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Abstract
Growth of the human rhabdomyosarcoma A673 cell line in nude mice
is substantially reduced but not completely suppressed after systemic
administration of the antihuman vascular endothelial growth factor
(VEGF) monoclonal antibody (Mab) A.4.6.1. Potentially, such escape
might be attributable to incomplete local penetration of the antibody
because of a diffusion barrier associated with tumor growth. Alternatively, it might reflect a compensatory up-regulation of murine VEGF,
produced by the stroma of the host, or of other angiogenic factor genes. To
test these potential mechanisms, systemic administration of Mab A.4.6.1.
was performed in conjunction with intratumoral administration of an
irrelevant antibody, an antihuman VEGF Fab or mFlt(1-3)-IgG that
neutralizes both human and murine VEGF. Tumor growth in the systemicplus-intratumoral anti-VEGF group was not different from that in the
systemic anti-VEGF-plus-intratumoral-control antibody group, arguing
against the possibility that bioavailability is the factor that limits the
antitumor efficacy of Mab A.4.6.1. However, intratumoral mFlt(1-3)-IgG
administration dramatically enhanced the activity of systemic anti-VEGF
Mab and resulted in complete suppression of tumor growth, which indicated that host VEGF significantly contributes to tumor growth. Systemic
administration of mFlt(1-3)-IgG alone replicated these findings. Histological analysis of residual tumor tissues revealed an almost complete absence
of host-derived vasculature and massive tumor-cell necrosis in the mFlt(13)-IgG groups. Such extensive necrotic areas were not present in the other
groups. Real-time reverse transcription-PCR analysis of total RNA derived from tumor tissues indicated strong up-regulation of both human
and murine VEGF as well as other genes regulated by hypoxia. Our
findings emphasize the need to completely block VEGF for maximal
inhibition of tumor growth.

Introduction
There is extensive evidence that the development of a neovascular
supply is required for a variety of proliferative processes (1). VEGF2
is a key regulator of physiological and pathological angiogenesis, and
even partial inactivation of the VEGF gene results in early embryonic
lethality (2, 3). Inhibition of VEGF activity by neutralizing antibodies
or other inhibitors results in significant tumor suppression in a broad
variety of tumor cell lines (4, 5). Also, administration of a chimeric
murine soluble VEGF receptor protein, mFlt(1-3)-IgG, induces
growth arrest and lethality in neonatal mice (6). However, safety
evaluation studies in fully developed rodents or primates have failed
to detect any significant toxicity after VEGF blockade, except inhibition of corpus luteum angiogenesis (6 – 8). This favorable safety

profile, combined with considerable antitumor efficacy in preclinical
models, has made VEGF inhibitors attractive candidates for the treatment of solid tumors. A humanized anti-VEGF Mab has completed
Phase I and Phase II trials in cancer patients, and, currently, Phase III
studies are under way. Phase II studies have shown initial evidence of
clinical efficacy in non-small cell lung and colorectal carcinoma
patients (9, 10). Small molecules inhibiting VEGF receptor signal
transduction are undergoing clinical testing as well (for review, see
Ref. 11).
Systemic administration of the murine Mab A.4.6.1, directed
against human VEGF, causes considerable inhibition of human rhabdomyosarcoma xenografts growth in immunodeficient mice (4).
When the treatment is initiated at the same time or shortly after
tumor-cell inoculation, the growth inhibition is dramatic, exceeding
90 –95%. However, if tumors are allowed to reach a significant size
prior to the beginning of the treatment, the level of inhibition is less
complete, and tumors escape from the inhibition. This phenomenon
might reflect molecular and cellular alterations resulting from
genomic instability and/or increased mutation rates in the tumor cells.
This might provide the molecular framework for a compensatory
up-regulation of angiogenic molecules other than VEGF, or alternatively, for the down-regulation of antiangiogenic genes under growthselective conditions. Such escape could also be potentially mediated
by increased production of VEGF by the stroma of the host, because
Mab A.4.6.1. does not neutralize murine VEGF (4, 12). Another
factor that may potentially account for tumor escape after systemic
administration of Mab A.4.6.1 is the blood/tumor barrier, attributable
in part to interstitial hypertension, which may prevent systemically
delivered therapeutic agents from achieving optimal concentrations in
the extravascular space (13). The availability of several inhibitors
enabled us to study the relative contribution of all these potential
mechanisms involved in angiostatic escape. Our findings indicate that
neither insufficient bioavailability nor compensatory regulation of
antiangiogenic or angiogenic factor, but, rather, the up-regulation of
host-derived VEGF is primarily responsible for the angiostatic escape
observed with the A673 rhabomyosarcoma.
Materials and Methods

