironment. The latter finding reveals a new
mechanism of tumor vessel regression—i.e., blocking the inter-
actions between VEGFyVPF and endothelial cells or inhibiting
VEGFyVPF synthesis in solid tumors causes dramatic reduction
in vessel diameter, which may block the passage of blood ele-
ments and thus lead to vascular regression.

The microvasculature of solid tumors is, in general, hyperper-
meable to macromolecules compared with normal vessels
(1–5). This is presumably due to interactions between vascular
endothelial cells and the vascular endothelial growth factory
vascular permeability factor (VEGFyVPF) released by neo-
plastic andyor host cells (6, 7). This hypothesis has been
indirectly supported by much experimental evidence. Roberts
and Hasan (8) demonstrated that there was a correlation
between the in vivo photosensitizer accumulation and the
amount of VEGFyVPF secretion in cell culture of three
experimental tumor lines. A problem with this study is that the
VEGFyVPF expression in vivo may be different from that in
vitro because of different local microenvironments. One of the
alternative approaches to elucidating the effect of VEGFyVPF

on tumor vasculature is to control the expression of the
VEGFyVPF in vivo (9, 10). Pötgens et al. (10) demonstrated
that the vascular permeability of tumors induced by VEGFy
VPF-transfected melanoma cells was higher than that of the
controls, which were known to have lower expression of
VEGFyVPF. Similarly, local treatment with exogenous
VEGFyVPF has increased the permeability of postcapillary
venules as well as capillaries of normal tissues (11–13). Mixing
VEGFyVPF with an anti-VEGFyVPF antibody before appli-
cation has abolished the effect of VEGFyVPF on vascular
permeability (11, 12). Up to now, there has been no direct
evidence in the literature showing that endogenous VEGFy
VPF is responsible for the hyperpermeability of tumor vessels.
To this end, we designed an experiment to provide information
on the role of VEGFyVPF in the regulation of tumor vascular
permeability, in which a neutralizing antibody (A4.6.1) against
VEGFyVPF was administered systemically, and tumor vascu-
lar permeability to bovine serum albumin (BSA) in both
treated and control animals was measured afterward.
VEGFyVPF is also a potent vasculogenic and angiogenic

factor (6, 7, 14). Loss of a single VEGFyVPF allele results in
abnormal formation of blood vessels and thus is embryonic-lethal
(15, 16). Furthermore, neutralization of the growth factor via an
antibody has led to the inhibition of angiogenesis and tumor
growth (17, 18), as well as tumor metastasis (19, 20). In the
present study, we report a new finding on the VEGFyVPF-tumor
vessel interactions: neutralization of endogenous VEGFyVPF
dramatically changes morphology of tumor vessels.
Two hypotheses were tested in the study: (i) endogenous

VEGFyVPF increases tumor microvascular permeability to mac-
romolecules, and (ii) the integrity of tumor vessels is maintained
through constant stimulation with VEGFyVPF present in the
tissuemicroenvironment, so the removal of the stimulantwill lead
to vessel regression.§ To test these hypotheses, we transplanted
human tumors with different VEGFyVPF expression levels into
severe combined immunodeficient (SCID) mice at two locations:
cranial window and dorsal skinfold chamber (4, 21). The tumor-
bearing animals were treated systemically with either the anti-
VEGFyVPF antibody or the vehicle saline after the tumors were
fully vascularized. Thepermeability, diameter, density, and length
of tumor vessels were then quantified at different time points
posttreatment to elucidate the time dependence of the response
to the anti-VEGFyVPF treatment. The methods of the quanti-
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fication were similar to those used in our previous studies (3, 4,
21), which were based on intravital fluorescence microscopy and
video image analysis.

