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SUMMARY: Angiogenesis is a key component of human cancer progression and metastasis. In an effort to recapitulate early
events in tumor-induced angiogenesis, we have employed a subcutaneous Matrigel implant model using immunodeficient mice
as hosts. Matrigel-containing fibroblast growth factor 2 (FGF-2; 1.2 mg/ml) induced stromal cell infiltration into the Matrigel/skin
interface within 4 days and maximal neovascularization at 7 days. Cells staining positive for the endothelial cell marker,
platelet-endothelial cell adhesion molecule 1 (PECAM-1), were present in neovessels and in isolated cells within the Matrigel
matrix. Immunohistochemical analysis revealed high levels of vascular endothelial growth factor (VEGF) deposited in the stromal
interface present only in the FGF-2–containing but not in control Matrigel implants. VEGF expression was confirmed with in situ
hybridization. High VEGF mRNA levels were observed in the infiltrating stromal cells but not in endothelial or endothelial
precursors as defined by PECAM-1 staining. In vitro analysis of FGF-2–treated embryonic fibroblasts, Balb/c 3T3 cells, showed
an induction of VEGF transcription, mRNA synthesis, and protein secretion as defined by transcriptional reporter, Northern blot,
and ELISA assays. The FGF-2–induced VEGF expression was not dependent on select matrix adherence or signaling
components because VEGF mRNA expression induced by FGF-2 was equally activated on serum, basement membrane, and
fibronectin matrix substrates. Systemic application of anti-VEGF antibodies significantly repressed FGF-2–induced angiogenesis
over control antibody by 88% (p , 0.001). These data support an FGF-2 angiogenic model that is dependent on endothelial cell
activation, stromal cell infiltration, and VEGF expression by the infiltrating stromal cell population. (Lab Invest 2001, 81:61–75).

T umor-derived angiogenic cytokines have been
implicated as potent positive factors for primary

tumor growth and metastasis and correlate with poor
prognosis (Abdulrauf et al, 1998; Axelsson et al, 1995;
Dosquet et al, 1997; Gasparini and Harris, 1995; Guidi
et al, 1995; Okita et al, 1998; Volm et al, 1999; Weidner
et al, 1991, 1992; Wu, 1996). Because angiogenic
cytokine levels detected in the clinical setting are
typically from established tumors, it has been difficult
to assess the role of specific angiogenic cytokines on
early tumor growth and angiogenesis. The angiogenic
response has been one event that significantly con-
tributes to the transition from moderate growth of
primary transformed cells to that of an established
vascularized tumor (Folkman, 1992; Folkman and
Hanahan, 1991). It is reasonable to hypothesize that
the interaction of tumor-derived angiogenic factors

with the surrounding tissue environment will greatly
affect the early oncogenic process in a positive
manner.

Multiple tumor types have been defined as express-
ing potent angiogenic cytokines such as basic fibro-
blast growth factor (FGF-2), vascular endothelial
growth factor (VEGF), interleukin-8 (IL-8), and angio-
genin, among others (Abdulrauf et al, 1998; Dosquet et
al, 1997; Kumar et al, 1998; Mattern et al, 1997; Mise
et al, 1996; Potgens et al, 1995; Schmidt et al, 1999;
Volm et al, 1999). Both FGF-2 and VEGF expression
has been strongly correlated with vascular density,
metastatic potential, and poor survival in human co-
lon, breast, prostate, and melanoma (Abdulrauf et al,
1998; Dosquet et al, 1997; Mattern et al, 1997; Okita et
al, 1998; Schmidt et al, 1999; Ueki et al, 1995; Volm et
al, 1999; Xerri et al, 1996). FGF-2, which is not
secreted through vesicular pathways, can be exported
from cells with unique extrusion pathways or large
amounts can be released on cell death (Florkiewicz et
al, 1995, 1998; Kiefer et al, 1993). FGF-2 has been
selectively pinpointed as an important tumorigenic
cytokine in prostate cancers in which both FGF-2 and
FGF-2 receptor subtypes are coexpressed (Davol and
Frackelton, 1999; Ittman and Mansukhani, 1997).
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Prostate cancer cells demonstrate a high proliferative
index in vitro and in vivo, likely resulting from this
FGF-2/FGF-R pathway (Ittman and Mansukhani,
1997). In addition many other tumor types express
FGF-2/FGF-R at high levels (Berger et al, 1999; Sumi-
tomo et al, 1999; Tamiya et al, 1998; Ueki et al, 1995;
Xerri et al, 1996; Yoshimura et al, 1998).