In Vivo Experiments. Human A673 rhabdomyosarcoma cells (HTB 1598)
were cultured as described previously (4). Five ⫻ 106 cells in 0.1 ml of
Matrigel were injected s.c. in the dorsal flank region of beige nude mice
(Harlan Sprague Dawley). Five days after tumor cell inoculation, when the
xenografts were clearly established and had reached a volume of 50 –100 mm3,
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Volume was 0.1 ml and injected slowly. Injections were done every other day
throughout the experimental period. The control group received both systemic
and intratumoral administration of the control Mab. Tumor size measurements
were performed every second day and tumor volume was calculated using the
ellipsoid volume formulas (/6 ⫻ L ⫻ W ⫻ H, where L ⫽ length, W ⫽ width,
and H ⫽ height; Ref. 15). In an additional set of experiments, we compared
systemic delivery (i.p.) alone of Mab A.4.61 (10 mg/kg twice weekly) versus
mFlt(1-3)-IgG (1, 10, 25, or 50 mg/kg daily). Statistical analysis of tumor
volumes and gene expression data were performed using ANOVA software
(Abacus Concepts, Inc., Berkeley, CA).
Histology and Immunohistochemistry. Tumors were fixed in 10% neutral buffered formalin for 12–16 h prior to paraffin embedding. H&E staining
and immunohistochemistry for Flk-1 and CD31 expression were performed as
described previously (6). Briefly, tumor tissue sections either were pretreated
with 0.1% trypsin for 10 –15 min at 37°C and then incubated with rat antimouse CD31 (mAb MEC13.3, PharMingen, San Diego, CA) at 1:500 dilution
overnight at 4°C or were pretreated with Trilogy antigen retrieval solution
(Cell Marque, Austin, TX) at 99°C for 1 h and then incubated with rat
antimouse Flk-1 (mAb MALK-1; Ref. 6) at 3.9 mg/ml overnight at 4°C.
Immunoreactivities were visualized by the avidin-biotin complex technique
using Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) with
diaminobenzidine as chromogen. Hematoxylin was used as counterstain.
Real-Time Quantitative RT-PCR Analysis. RNA was isolated from frozen tumor tissue harvested at necropsy from five specimens of each treatment
group using the STAT 60 method (TEL-TEST “B,” Friendswood, TX), and
purified on RNeasy Quick spin columns (Qiagen, Valencia, CA)., One hundred
ng of total RNA per reaction were analyzed using the RT-PCR kit from
Perkin-Elmer, following the manufacturer’s instructions (PE Applied Biosystems, Foster City, CA). Reactions were run in 96-well plates in a Model 7700
Sequence Detector (PE Applied Biosystems), and results were analyzed using
Sequence Detection Software (PE Applied Biosystems). RT-PCR conditions
were 30 min at 48°, 10 min at 95°C, and 40 cycles of 30 s at 95°C and 90 s
at 60°C. Relative RNA equivalents for each sample were obtained by standardizing to GAPDH levels. Each of the five samples per group was run in
duplicates to determine sample reproducibility, and the average relative RNA
equivalents per sample pair was used for further analysis. Statistical analysis
was performed using ANOVA software (Abacus Concepts, Inc., Berkeley,
CA). Species specificity of the probe primer sets was verified by testing total
RNA derived from human epithelial cells or mouse kidney RNA (data not
shown). Expression levels have been standardized to the probe/primer sets
specific for human or murine GAPDH, respectively.