MATERIALS AND METHODS
Animal and Tumor Models. The dorsal skinfold chamber

and cranial window preparations have been described in detail
in previous studies (4, 21, 22). The chunks of four tumor lines
were transplanted into cranial windows in SCID mice: LS174T
(a human colon adenocarcinoma) (21), MCaIV (a murine
mammary adenocarcinoma) (4), U87 (a human glioblastoma)
(4), and P-MEL (a human melanoma kindly provided by D. L.
Fraker, National Institutes of Health). Only the first two tumor
lines could grow in the dorsal skinfold chambers.
Clonogenic Assay. The procedure was similar to that described

by Gerweck et al. (23). In brief, U87 cells were cultured in T75
flasks with DMEM (Sigma) containing 10% (volyvol) heat-
inactivated fetal bovine serum (Sigma), 1% penicillin and strep-
tomycin (P-0781, Sigma), and 2% (volyvol) HCl (1 M, Fisher).
Single cell suspensions were obtained by trypsinization, and the
cells were plated into T30 flasks at various densities (number of
cellsyflask): 40, 80, and 160.Duplicates were prepared at each cell
density. The cells were further cultured in the fresh medium for
24 h and then treated with either PBS (0.6ml) or the anti-VEGFy
VPF antibody (0.6 ml, 492 mgyml) in 3 ml of medium for 6 h.
Then, the medium was removed, and the cells were continuously
cultured with 6 ml of fresh medium. Two weeks later, each flask
was washed with 6 ml of saline, and the cells were fixed with 5 ml
ofmethanol for 5min and stainedwith crystal violet (5 g dissolved
in 100 ml of methanol and 900 ml of distilled water) for 5 min.
Finally, the number of colonies per flask was counted.
Northern Blot Analysis. Isolation of total RNA from cultured

tumor cells. Tumor cells ('107) were treated with 1 ml of
Ultraspec RNA and homogenized, and the total cellular RNA
was extracted (100–200 mg) (Biotecx, Laboratories, Houston).
Isolation of total RNA from tumor tissues. The procedure was

similar to that described by Gramza et al. (24). In brief, human
tumors ('100 mg) grown in immunodeficient mice were re-
moved, put in the liquid nitrogen immediately, and stored in the
2708C freezer for later analysis. The frozen tissue was contained
in a small plastic bag (Kapak, Minneapolis), kept frozen via
repeated immersion into the liquid nitrogen, and continuously
smashed with a hammer. The tissue powder was placed in 1 ml
ofRNA isolation reagent, TRIzol (GIBCO) at room temperature
and homogenized for 15 sec with a Polytron (Brinkmann). The
homogenate was then mixed with 0.2 ml of chloroform and
centrifuged for 15 min at 12,000 3 g (48C). The aqueous phase
was transferred to a fresh tube, and the total RNA was extracted.
VEGFyVPF mRNA measurement. Thirty micrograms of the

total RNA was separated by electrophoresis via 1% agarose gel
containing 1.7% (volyvol) formaldehyde, transferred to a Gene-
ScreenPlus membrane (Biotechnology System, NEN), and hybrid-
ized with a 32P-labeled VEGFyVPF cDNA probe synthesized by
PCR with the following forward and reverse oligonucleotide

primers: 59-GGA ATT CAA GCT TGC CAC CAT GAA CTT
CTC GCT GTC TTG-39 and 59-GGG ATC CGC GGC CGC
TCA CCG CCT CGG CTT GTC ACA TCT-39, respectively
(kindly provided by Brian Seed,Massachusetts General Hospital,
Boston). The hybridized filter was autoradiographed usingKodak
XAR film at2808C for 16–18 h or exposed to a StoragePhosphor
Screen (Molecular Dynamics) for 5 h. The radioactivity, which
was proportional to the amount of VEGFyVPF mRNA, was
quantified using the PhosphorImager (model 410A; Molecular
Dynamics) and was normalized by the amount of rRNA in each
tumor line.
Experimental Procedures. The experimental protocol was