VEGF is also widely distributed in many tumor types
and is strongly correlated with tumorigenic progres-
sion and metastasis (Berger et al, 1995; Brown et al,
1995, 1999; Guidi et al, 1995; Jaeger et al, 1995;
Weidner et al, 1991, 1992). VEGF expression is posi-
tively activated by both ras and src-mediated onco-
genic transformation pathways (Charvat et al, 1999;
Fleming et al, 1997; Grugel et al, 1995; Okada et al,
1998; Rak et al, 1995a, 1995b; Shi and Ferrara, 1999).
In addition, VEGF expression is tightly regulated with
environmental stress, in particular, hypoxia and hypo-
glycemia (Banai et al, 1994; Carmeliet et al, 1998;
Claffey and Robinson, 1996; Damert et al, 1997;
Forsythe et al, 1996; Maxwell et al, 1997; Shweiki et al,
1995; Stein et al, 1995; Stone et al, 1995). VEGF, also
known as vascular permeability factor (VPF), is a
potent activator of microvascular permeability and is
even more potent than histamine on a per molar basis
(Senger et al, 1987, 1990). The level of FGF-2 and
VEGF expression in tumor cells may play a critical role
in tumor expansion, invasion, and metastasis. The
selective effects of FGF-2 and VEGF on endothelial
cells have been described to regulate cell proliferation
(Goto et al, 1993), integrin expression and function
(Senger et al, 1996), metalloproteinase activators
(Mandriota and Pepper, 1997; Pepper et al, 1991,
1998), matrix-dependent adhesion and migration
(Senger et al, 1996), cell permeability and cell–cell
junction alterations (Dellian et al, 1996; Hippenstiel et
al, 1998), and morphogenic differentiation and vascu-
lar lumen formation (Pepper et al, 1992). FGF-2 is a
growth factor that activates a proliferative response in
many cell types in addition to endothelial cells, includ-
ing stromal and tissue fibroblasts (Berger et al, 1999;
Ittman and Mansukhani, 1997; Sumitomo et al, 1999;
Yoshimura et al, 1998). The role of FGF-2 in promoting
a stromal response in relation to tumor angiogenesis
has not been addressed to date.

FGF-2 has long been known to be a potent activator
of angiogenesis in several types of angiogenic models
in vivo, including chick chorioallantoic membrane as-
say (Ribatti et al, 1997; Wilting et al, 1991), rabbit,
mouse, and rat corneal pocket assay (BenEzra et al,
1993; DeLisser et al, 1997; Kenyon et al, 1996; Seg-
hezzi et al, 1998; Ziche et al, 1997), and sponge or
Matrigel subcutaneous implant models in rodents (An-
drade et al, 1997; BenEzra et al, 1993; Hu and Fan,
1995a, 1995b; Passaniti et al, 1992). VEGF has also
been described as an angiogenic factor in vivo (Asa-
hara et al, 1995; Dellian et al, 1996; Wilting et al, 1993),
yet its potency does not appear to equate with FGF-2
in many of the assays used. This may be due to the
effect of FGF-2 on multiple cell types, whereas the
limited expression of VEGF receptors on selective
cells, such as endothelial cells, restricts the cellular

targets for this cytokine (Mandriota and Pepper, 1997).
VEGF also has a relatively short half-life and is rapidly
degraded in serum; thus it is likely that a continuous
supply is needed for maximal activity at the angio-
genic site. Interestingly, it has been shown in several
of these angiogenic models that FGF-2 and VEGF,
when incorporated together, are highly synergistic in
their angiogenic response (Asahara et al, 1995; Goto
et al, 1993; Pepper et al, 1992, 1998).

Combined, these data indicate that the functional
result of FGF-2 expression in vivo may include the
activation of multiple cell types in addition to endothe-
lial cells, which promotes the angiogenic response. A
question arises with respect to FGF-2 function: Does
FGF-2 release result in the induction of VEGF expres-
sion in the angiogenic loci, and if so, by what cell
types? Several studies have indicated that VEGF is
highly expressed in the hypoxic regions of the tumor
as would be expected, but is also expressed in tissue
stroma (Brown et al, 1993; Flamme et al, 1998; Fuku-
mura et al, 1998; Huang et al, 1998; Levine et al, 1998;
Senger et al, 1994). The specific mechanism control-
ling stromal cell VEGF expression is unclear. Here we
examined the potential for FGF-2 to regulate VEGF
expression in infiltrating stromal cells using a mouse
Matrigel angiogenesis model. In this model of early
angiogenesis, FGF-2 strongly induces the expression
of VEGF in stromal cells in vivo and is supported by
similar regulation of embryonic fibroblasts in vitro.
These observations suggest that tumor-derived
FGF-2 promotes a stromal angiogenic response that is
critical for initial tumor expansion and potentially con-
tributes to metastasis by activating VEGF expression
in stromal cells.

Results

FGF-2 Potently Induces Angiogenesis in the Mouse
Matrigel Model in Athymic Nude Mice

Because the growth of tumors beyond a minimal size
is angiogenesis-dependent (Folkman, 1992), the initial
activation of surrounding stromal tissues with tumor-
derived angiogenic cytokines is likely to be a critical
event in tumor cell survival. Many tumor types are
tightly associated with activated stroma such as
breast, colon, and prostate (Brown et al, 1999; Dvorak,
1988, 1992). FGF-2 release from either initial tumor
foci or large necrotic tumors may significantly affect
the stromal microenvironment to promote tumor via-
bility. To model FGF-2–driven angiogenesis, we used
a modified subcutaneous Matrigel angiogenesis assay
in which we have incorporated FGF-2 into the Matrigel
implant. A key feature of this model is the use of
immunodeficient athymic nude mice as a host for the
Matrigel implants. A significant advantage of this
model is the complete lack of angiogenesis with
Matrigel alone because there is little inflammation-
directed angiogenesis in these animals. Thus the
activation and propagation of the angiogenic re-
sponse is limited to the effectiveness of the angio-
genic stimuli contained within the Matrigel, in this case
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FGF-2, not postinflammatory events. Because new
vessels arise in the clearly defined skin/Matrigel inter-
face, they are easily delineated using standard histo-
logical methods.

We observed a significant induction of angiogenesis
in subcutaneous Matrigel implants containing FGF-2
as evident by gross appearance of the Matrigel plugs
(Fig. 1A). The FGF-2–containing Matrigel implants
show distinct vascular dilation around the implant,
with a halo effect of new microvessel formation imme-
diately adjacent to the implants. The control Matrigel
alone showed little change in the underlying skin
vasculature without the induction of microcapillaries
around the Matrigel plug. It should be noted that
subcutaneous macrophotographs are difficult to
quantify due to the diversity of background skin ves-
sels, interference with opaque Matrigel implants, and
difficulty in normalizing illumination and contrast in
various samples.