Results and Discussion
Systemic administration of the murine antihuman VEGF Mab
A.4.6.1, initiated when the tumors are already established and vascularized, causes a significant growth delay but not complete suppression of A673 rhabdomyosarcoma xenografts (4, 16). Because tumor
growth is accompanied by a blood/tumor barrier which may limit the
ability of therapeutics to diffuse into the tumor (13), it is possible that
incomplete inhibition of tumor growth might result from insufficient
penetration of the circulating antibody in the extravascular space. We,
therefore, examined whether the activity of systemic A.4.6.1 can be
enhanced by intratumoral administration of an affinity-matured humanized anti-VEGF Fab (14) that neutralizes human (but not murine)
VEGF with 50 –100-fold higher potency than the parental Fab (17)
and is also substantially more potent in inhibiting VEGF-induced
mitogenesis than full-length Mab A.4.6.1. (data not shown). A Fab has
a 3-fold lower size than a full-length IgG and is more diffusible in
several biological systems (18). However, intratumoral Fab did not
cause any additional inhibition of tumor growth in Mab A.4.6.1treated mice. As a second reagent, we tested mFlt(1-3)-IgG, which is
able to inhibit both human and murine VEGF. Intratumoral injection
of mFlt(1-3)-IgG, in conjunction with systemic administration of Mab
A.4.6.1, resulted in essentially complete inhibition of A673 tumor
growth (Fig. 1A) even over a prolonged treatment period lasting 4
weeks (Fig. 1B). These findings indicate that, in this experimental

Fig. 1. Xenograft experiments in nude mice. Animals (n ⫽ 5 per group) were treated with
different anti-VEGF compounds or a control antibody. In A, 5 ⫻ 106 human A673 rhabdomyosarcoma cells were injected s.c. in the dorsal area. Treatment was started after day 5 by
i.p. administration of Mab A.4.6.1 or control Mab at 10 mg/kg, twice weekly. Intratumoral
injection of mFlt(1-3)-IgG, Fab, or control Mab was at 25 mg/kg, every other day. In B, mice
were treated as indicated. Mice receiving Mab A.4.6.1 plus mFlt(1-3)-IgG were treated until
day 33. C, systemic administration of VEGF inhibitors. A673 cells were injected as described
above. Animals were injected i.p. with Mab A.4.6.1 at 10 mg/kg twice weekly or with
mFlt(1-3)-IgG daily at the doses indicated. Control Mab was administered at the dose of 25
mg/kg. After 2 weeks, the animals were killed, and the tumor weight was determined.
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Fig. 2. Effects of anti-VEGF treatments on the histopathology of A673 xenografts. Serial sections of tumors harvested from mice treated with control antibody (A–D),
systemic Mab 4.6.1 and intratumoral FAb (E–H), or systemic Mab 4.6.1 and intratumoral mFlt(1-3)-IgG (I–L) were stained with H&E (A, B, E, F, I, J) or by immunoperoxidase
for the endothelial cell markers Flk-1 (C, G, K) and CD31 (D, H, L). In A, control tumors showed regions of geographic necrosis that were often most pronounced in deeper
areas (bottom). In B, entrapped host-derived elements such as skeletal muscle fibers (arrows) were frequently seen in the invasive tumors. In C and D, tumor microvessels were
often present in increased numbers near host elements such as entrapped muscle fibers (arrows). In E, Mab A.4.6.1-treated tumors also showed geographic necrosis. In some
areas, the tumor-necrosis interface stained more deeply than the viable tumor (arrows); this is attributable to nuclear pyknosis, an early necrotic change (see J also ). In other
areas, the tumor-necrosis interface lacked pyknotic changes (arrowheads and box). The interface region within the box (E) is shown at higher magnification in F, G, and H.
In F, areas of previous necrosis began to resolve with ingrowth of granulation tissue stroma (upper right). The adjacent tumor (lower left) appeared to be viable and proliferative,
without nuclear pyknosis and karyorrhexis in the border zone. In G and H, immunostains for endothelial cell markers demonstrated the high vascularity of the stromal ingrowth.
In I, mFlt(1-3)IgG/Mab A4.6.1-treated tumors were largely necrotic. A thin peripheral zone of viable tumor remains adjacent to the border of the tumor mass and surrounding
host tissues. In J, the tumor-necrosis interface in mFlt-1 (1-3)IgG-treated tumors showed progression from viable tumor through pyknosis and karyorrhexis, indicating
continuing cell death. In K and L, immunostains for endothelial cell markers revealed a complete lack of neovascularization at the tumor-necrosis interface. Nonspecific staining
of the necrotic regions as shown here was also seen in nonspecific isotype-matched primary antibody controls. A single vessel is present within the viable tumor (arrow). It
is notable that in control tumors, immunoreactivity for Flk-1 (C) was more intense than for CD31 (D), whereas in the anti-VEGF-treated tumors, this relationship was reversed
(G and K versus H and L). Scale bars: 1 mm (A, E, and I); 100 m (B–D, F–H, and J–L).