similar to our previous studies (3, 4). In brief, the animals were
anesthetized with ketamineyxylazine and fixed on a polycarbon-
ate plate. The plate was placed on the stage of an intravital
fluorescence microscope (Axioplan, Zeiss) equipped with the
fluorescence filter set for rhodamine (Omega Optical, Brattle-
boro, VT), an intensified charge-coupled device video camera
(C2400-88, Hamamatsu Photonics, Hamamatsu, Japan), a vid-
eocassette recorder (SVO-9500MD,Sony), and a photomultiplier
(9203B, EMI, Rockaway, NJ). The anti-VEGFyVPF treatment
was performed 7–23 days posttumor transplantation, depending
on the tumor vascularization and the treatment protocols. The
number of animals (N) used in each groupwas between three and
seven, as indicated in Results and in the figure and table legends.
In each group, the animals were treated systemically via

either the tail vein or i.p. injections of an anti-VEGFyVPF
antibody, A4.6.1 (492 mgyml) (18), or PBS. A fixed dose of 0.2
ml was administered for each systemic injection (i.p. or i.v.) of
either the antibody or PBS. The vascular permeability and
morphology measurements were performed 6 h to 11 days
posttreatment. The details of the permeability measurement
have been described previously (3, 4). In brief, a bolus of
rhodamine labeled BSA (0.15 ml) (A847, Molecular Probes)
was injected into the tail veins of the anesthetized animals, and
the tumor vascular permeability was calculated based on the
intensity measurement of the fluorescence from the tumor
tissue. The vessel diameter, length, and density were measured
via the image analysis of the tumor vasculature in five different
areas ('0.5 mm in length) per tumor. The vascular or blood
volume per unit area was calculated based on the vessel
diameter (D) and length (L).

Volume per area 5
1
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4 O
i51

M

Di2LiD
where M is the total number of vessels in the region with the
area A.
Statistics. The Mann–Whitney U test was used to compare

the differences in permeability or vascular morphology be-
tween treated and control groups. The difference was consid-
ered significant if the P value was less than 0.05.

Table 1. Reduction in tumor vascular permeability after anti-VEGFyVPF treatment: U87 tumors in cranial windows

Control Antibody-treated Conditions

1.00
(0.61–1.65)

1.24
(0.58–1.62)

Two boluses of anti-VEGF antibody (N 5 6) or PBS (N 5 7) were injected i.p. at 0
and 4 h, and the tumor microvascular permeability was measured at 8 h

1.33
(0.92–2.09)

0.92
(0.40–1.59)

A bolus of anti-VEGF antibody (N 5 4) or PBS (N 5 4) was injected i.p., and the
tumor microvascular permeability was measured at 2 days posttreatment

2.85
(2.30–3.71)

0.91
(0.51–2.06)*

A bolus of anti-VEGF antibody (N 5 4) or PBS (N 5 4) was injected i.p., and the
tumor microvascular permeability was measured at 4 days posttreatment

1.62
(1.50–2.07)

0.73
(0.62–1.05)*

The anti-VEGF antibody (N 5 4) or PBS (N 5 4) was injected i.p. on days 7, 10,
14, and 17 after tumor tissue transplantation, and the tumor microvascular
permeability was measured on day 18

The permeability data (1027 cmys) are shown as median (range). The antibody (492 mgyml) or PBS was administered 7–23 days after tumor
transplantation, depending on growth rate and vascularization of tumors. The dose of each injection was 0.2 ml.
*P , 0.05 vs the matched control.
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RESULTS
The tumor vascular permeability and morphology were quanti-
fied in both antibody-treated groups and in thematched controls.
The results are reported as the median and range of the mea-
surements unless specified below. The letters N and n represent
the numbers of animals and total vessels, respectively.
Tumor Vascular Permeability.Tumor vascular permeability to