To critically evaluate the induction of new vessels,
cross-sections of the Matrigel/skin interface stained
with hematoxylin and eosin (H&E) identified stromal
cell infiltration and neovessels within the interface (Fig.
1A). The interface in the FGF-2–containing Matrigel
implant exhibits a dense stromal staining that contains
lumenal vessels filled with fixed blood cells. Quantifi-
cation of blood vessels within this new stromal inter-
face structure was performed by counting the lumenal
structures that had entrapped blood cells across the
whole length of the skin/Matrigel interface. Although
this method underrepresents small capillary vessels,
the angiogenic response to FGF-2 produces well-
defined vascular structures within the interface. Five
individual Matrigel implants from control or FGF-2
implants at 4 and 7 days postimplantation were ana-
lyzed in this fashion, and the results indicate a signif-
icant angiogenic response to FGF-2 with a 7-fold
increase over control implants at the 7-day time point
(Fig. 1B).

To more precisely measure the angiogenic re-
sponse, new vessels were quantified within the skin/
Matrigel interface by positive immunostaining for the
basement membrane component, mouse type IV col-
lagen. Maximal induction of angiogenesis with FGF-2/
Matrigel was found at 7 days postimplantation when
compared with control Matrigel alone (Fig. 2). Interest-
ingly, the angiogenic response was completely re-
solved by 14 days postimplantation. This vascular
regression was likely due to the limited amount of
FGF-2 employed and an increase in stromal cell–
induced degradation of the Matrigel plug.

FGF-2–Induced Angiogenesis Is Complemented with
Stromal VEGF Expression

In an effort to determine whether the cells infiltrating
the skin/Matrigel interface are participating in promot-
ing the angiogenic response by expressing VEGF,
both immunohistochemistry and in situ hybridization
analyses were employed. Anti-VEGF antibody that
recognizes dimeric VEGF was evaluated in three sep-
arate conditions: Matrigel alone, Matrigel1heparin,

and Matrigel1heparin1FGF-2. The resulting angio-
genic implants were used to quantify VEGF expression
levels by counting positive cells within the host/Matri-
gel interface at 7 days postimplantation. VEGF protein
was not detected in control- or heparin-containing
Matrigel implants; however, the FGF-2–containing im-
plants demonstrated a significant increase in immu-
nodetectable VEGF primarily localized to cells within
the neovascular stromal interface (Fig. 3A).

To compare this VEGF expression with endothelial
cell activation associated with the angiogenic re-
sponse, PECAM-1 immunostaining was also per-
formed. Significant PECAM-1 staining in both estab-
lished lumenal capillary structures and individual cells
migrating within the stroma and the Matrigel matrix
was observed primarily in the FGF-2–containing im-
plants (Fig. 3A). Higher magnification shows PECAM-1
staining on the surface of newly formed vessels in the
interface region of FGF-2 implants, some of which
have embedded red blood cells within their lumens
(arrows, Fig. 3B). Both control and FGF-2 implants
show PECAM-1 staining in capillary dermal vessels.
Quantification of both VEGF and PECAM-1 positive
cells within the Matrigel/skin interface stromal tissue
indicated coexpression of both in FGF-2 implants
compared with the control Matrigel alone (Fig. 3C).
These data are consistent with FGF-2, providing a
distinct activation of VEGF deposition within the an-
giogenic stroma and promoting endothelial cell migra-
tion and vessel morphogenesis. These data do not,
however, define whether the VEGF protein detected
by immunohistochemistry is actually being expressed
by the stromal cells themselves or is derived from
some other source such as adjacent host cells in the
skin.

To address this latter question, in situ hybridization
was performed with antisense and control sense
VEGF RNA probes to define the cells expressing
VEGF. Figure 4 shows detectable VEGF mRNA only in
cells infiltrating into the FGF-2–containing Matrigel
implants. Interestingly, there appears to be strong
up-regulation of VEGF mRNA expression within cells
that had migrated into the Matrigel matrix as well as
those in the interface. The quantification of silver
grains in the dermis, interface, and Matrigel regions
showed that VEGF antisense probe had statistically
significant signal in both the interface and Matrigel
regions compared with control sense probe (p , 0.01),
thus defining specific expression over background.