6255

Downloaded from cancerres.aacrjournals.org on March 4, 2021. © 2000 American Association for Cancer
Research.

COMPLETE VEGF BLOCK INHIBITS TUMOR GROWTH

system, lack of bioavailability is not the factor mediating resistance to
Mab A.4.6.1. A likely explanation is that an inhibitor of angiogenesis
such as anti-VEGF Mab has a more limited need to diffuse in the
extravascular space relative to conventional anticancer agents. Instead, complete suppression of tumor growth required neutralization
of host-derived as well as tumor-derived VEGF. To further verify
these findings, we compared systemic delivery alone of Mab A.4.6.1
versus several doses of mFlt(1-3)-IgG. As illustrated in Fig. 1C,
mFlt(1-3)-IgG administration resulted in a dose-dependent suppression of tumor growth. At the higher doses, the inhibition as assessed
by tumor weight was approximately 97%. The inhibition afforded by
Mab A.4.6.1. was approximately 90%.
Histopathological examination revealed that neovascularization of
the xenografts still occurred in mice treated with A.4.6.1 alone and in
combination with intratumoral Fab but was nearly completely abolished in mice treated with Mab A.4.6.1 together with mFlt(1-3)-IgG
(Fig. 2). Although the Mab A.4.6.1-treated tumors plus Fab or control
antibody were markedly smaller than controls, they displayed qualitatively similar histological appearances, with scattered regions of
geographic necrosis in various stages of evolution. In later stages, the
tumors recruited the ingrowth of highly vascular granulation tissuelike stroma, which appeared to replace necrotic areas and allow tumor
regrowth. However, tumors treated with Mab A.4.6.1 together with

mFlt(1-3)-IgG showed large areas of confluent necrosis, with only a
thin peripheral rim of viable cells remaining in much of the tumors.
Strikingly, there was a complete lack of recruitment of new vessels
into the necrotic areas. These findings indicate that in the A673
xenograft model, VEGF is a key regulator of tumor angiogenesis. The
inability of Mab A.4.6.1 alone to completely suppress tumor neovascularization and growth seemed to result primarily from the production of murine VEGF by host cells associated with the tumor. The
A673 xenografts grew with the invasion of adjacent tissues, which
resulted in the frequent entrapment of host skeletal muscle fibers and
adipocytes within the tumor mass (Fig. 2). Thus, these cells as well as
vessel-associated pericytes and infiltrating macrophages (19) may
represent sources that contribute to increased levels of host VEGF in
the tumors. The histological picture of tumors from animals treated
with systemically delivered mFlt(1-3)-IgG at the doses of 25 or 50
mg/kg was indistinguishable from that of the groups that received
intratumoral mFlt(1-3)-IgG, with extensive area of necrosis. However,
such extensive necrotic areas were not present in the Mab-alone
groups (data not shown).
To identify candidate angiogenic factors that might be compensatorily up-regulated under complete VEGF block conditions, we analyzed a panel of known genes, involved in the regulation of angiogenesis. Peripheral tumor tissues from all of the treatment groups were

Table 1 Sequences of primers and probes used for real-time RT-PCR analysis of tumor RNA
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Fig. 3. RT-PCR gene expression analysis of control tumors and tumors treated with
Mab A4.6.1/Flt-IgG. A, comparison of relative RNA levels of human genes between total
RNA isolated from tumors harvested from mice treated with Mab A.4.6.1/Flt(1-3)-IgG or
control/control during a 12-day treatment period. Black bars, relative changes in percentage to control-treated tumors. Statistically significant changes: ⴱ, P ⬍ 0.05; ⴱⴱ, P ⬍ 0.005
(n ⫽ 5). Expression levels have been standardized to the probe/primer sets specific for
human or murine GAPDH, respectively. B, comparison of RNA levels of mouse genes
with total RNA isolated from tumors as defined in A. ⴱ, P ⬍ 0.05; ⴱⴱ, P ⬍ 0.005 (n ⫽ 5).