rhodamine-labeled BSAwas lower in anti-VEGFyVPF antibody-
treated animals compared with the permeability in matched
controls. The level of reduction was time-dependent as shown in
Tables 1–3.When the antibody was administered i.p., the vascular
permeability of U87 tumors did not change until 4 days after i.p.
injection (Table 1) even though the dose of injection in the first
group (i.e., 8 h postinjection) was twice as high as that in the
second and third groups. However, the vascular permeability of
U87 tumors was reduced within 6 h post-i.v. injection of the same
amount of antibody (Table 3). The time-dependent change in the
vascular permeability was also examined in LS174T tumors, and
the maximum decrease in permeability was reached at 3 days
post-i.v. injection of the antibody (Table 2). At day 5, the
difference in permeability between antibody-treated and control
animals became insignificant (Table 2), presumably because of
the shifted balance between antibody clearance from the tumors
and the constant production of VEGFyVPF by tumor as well as
infiltrated host cells.
The reduction in vascular permeability of the human mela-

noma xenograft (P-MEL) transplanted in the cranial windowwas
not significant at 6 h postinjection of the anti-VEGFyVPF
antibody (Table 3). At 48 h, the medians of the permeability
values were smaller in the antibody-treated animals (2.1 vs 4.03
1027 cmysec,N5 3 in both groups), but they were not statistically
significant. The lesser response of the P-MEL tumors to the

antibody treatment could be attributed to lower VEGFyVPF
expression by melanoma cells. To test this hypothesis, we per-
formed Northern blot analysis of VEGFyVPF mRNA extracted
from both tumor tissues and cultured cells. The relative amount
of themRNA in tumor tissueswas 5.2, 3.2, and 1 forU87, LS174T,
and P-MEL, respectively. However, the relative amount of the
mRNA in cultured cells was 7.0, 1.3, and 1 for U87, LS174T, and
P-MEL, respectively, suggesting that the VEGFyVPF expression
in vivo might be different from that in vitro. In any case, the
VEGFyVPFexpression in theP-MEL tumorwas low. Thus, these
data further supported our hypothesis that the reduction in
vascular permeability after antibody injection resulted from neu-
tralization of the endogenous VEGFyVPF.
The response to anti-VEGFyVPF treatment was compared

between LS174T tumors transplanted at two locations: the
cranial window and the dorsal skinfold chamber (Tables 2 and
3). The results did not show a significant difference between
these two groups even though the permeability of the controls
was significantly higher for tumors transplanted in the cranial
windows than in the dorsal skinfold chambers.
The anti-VEGFyVPF antibody A4.6.1 had no effect on the

vasculature of the murine adenocarcinoma MCaIV. The mean
values of the vascular permeability (1027 cmys) of the anti-
body-treated tumors vs matched controls were 5.20 (N 5 2) vs
6.74 (N 5 2) and 3.65 (N 5 3) vs 3.10 (N 5 4) at 6 h and 48 h
post-i.v. injections, respectively. The differences between con-
trol and antibody treatments were not statistically significant,

FIG. 1. Changes in vessel diameter of LS174T tumors transplanted
in dorsal skinfold chambers in SCID mice. Vessel diameter was
measured at various time points post-i.v. bolus injection of the
anti-VEGFyVPF antibody (N 5 3) or PBS (N 5 3). The values of n
in the parentheses indicate the number of vessels used to generate the
histogram. These results demonstrate that anti-VEGFyVPF treatment
significantly reduces tumor vessel diameter.

Table 2. Reduction in tumor vascular permeability after
anti-VEGFyVPF treatment: LS174T tumors in dorsal
skinfold chambers

Control Antibody-treated Time, h

2.26 1.69
(0.95–3.69) (0.83–1.83) 6
4.78 1.20

(3.50–5.16) (1.07–3.22)* 24
2.33 0.65

(2.05–5.87) (0.63–0.75)* 72
2.24 0.88

(0.66–8.08) (0.49–4.07) 120

The permeability data (1027 cmys) are shown as median (range).
The antibody (492 mgyml) or PBS was administered 7–23 days after
tumor transplantation, depending on the growth rate and vascular-
ization of tumors. The dose of each injection was 0.2 ml. The
measurement was performed at various time points after a bolus i.v.
injection of the anti-VEGF antibody (N 5 3) or PBS (N 5 3).
*P , 0.05 vs the matched control.