To compare and contrast the expression of VEGF
with that of its receptor, VEGFR-2 (flk-1/KDR), the
same samples were analyzed with antisense probes
to the VEGFR-2/flk-1. Clearly, the expression of
VEGFR-2 was found to be restricted to newly formed
vessels in the skin/Matrigel interface in a pattern
similar to that observed for PECAM-1 immunostaining
as would be expected for an endothelial cell receptor
(Fig. 4). In addition there was little expression of the
VEGF receptor in control Matrigel implants containing
heparin alone, thus confirming that the neovascular
response was FGF-2–dependent (data not shown).
VEGFR-2/flk-1 antisense probe was also quantita-
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Figure 1.
Angiogenic response to fibroblast growth factor 2 (FGF-2)–Matrigel subcutaneous implants in nude mice. A, top panel, Gross photographs of Day 7 Matrigel implants
with skin vessel background (original magnification, 36). Representative Matrigel implants with heparin alone (MG1hep) or FGF-2 (MG1hep1FGF-2) are shown.
Arrows indicate the peripheral microvessel halo effect surrounding the FGF-2–containing implant. Note the control implant is translucent showing underlying skin
vessels. A, bottom panel, Histologic sections and hematoxylin and eosin stained cross-sections showing the Matrigel/skin interface (I), original magnification, 3200.
Note the induced stromal development, cell infiltration, and capillary lumenal blood vessels in the FGF-2 but not in the control implant. B, Quantification of induced
angiogenesis in the Matrigel/skin interface at two time points. The angiogenesis defined by lumenal vessels per microscopic field (original magnification, 3200) was
evaluated as described in “Materials and Methods” for n 5 6. Averages of FGF-2–containing implants (FGF-2) were compared with the control at the same time (MG)
and analyzed for statistical significance by Student’s t test; * p , 0.05; ** p , 0.001.
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tively different from control sense probe in both the
interface and Matrigel regions (p , 0.005). Interest-
ingly, when the VEGF receptor VEGFR-1 (flt-1) was
analyzed there was no detectable expression above
background by using in situ hybridization techniques
(not shown). This observation is interesting, because
most late-stage tumor angiogenic responses demon-
strate vascular endothelial cell expression of both
VEGFR-2 (KDR/flk-1) and VEGFR-1 (flt-1) receptors
(Brown et al, 1999; Plate et al, 1993, 1994). However,
because this is a model of relatively early angiogenic
responses, the regulation of flt-1 in early versus later
stage neovessels has not been defined.

FGF-2 Potently Induces the Expression of VEGF in
Embryonic Fibroblasts

To examine the mechanism of FGF-2–induced ex-
pression of VEGF in stromal cells, we evaluated the
effect of FGF-2 on mouse embryonic fibroblasts,
Balb/c 3T3 cells. Confluent monolayers of Balb/c 3T3
fibroblasts were placed in serum-free media overnight
to minimize the effects of serum growth factors and
were then stimulated with FGF-2 at a concentration of
10 ng/ml for 8 hours, the maximal time of FGF-2
activation as defined in time course assays (not

shown). Total RNA was isolated and Northern blot
analysis performed to evaluate VEGF mRNA levels.
Figure 5A is a representative result showing prominent
induction of VEGF mRNA in cells treated with FGF-2.
As a control, the ribosome-associated protein, 36B4,
was used and showed no regulation. When VEGF
mRNA was quantified by phosphorimage analysis and
normalized to the 36B4 control, a maximal 8-fold
activation over control was observed. To compare the
activation induced by FGF-2 with a known modulator
of VEGF expression, cells were exposed to hypoxia
(1% O2) and analyzed by Northern blot. The results
revealed a 10-fold activation of VEGF mRNA expres-
sion, similar to hypoxic responses observed in many
other cell types (Claffey and Robinson, 1996).

Although FGF-2 appeared to rapidly induce VEGF
mRNA by Northern blot, this experiment does not test
whether the mRNA is translated into protein or
whether secretion pathways are functional. Thus we
examined the level of VEGF protein secreted by these
cells by using an ELISA assay of conditioned media
from control and FGF-2 treated cells over a 24-hour
time course. As shown in Figure 5B, the level of VEGF
detected in conditioned media in FGF-2–treated cells
was significantly higher than the level in control cells

Figure 2.
Temporal induction and regression of the angiogenic response to FGF-2–Matrigel implants. Neovascular basement membrane structures were evaluated in the
Matrigel/skin stromal interface using antimouse type IV collagen immunostaining. Matrigel/skin cross-sections were immunostained with anti-type IV collagen to
identify stromal neovasculature derived from control implants (MG1hep) or FGF-2 implants (MG1hep1FGF-2) isolated at 4, 7, and 14 days postimplantation. Dermis
(D), stromal interface (I), and Matrigel (MG) structures are identified. Arrows depict new vessels in the stromal interface in the FGF-2–containing implant at 4 and
7 days. Note the prominent regression and Matrigel degradation at 14 days postimplantation in the FGF-2–containing implant.
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Figure 3.
Correlation of VEGF and PECAM-1 immunostaining with FGF-2–containing Matrigel implants. A, Matrigel implants containing Matrigel alone (MG), Matrigel with
heparin (MG1hep), and MG with heparin and FGF-2 (MG1hep1FGF-2) were evaluated for the expression of vascular endothelial growth factor (VEGF) and
platelet-endothelial cell adhesion molecule 1 (PECAM-1) at 7 days postimplantation. Note the prominent detection of VEGF (anti-VEGF) in the FGF-2–containing
implant stromal interface (arrows). Very little VEGF was detected in the heparin control and none in the Matrigel control. The detection of PECAM-1 (anti-PECAM-1)
was also selectively restricted to the highly angiogenic FGF-2–induced stromal interface with both lumenal vascular capillary structures and individual cells invading
into the Matrigel matrix (arrows). B, Higher power view of anti-PECAM-1 staining (blue signal) in Matrigel with heparin (MG 1 hep) and Matrigel with heparin and
FGF-2 (MG1hep1FGF-2) (original magnification, 3900). Dermal, interface, and Matrigel regions indicated as D, I, and MG, respectively. Arrowheads show PECAM-1
positive capillaries in dermal regions and arrows show PECAM-1 positive vessels in the interface regions. C, Quantification of VEGF and PECAM-1 immunostaining
in the FGF-2 and control Matrigel implants at Day 7 postimplantation. The number of positive cells per high-power field were averaged as described in “Materials and
Methods.” Statistical significance of the FGF-2 implants compared with the Matrigel 1 heparin control was performed by Student’s t test for n 5 4. * p , 0.05;
** p , 0.001.
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beginning at 4 hours and extending to the 8-hour time
point. Because this assay is restricted to soluble
secreted VEGF (ie, VEGF in the media), the total
amount that might remain cell-associated would not
be detected in this assay. Thus these data likely
underrepresent the absolute level of VEGF being pro-
duced by the fibroblasts with FGF-2 activation. In
addition, this experiment demonstrates that embry-
onic fibroblasts, an appropriate model cell for stromal
fibroblasts, are functionally responsive to FGF-2 acti-
vation and are capable of maintaining VEGF transla-
tion and secretion pathways.