harvested at necropsy, and total RNA was isolated and analyzed for
gene expression by real-time RT-PCR. To determine whether such
genes are expressed by the tumor or the host cells, we used primer sets
(Table 1) to differentially amplify human and murine counterparts.
Because all three of the anti-VEGF treatment groups displayed similar
changes in their gene expression profile relative to controls, data are
shown for the Mab A.4.6.1/mFlt(1-3)-IgG versus irrelevant control
Mab tumors. From a panel of 21 human genes analyzed, VEGF itself
(1.8-fold) and angiopoietin 1 (1.6-fold) were found to be significantly
up-regulated. There was a moderate induction of other members of the
human angiopoietin family such as Ang2 (1.3-fold), Ang4 (1.4-fold),
which, however, did not reach statistical significance (Fig. 3A).
Among the VEGF-related genes, VEGF-B and VEGF-C were downregulated. In contrast, the PlGF gene was significantly induced.
Interestingly, the Flt-1 receptor (VEGFR-1) is known to bind PlGF
and VEGF-B in addition to VEGF (for review, see Ref. 20). Therefore, the possibility exists that neutralization of at least PlGF contributes to the effects of mFlt(1-3)-IgG reported here. However, available
data indicate that both VEGF-B and PlGF have little or no direct
mitogenic effect on endothelial cells, and their action depends largely

on the formation of heterodimers with VEGF (21, 22) or by rendering
the vascular endothelium more sensitive to the action of VEGF (23).
Both models imply that VEGF is required for much of the biological
activity of these molecules. It is noteworthy that not only mFlt(1-3)IgG but also Mab A.4.6.1 is able to inhibit the mitogenic activity of
PlGF/VEGF heterodimers. Mab A.4.6.1, at the concentration of 5
g/ml was able to completely inhibit the endothelial cell-mitogenic
activity of 200 ng/ml PlGF/VEGF heterodimers. Therefore, the
greater tumor-suppressing activity of mFlt(1-3)-IgG is not likely to be
attributable to inhibition of PlGF signaling. However, it is possible
that PlGF/VEGF heterodimers contribute to the overall process of
tumor angiogenesis. Additional studies with truly specific inhibitors
are required to fully assess the contribution of the other members of
the VEGF family. Among the 24 murine genes examined, VEGF
displays the strongest up-regulation (2.9-fold). This finding supports
the hypothesis that host-derived VEGF is a significant contributor to
the overall process of tumor angiogenesis. Interestingly, other murine
angiogenic genes, including PlGF, were found to be repressed in the
presence of such complete VEGF-blockade (Fig. 3B). There was also
a striking correlation between tumor size and expression levels of
endothelial cell marker genes such as PECAM, Tie1, and Tie2 as well
as the VEGF receptors. Also, a set of human and mouse genes
belonging to the family of hypoxia-inducible genes such as Glut-1
LDH-A were found to be induced under VEGF blockade conditions
(Fig. 3, A and B), which indicated that anti-VEGF-treated tumors are
hypoxic when compared with control tumors, which could contribute
to the up-regulation of VEGF.
The hypothesis that stromal-derived VEGF is implicated in tumor
angiogenesis has been also tested in a transgenic mouse model, using
a VEGF promoter fragment to drive the expression of green fluorescent protein (GFP; Ref. 24). Inoculation of tumor cells strongly
induced expression of the VEGF promoter in the stroma of the host
(24). However, subsequent studies using a similar transgenic model
but with a different VEGF promoter fragment have yielded a lower
GFP expression in the stroma and a greater expression in the epithelium (25). Thus, the extent to which stromal-derived VEGF contributes to the process of tumor angiogenesis so far has been unclear.
It is noteworthy that our findings argue against the possibility that
a partial blockade might be sufficient for optimal inhibition of VEGFdependent tumor angiogenesis. This is in apparent contrast to the
findings in gene knock out experiments in mice, in which even partial
inactivation of the VEGF gene results in embryonic lethality (2, 3). In
conclusion, we demonstrate that in the A673 xenograft model, systemic Mab A.4.6.1 antibody exerted a maximal efficacy, which could
not be improved by local administration of an antihuman VEGF Fab.
However, a reagent that blocked host VEGF completely suppressed
residual tumor growth. Such complete inhibition was accompanied by
a striking morphological change relative to partial inhibition:
the presence of extensive necrosis. It remains to be seen whether other
tumor cell types can induce an adaptive response to antiVEGF treatment and, hence, escape in the presence of a total VEGF
blockade.
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