Table 3. Reduction in tumor vascular permeability after
anti-VEGFyVPF treatment: Tumors in cranial windows

Control Antibody-treated Tumor lines

1.11 0.66
(0.92–2.82) (0.58–0.75)* U87
3.98 1.50

(3.60–5.06) (0.79–2.13)* LS174T
0.98 1.29

(0.89–1.15) (1.13–1.48) P-MEL

The permeability data (1027 cmys) are shown as median (range).
The antibody (492 mgyml) or PBS was administered 7–23 days after
tumor transplantation, depending on the growth rate and vascular-
ization of tumors. The dose of each injection was 0.2 ml. The
measurement was performed at 6 h after a bolus i.v. injection of the
anti-VEGF antibody (N 5 3) or PBS (N 5 3).
*P , 0.05 vs the matched control.
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indicating that the observed effect of the antibody on vascular
permeability in human tumor xenografts was unlikely due to
host immune response. The cytotoxicity of the antibody was
assessed through the clonogenic assay (23). The number of
colonies formed at three different plating densities of U87 cells
was nearly identical between antibody-treated and control
groups (data not shown). Thus, the cytotoxicity of the antibody
at the dose used in our experiments was negligible.
Morphology of Tumor Vessels. The vessels of LS174T tumors

became smaller and less tortuous after anti-VEGFyVPF treat-
ment. The histogram of the vessel diameter shifted to smaller
sizes in response to a bolus i.v. injection of the anti-VEGFyVPF
antibody (Fig. 1). The diameters of both the top and lower 10%
of the vessels in the controls were significantly larger than those
in the antibody-treated groups (P, 0.01). The medians (mm) of
the histograms (control vs antibody treatment) were 14.5 vs 7.3,
12.6 vs 9.5, and 15.8 vs 9.5 on days 1, 3, and 5, respectively. In
addition, the diameter of vessels longer than 200 mm decreased
significantly (Fig. 2); few vessels were larger than 20 mm in
diameter after the antibody treatment. Furthermore, the vascular
or blood volume at the tumor surface was significantly smaller on
days 1 and 3 compared with that of the matched controls (Table
4). However, at day 5, after a bolus i.v. injection of the anti-
VEGFyVPF antibody, no significant difference was observed
between controls and the treated groups. This observation was
consistent with the permeability data (shown in Table 2), reflect-
ing the shifted balance between antibody clearance and VEGFy
VPF production in tumors. The reduction in vessel volume after
the anti-VEGFyVPF treatment significantly decreased the blood

supply in LS174T tumors, as shown in Fig. 3, but the tumors still
grew in both groups. The vascular density, defined as the total
vessel length per unit tissue surface area, was not changed
significantly (Table 5). Taken together, these results suggested
that the vascular volume was reduced after a bolus antibody
treatment and that the reduction was largely due to the decrease
in vessel diameter. However, the vascular density can be de-
creased aftermultiple injections of the antibody. ForU87 tumors,
more than 95% of the vessels on the tumor surface disappeared
after four consecutive i.p. injections in 11 days. Only a few vessels
could be observed at the edge of the tumors, and other regions
on the entire tumor surface were avascular and decorated with
aggregates of red blood cells from the regressed vessels (data not
shown).

DISCUSSION
Our study shows that tumor vascular permeability can be
reduced by systemic anti-VEGFyVPF treatment. The effect of
the antibody is time-dependent and related to the mode of
injection. The vascular permeability may increase again if the
anti-VEGFyVPF treatment is discontinued. Furthermore,
neutralization of the endogenous VEGFyVPF causes a de-
crease in vessel diameter and tortuosity and eventually leads to
vessel regression in solid tumors.
The reduction of tumor vascular permeability is observed