To determine whether activation of VEGF transcrip-
tion is the mechanism by which FGF-2 induces VEGF
in Balb/c 3T3 cells, we employed a VEGF transcrip-
tional reporter construct in a transient transfection
assay. Balb/c 3T3 cells were transfected using Lipo-
fectamine reagent with the VEGF promoter-luciferase
reporter vector in triplicate for each condition. After a
20-hour recovery period, cells were stimulated with
either FGF-2 (10 ng/ml) or hypoxia (1% O2) for 8 hours.
Cell lysates were obtained and luciferase activity de-
termined. Figure 5C shows the activation of VEGF
transcription driven by the reporter construct with
FGF-2 stimulation for 8 hours compared with the
activation observed with hypoxia. In this experiment
the induction observed for FGF-2 was 2-fold com-
pared with a 2.5-fold activation with hypoxia. FGF-2
and hypoxia were both statistically significant over
control (p , 0.05) in a Student t test comparison. Thus
hypoxia and FGF-2 regulate VEGF transcription in
embryonic fibroblast cells in vitro.

FGF-2 Activation of VEGF Expression Is Not
Cell-Matrix Specific

The observation of FGF-2–induced VEGF expression
in cells localized within the Matrigel implant suggests
that there might be a requirement for cell–matrix
interactions in vivo. To test this hypothesis, we plated
Balb/c 3T3 cells on different matrix components and
evaluated adhesion and FGF-2–inducible VEGF ex-
pression. Initial experiments were performed to deter-
mine selectivity, if any, of Balb/c 3T3 cells for adher-
ence to specific matrix components. Balb/c 3T3 cells
were plated in serum-free conditions onto plastic
tissue culture plates pretreated with serum, Matrigel
matrix, fibronectin, laminin, and type IV collagen.
Balb/c 3T3 fibroblasts adhered to the control plastic
with serum, and the Matrigel and fibronectin compo-
nents without serum (Fig. 6A). The cells did not adhere
to vitronectin, laminin, or type IV collagen under these
conditions (not shown). To determine the effect of
FGF-2 on VEGF expression in Balb/c 3T3 cells at-
tached to these specific matrices, the cells were
treated with FGF-2 at 10 ng/ml for 4 hours, and total
RNA was isolated and analyzed by Northern blot for
VEGF mRNA. Interestingly, although the total RNA
isolated from each group varied depending on cell
number and adherence efficiency, the quantification of
VEGF induction with FGF-2 was nearly identical for all
the cells that were attached to their respective matri-
ces (Fig. 6B). Thus given that these cells might repre-
sent a common stromal cell type, it is likely that the
amount of FGF-2 contained within the Matrigel im-

Figure 4.
Left panel, VEGF and VEGF receptor-2/flk-1 expression in FGF-2–induced angiogenesis detected by in situ hybridization analysis. VEGF was detected with antisense
probe (VEGF AS) and sense control (VEGF S) in FGF-2–containing Matrigel implants (7 days). Bright (B.F.) and dark inverted (D.F.) field photographs are presented.
Arrows indicate strong focal cell staining. VEGF receptor-2/flk-1 was detected with antisense probe (FLK-1 AS) and sense control (FLK-1 S). Arrows indicate regions
of positive staining. Dermis (D), stromal interface (I), and Matrigel (MG) are indicated. Right panel, Quantification of silver grains in the individual regions for VEGF
antisense and sense and FLK-1 antisense and sense probes. The average of three fields in each region was measured and antisense compared with sense control
for each region by Student’s t test. * p , 0.005.
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plant was a key determinant of FGF-2–induced VEGF
expression, as opposed to a selective requirement for
specific cell–matrix interactions.

VEGF Expression and Function Significantly Contributes
to FGF-2–Induced Angiogenesis In Vivo

Although the FGF-2–induced angiogenic response
clearly incorporates a significant activation of VEGF
expression in stromal cells, the relative contribution of
the VEGF cytokine to the overall angiogenic response
remains unclear. To determine the role and impor-
tance of VEGF in this stromal angiogenic response, we
performed an experiment designed to specifically in-
hibit the VEGF activity by incorporating the systemic
application of a functional blocking antibody to VEGF
(Asano et al, 1995; Couffinhal et al, 1998; Kondo et al,
1993). The FGF-2–induced Matrigel angiogenic assay
was performed with ip injections of either control
endotoxin-free nonimmune chicken antibody or the
functional blocking anti-VEGF chicken antibody, as
described in “Materials and Methods.”

The result was surprisingly dramatic. The VEGF
blocking antibody treatment significantly reduced the
angiogenic response as evidenced in the gross ap-
pearance of the FGF-2–Matrigel implants compared
with the control antibody (Fig. 7A). Histochemical
analysis of the Matrigel implants indicated that the
VEGF blocking antibody had a distinct repression
effect on the total stromal cell accumulation in the
skin/Matrigel interface and significantly reduced the
number of cells invading into the Matrigel matrix.
Concomitant reduction in neovessel formation as de-
termined by basement membrane immunostaining
with collagen type IV antibody was also observed (Fig.
7B). Quantification of the angiogenic response con-
firmed the gross observations: the anti-VEGF treat-
ment showed an 80% inhibition of angiogenesis com-
pared with control antibody. Given the observation
that FGF-2 potently induces VEGF expression in stro-
mal cells, the coordinate presence of both of these
cytokines appears to be critical to promoting cell
infiltration, migration, and survival, resulting in a max-
imal angiogenic response that can largely be elimi-
nated with anti-VEGF therapy.

Discussion

Human tumors closely associated with adjacent stro-
mal tissue and vasculature are likely to require com-
plex steps to support tumor progression and develop-
ment. The data linking the expression of angiogenic
factors with the growth and metastasis of human
tumors is highly compelling. Human breast carcino-
mas, for example, have a clear link between the
expression of VEGF and higher metastatic rates and
poor prognosis (Toi et al, 1995). However, because
many of the clinical specimens being analyzed have
been derived from well-developed primary or meta-
static tumors, there is little mechanistic data relating to
events that are driven by angiogenic cytokines in the
early stages of tumor growth. Also the role for infiltrat-

Figure 5.
FGF-2 induces VEGF mRNA and protein in Balb/c 3T3 embryonic fibroblasts. A,
Serum-restricted fibroblasts were treated with FGF-2 (10 ng/ml) (F), hypoxia
(2% O2) (H), or untreated control (C). Northern blot analysis for VEGF (VEGF)
and ribosome-associated protein (36B4) was performed (exposure time: 24
hours). B, VEGF protein secretion from control (2FGF-2) or FGF-2–treated
(1FGF-2) Balb/c 3T3 fibroblasts over an 8-hour time period. Triplicate plate
conditioned media samples were analyzed by ELISA and represented as
average VEGF (ng/ml) 6 SEM. Statistically significant difference from untreated
samples (* p , 0.05). C, Transient transfection and transcriptional activation
of VEGF-promoter-luciferase reporter construct. Balb/c 3T3 cells were trans-
fected in triplicate with either the VEGF promoter-luciferase construct or the
pGL3 control vector. Postrecovery (18 hours), cells were treated with FGF-2
(FGF-2), hypoxia, or nothing (Control) for 8 hours. Cell lysates were analyzed
for luciferase activity and subtracted from the pGL3 control levels. Data is
presented as average light units per mg protein 6 SEM.
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ing host cells in promoting the angiogenic signal has
not been investigated. In particular when tumor cell
transformation and initial growth occurs, the release of
angiogenic factors such as FGF-2 and VEGF may be
critical to tumor progression and survival. Thus the
effect of FGF-2 and VEGF on the infiltrating host cells
may play a critical role in propagating and maintaining
the earliest angiogenic signals.

The angiogenic model employed here, which largely
excludes inflammation-dependent events, models the
environment likely to be present in early tumorigene-

sis. The induction of stromal cell expression of VEGF
was found to be critical to angiogenesis activated by
FGF-2 alone.

FGF-2 released from cells in developing and/or large
necrotic tumors activates a critical step in the angiogenic
process, that is a rapid induction of cell infiltration into
the site of tumor implantation or formation. These infil-
trating cells include fibroblasts, monocytes, and macro-
phage and endothelial cell precursors, and form a new
tumor-associated stromal compartment. However
FGF-2 exerts two prominent effects on these target cells.
One effect is a proliferative response that expands the
stromal population and promotes the deposition of ex-
tracellular matrix, thus establishing permanence in this
stromal tissue. Second, FGF-2 potently activates VEGF
expression in many of these stromal cells as evidenced
here and in clinical samples (Abdulrauf et al, 1998; Mise
et al, 1996). It was apparent that the stromal VEGF
expression pattern in the stromal compartment did not
match that observed for PECAM-1, suggesting that
FGF-2–induced VEGF expression was distinct from en-
dothelial cells in vivo. Thus despite observations that
predict an endothelial-dependent autocrine activation
through the VEGF/VEGFR2 axis in FGF-2 angiogenesis
(Seghezzi et al, 1998), we have not observed this to be
the case in vivo. Thus in the microenvironment surround-
ing early tumor foci, where the release of FGF-2 is likely,
the formation of new vasculature will be promoted by the
combination of both FGF-2 and VEGF functions.

The selective mechanism for FGF-2–induced VEGF
expression in stromal cells was modeled in vitro using
embryonic fibroblasts. These tissue fibroblasts could
be potently activated to express VEGF mRNA and
protein to nearly the same efficiency and amplitude as
hypoxia. In addition, the FGF-2–activated VEGF ex-
pression was mediated by transcriptional activation as
defined with a VEGF promoter-luciferase reporter con-
struct. Interestingly, the activation of fibroblasts by
FGF-2 to express VEGF was found to be independent
of cell–matrix interactions that further support a model
of stromal cell dependence on FGF-2 as opposed to
possible matrix-dependent VEGF expression. In this
model, Matrigel alone also did not show any VEGF
expression, despite having significant stromal cell
infiltration.