within 6 h post-i.v. injection of the antibody. In addition, the
antibody has no effect on the murine mammary adenocarci-
noma MCaIV because the antibody does not recognize the
murine form of VEGFyVPF. Thus, the vascular response in
the human tumor xenografts observed in this study is unlikely
due to the host immune response. The inhibitory effect on
tumor vascular permeability via the neutralization of the
endogenous VEGFyVPF is time-dependent and cumulative. It
reaches a maximum at 3 days post-i.v. treatment in LS174T
tumors, suggesting that endothelial cell remodeling is involved.
However, the permeability is never reduced to the level of
normal tissues (e.g., skin) (data not shown). It is possible that
cytokines other than VEGFyVPF are involved in the regula-
tion of vascular permeability, but we cannot exclude the
possibility that the mouse VEGFyVPF released by host cells
(e.g., macrophage and fibroblast) infiltrated into the human
tumor xenografts is responsible for the remaining level of the
vascular permeability (6, 7). The antibody used in our study
was developed against human VEGFyVPF and has no effect

FIG. 2. Diameter of long vessels (.200 mm) decreased significantly
in the antibody-treated (solid symbols) LS174T tumors transplanted in
dorsal skinfold chambers in SCID mice, compared with the controls
(open symbols) (P , 0.0001). Vessel diameter and length were
measured at various time points postbolus i.v. injection of the anti-
VEGF antibody (N 5 3) or PBS (N 5 3).

Table 4. Time-dependent changes in vascular volume in LS174T
tumors in dorsal skinfold chambers: Total vascular volumeytumor
surface area (1024 cm3ycm2)*

Control Antibody-treated Time, day

6.87 (6.45–6.89) 1.43 (1.00–2.37)† 1
2.82 (2.57–11.23) 1.82 (1.61–2.01)† 3
3.72 (2.24–10.14) 1.09 (0.70–2.85) 5

The data are shown as median (range). The anti-VEGF antibody
(492 mgyml) (N 5 3) or PBS (N 5 3) was administered as a bolus i.v.
approximately 3 weeks after tumor transplantation, depending on
growth rate and vascularization of tumors; and the measurement was
performed at various time points postinjections. The dose of each
injection was 0.2 ml.
*The volume per tumor surface area was calculated using the data of
vessel diameter and length.
†P , 0.05 vs the matched control.

Table 5. Time-dependent changes in vascular density in LS174T
tumors in dorsal skinfold chambers: Vessel density (cmycm2)

Control Antibody-treated Time, day

101 (71–112) 104 (100–124) 1
117 (104–133) 115 (93–155) 3
111 (101–120) 102 (94–117) 5

See Table 4 legend for details.
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on its mouse form, as shown above for the MCaIV tumors.
Thus, the anti-VEGFyVPF treatment may not be able to
neutralize all of the VEGFyVPF molecules in experimental
tumors. Finally, neutralization of the growth factor may elicit
endothelial cell remodeling to seal fenestrae induced by
VEGFyVPF (13) and thus to lower the extravasation of
macromolecules. However, the antibody treatment may not
lead to the expression of adhesion molecules (e.g., vascular
endothelial cadherin) (25) involved in forming normal junc-

tions between endothelial cells. Defects in the junctional
structure may lead to an increase in vascular permeability (2).
The time-dependent response of tumor vessels to the anti-

VEGFyVPF treatment differs when the antibody is adminis-
tered i.v. vs i.p. This discrepancy could be related to the
pharmacokinetics of the antibody. Intravenous injection re-
sults in a rapid increase in the plasma concentration and a
higher peak value of the antibody in comparison with the i.p.
injection. Therefore, a similar pharmacokinetic profile may