As evidenced by our anti-VEGF antibody blocking
experiments, interruption of the FGF-2/VEGF cascade
quite effectively eliminated the FGF-2–induced angio-
genic response. This is an exceptional inhibition, es-
pecially because the primary angiogenic cytokine
present is FGF-2. Thus it could be implied that FGF-2
operates selectively through VEGF expression; how-
ever, it is more likely that the antibody treatments are
highly effective at blocking VEGF functions at several
levels. VEGF effects on local vascular permeability,
endothelial cell differentiation, and vascular lumen
formation are all VEGF-selective functions required for
the angiogenic response. Inhibition of one or more of
these events could promote endothelial cell apopto-
sis, thus deriving an amplified effect of the antibody
treatment. Thus the functional role of FGF-2 to stim-

Figure 6.
FGF-2–induced VEGF expression is independent of cell adherence to attach-
ment matrices. A, Serum-free Balb/c 3T3 cells were plated onto serum-
(Plastic), Matrigel- (ECM), and fibronectin (Fn)-coated plates in the presence
(FGF-2) or absence (control) of FGF-2 (10 ng/ml) for 8 hours. Phase
photographs denote attachment to all three matrices and activation by FGF-2
(increase in rounded cell morphology). B, Top panel, Northern blot analysis for
VEGF and 36B4 control from cells on the indicated matrices in the presence (F)
or absence (C) of FGF-2 (10 ng/ml) for 8 hours. Bottom panel, Phosphorimage
quantification of the VEGF mRNA signal normalized to the 36B4 control for
Balb/c 3T3 cells plated and treated on each indicated matrix. Note the nearly
identical FGF-2–induced VEGF mRNA levels for each matrix.
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ulate stromal cell infiltration and proliferation appears
to be a key element in the angiogenic process.

The expression and/or release of FGF-2 from tu-
mors is relevant because the selection and propaga-
tion of tumor cells likely involves a balance between

tumor cell growth and apoptosis. In large necrotic
tumors, it is likely that FGF-2 would be released and
VEGF would be produced from hypoxic cells, thus
potentiating a stromal angiogenic response. FGF-2
has also been demonstrated to potentiate the re-

Figure 7.
Effect of systemic anti-VEGF antibodies on FGF-2–induced angiogenesis in vivo. A, Gross photographs of three representative Matrigel implants containing FGF-2
combined with systemic treatment with nonimmune chicken IgY (Control IgY) and anti-VEGF (Anti-VEGF IgY). Note the lack of associated skin vessel dilation and
Matrigel coloration in the anti-VEGF group. B, Histologic evaluation of the stromal and angiogenic response induced by FGF-2 with control and anti-VEGF systemic
treatments. Hematoxylin and eosin (H&E) and antimouse type IV collagen (collagen IV) are presented for control IgY (a and b) and anti-VEGF IgY (c and d). Matrigel
(MG), stromal interface (I), and dermis (D) are indicated. Inset, Quantification of the angiogenic response in the control and anti-VEGF groups (n 5 10) is expressed
as average vessels per field 6 SEM. Statistical difference from control IgG: * p , 0.001.
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sponse of endothelial cells to VEGF by upregulating
the VEGFR-2 (flk-1/KDR) (Hata et al, 1999). Thus
FGF-2–induced endothelial sensitivity to VEGF that is
expressed within the developing stroma or secreted
by tumor cells that are transformed could potentiate
early tumor-associated stromal angiogenesis. The role
of VEGF as a differentiation and morphogenic factor
for endothelial cells is one prospective role that is
required over and above those observed for FGF-2,
and may be necessary to achieve a maximal angio-
genic signal.

In summary, early tumorigenic events that occur
during primary tumor growth and small metastatic foci
inoculation could be dependent on FGF-2 and VEGF
expression. Effective antimetastatic tumor therapies
should therefore be directed toward multiple angio-
genic cytokine targets and/or stromal tissue re-
sponses to angiogenic stimuli.

Materials and Methods

Matrigel Angiogenesis in Athymic Nude Mice

Four- to six-week-old female immunodeficient nude
mice (athymic NCr-nu/nu) were obtained (Taconic
Laboratories, Germantown, New York) and housed in
positive pressure air filtered rooms with microisolator
cages containing autoclaved bedding, food, and wa-
ter. Matrigel was obtained with protein concentrations
of .15 mg/ml and endotoxin less than 1 EU/ml
(Collaborative Biomedical, Bedford, Massachusetts).
Endotoxin-free recombinant human FGF-2 was a gift
from Praecis Pharmaceuticals (Cambridge, Massa-
chusetts). FGF-2 was combined with heparin at a 1:5
molar ratio (heparin:FGF-2) in serum-free DMEM to
obtain a 5 mg/ml FGF-2 concentration, and the mixture
placed on ice. Three volumes of Matrigel were added,
for a final FGF-2 concentration of 1.6 mg/ml, and
carefully mixed with prechilled pipet tips to prevent
aeration and gelatinization. Animals were anesthetized
with Avertin (0.01 cc/g body weight, ip) and Matrigel
mixtures (0.25 ml) injected in the subcutaneous space
with a prechilled tuberculin syringe (27G needle) at the
dorsal midline of the back. Four to fourteen days later,
animals were euthanized with CO2 and the dorsal skin
dissected, retaining the Matrigel implant. Gross pho-
tographs were obtained of the Matrigel implant with a
dissecting photomicroscope (Leica, WILD macroskop,
Heerbrugg, Switzerland) by using fiberoptic illumina-
tion. Matrigel implants were then fixed, with skin
attached, with 4% paraformaldehyde:PBS for 2 hours
at ambient temperature. Matrigel and adjoining skin
was then serially sectioned (2–3 mm thick) with a razor
blade and processed for paraffin embedding and
histological sectioning. Standard H&E stain was used
to define Matrigel, skin, stromal interface, and neovas-
cular features. Newly formed vessels within the skin/
Matrigel stromal interface were defined as luminal
structures containing clearly identifiable blood cells. At
least three Matrigel/skin cross-sections, representing
approximately a section every 1–2 mm, were manually
counted using a 403 objective, and the number of