FIG. 3. Photographs showing the reduction of vessel volume in LS174T tumors transplanted in dorsal skinfold chambers after the
anti-VEGFyVPF treatment. The photos were taken at various time points both before (day 0; A and D) and after bolus i.p. injections of PBS (B
and C) or the anti-VEGFyVPF antibody (E and F) on day 3 (B and E) or 7 (C and F). The injections were given at days 0 and 4, respectively. The
size of tumors before treatments was '4 mm in diameter. There was a significant decrease in vessel volume of the antibody-treated tumor. Small
vessels in this tumor were not visible on days 3 (E) or 7 (F) because of the lower magnification of these images.
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occur in tumors, which results in a higher rate of VEGFyVPF
neutralization in tumors in the case of i.v. injection. The extent
of permeability reduction is similar in both cases, suggesting
that the dose of the antibody injection in our study is adequate
to saturate the endogenous human VEGFyVPF in tumors.
Our previous studies (ref. 4 and unpublished data) indicate that

tumor vascular permeability depends on the tissue microenvi-
ronment. The vascular barrier in a human glioblastoma (HGL21)
transplanted in the cranial windows in SCID mice is comparable
to the blood-brain barrier (4) and can be interrupted by topical
application of a human recombinant VEGFyVPF (unpublished
observation). However, when the tumor is transplanted s.c., the
vessels become leaky (unpublished observation). On the other
hand, if vessels are leaky at both places, the ones in the cranial
windows exhibit higher permeability than the vessels in the dorsal
skinfold chambers. This phenomenon has been observed for
LS174T tumors (Tables 2 and 3) as well as for the vessels induced
by different growth factors sequestered in collagen gels (26).
Anti-VEGFyVPF treatment eliminates such a difference be-
tween sites of tumor transplantation (Tables 2 and 3), suggesting
that the apparent difference in the vascular permeability of
LS174T tumors transplanted at two locations could be attributed
to the extent of VEGFyVPF expression.
Previous studies have shown that anti-VEGFyVPF treatment

inhibits angiogenesis and thus retards tumor growth (6, 7).
However, we have found that this antibody also induces regres-
sion of preformed vessels in solid tumors, implying that the
anti-VEGFyVPF treatment may cause tumor shrinkage in addi-
tion to growth inhibition. The mechanism(s) of vessel regression
is still unknown. Two possible scenarios are suggested here. First,
endothelial cells may undergo apoptosis after removal of the
VEGFyVPF (27) or after anti-angiogenic therapy (28). Thus,
VEGFyVPF is also referred to as a survival factor for vascular
endothelial cells (27). Second, endothelial cells may become
smaller in size after neutralization of endogenous VEGFyVPF,
which will result in a decrease in vessel diameter as observed in
the present study (Figs. 1 and 2). The second scenario is proposed
based on the study of Augustin et al. (29) who have demonstrated
that the normal bovine corpus luteum regression is characterized
by the rounding, condensation, and detachment of endothelial
cells and does not apparently involve endothelial cell apoptosis.
Once the vessel diameter is smaller than the minimum diameter
of erythrocytes ('2.8 mm), the blood flow will be stopped in that
vessel and the in the down stream vascular network. In some
cases, vessels larger than 2.8 mm could also be blocked by tumor
cells or leukocytes because they are much more rigid than
erythrocytes (30) and interact with vascular endothelial cells via
adhesion molecules (31–33). The progression of these processes
may stop blood flow in the entire tumor vascular network.
Therefore, we propose that both pathways of the vessel regression
are present in solid tumors after the anti-VEGFyVPF treatment
and that tumor vessels require constant stimulation with VEGFy
VPF to maintain their morphology and endothelial cell prolifer-
ation.
The expression of VEGFyVPF and its receptor (kinase insert

domain receptor) is directly correlated with the incidence of
metastasis (34); and anti-VEGFyVPF treatments inhibit the
tumor cell dissemination (19, 20). The mechanism has been
suggested to be due to the decrease in tumor vessel density and,
thus, to the decrease in the probability of tumor cell intravasation.
The results of the present study propose a new possible mecha-
nism for interpreting the data of tumor metastasis: Anti-VEGFy
VPF treatment reduces the diameter of tumor vessels, which leads
to a significant increase in resistance to blood flow and cancer cell

movement within tumor vessels and eventually can block tumor
blood flow as discussed above and thus can inhibit blood-borne
metastasis.
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