vessels per field were averaged for at least 5 animals
per group. Statistical analysis for significance was
performed with the InStat program (GraphPAD Soft-
ware, San Diego, California) with tests for comparable
variance and appropriate parametric or nonparametric
t tests applied. Neovascularization was confirmed with
immunohistochemical analysis with antimouse colla-
gen type IV (Biodesign International, Kennebunk,
Maine) to stain basement membrane or antimouse
PECAM-1 (PharMingen, San Diego, California), which
stains neovascular and precursor endothelial cells
(DeLisser et al, 1997). A chicken anti-hVEGF165 poly-
clonal antibody, described previously (Shih et al,
1999), was used to detect mouse VEGF with immuno-
histochemistry. In situ hybridization was performed for
mouse VEGF and VEGF receptors, flk-1(KDR/VEGF-
R2), and flt-1(VEGF-R1), as described previously
(Claffey et al, 1996).

Antibody Purification, Endotoxin Analysis, and
Systemic Treatments

The chicken anti-VEGF polyclonal antibody was iso-
lated from immunized chicken egg yolk as described
(Almeida et al, 1998) and tested for the presence of
endotoxin using a Limulus amebocyte QCL-1000 kit
(Biowhittaker, Walkersville, Maryland). All anti-VEGF
antibody preparations presented less than 1 EU/mg
protein. Control chicken antibody was obtained (Sig-
ma, St. Louis, Missouri) and was found to contain up
to 34 EU/mg protein. The antibody was passed
through five successive batch affinity binding steps
with an equal volume of polymyxin B agarose beads
(Sigma), which reduced the endotoxin concentration
to an acceptable level (1.2 EU/mg protein). Antibody
treatments of animals with Matrigel/FGF-2 angiogenic
implants (10 per group) were injected ip with 150 mg of
either control chicken or anti-VEGF antibody on Days
1, 3, and 5. Animals were killed on Day 7 and the
angiogenic response quantified as described above.
Animals in each group were weighed every other day
and when killed, and no adverse effects or weight loss
were observed. Histologic analysis of spleen, liver,
kidney, and axillary lymph nodes revealed no abnor-
malities, indicating no endotoxin contamination or
general infection with the antibody treatment regimens
used.

Cell Culture Conditions, Cytokine Treatment, and
Transient Transfection Assays

Balb/c 3T3 embryonic fibroblasts were obtained from
American Type Culture Collection and maintained in
10% calf serum, DMEM, penicillin (10 U/ml), strepto-
mycin (10 mg/ml), and 2 mM L-glutamine. Cells were
grown to 80% confluence and placed in Opti-MEM
(Gibco/BRL, Rockville, Maryland) serum-free media
overnight before treatment with either control vehicle
(PBS) or FGF-2 (10 ng/ml). Alternatively, cells were
exposed to hypoxic conditions (1% O2, 5% CO2, 93%
N2) in a humidified triple gas Heraeus model 6060
incubator (Hanau, Germany). Samples of cell culture
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media were collected at various times after treatment,
centrifuged at 13,000 3g for 15 minutes at 4° C, and
supernatants frozen at 280° C for analysis in VEGF
ELISA assays.

Transient transfection analysis of VEGF-dependent
transcription in Balb/c 3T3 cells was performed as
described previously (Shih et al, 1999). A construct
containing the VEGF promoter containing 1.5 kb from
21226 to 1298 with respect to the transcription start
site was followed by a luciferase reporter gene (Shih et
al, 1999). The vector was transfected into 80% con-
fluent Balb/c 3T3 cells using Lipofectamine (Gibco/
BRL) reagent, according to the manufacturer’s in-
structions, for 6 hours followed by 16 hours’ recovery
in complete media. Cells were then treated with FGF-2
and hypoxia as indicated above, in triplicate. Cell
lysates were obtained and protein were determined
with the BioRad DC assay (BioRad, Hercules, Califor-
nia) and equal protein used in luciferase assays (Lu-
ciferase Assay Kit; Promega, Madison, Wisconsin).
Data for triplicate plates was averaged and statistical
significance determined by Student’s t test.

Cell Adherence Assays

Cell substratum-dependent adherence assays were
performed in triplicate as follows. Cell culture plates
were precoated with serum (control plastic), Matrigel
at 50 mg/ml (ECM), or fibronectin at 50 mg/ml (Fn)
under sterile conditions. Cells were then trypsinized
and plated in Opti-MEM serum-free media with or
without FGF-2 at 10 ng/ml for 8 hours. Cells were
photographed using an inverted Zeiss axiophot before
RNA isolation and analysis as described below.

RNA Isolation and Northern Blot Analysis

RNA isolation and Northern blot analyses were per-
formed as described previously (Shih et al, 1999). Probes
used were the mouse VEGF cDNA (Claffey et al, 1992)
and the ribosome associated protein, 36B4, as control
(Masiakowski et al, 1982). Radioactive DNA probes were
synthesized from isolated cDNA fragments using the
MultiPrime Kit (Amersham, Arlington Heights, Illinois).
Blots were stringently washed at 0.53 SSC, 1% SDS at
65° C and exposed to either X-ray film (Kodak X-Omat
MR; Eastman Kodak, Rochester, New York) or phospho-
rimage cassettes (Molecular Dynamics, Sunnyvale, Cal-
ifornia) for quantitative analysis. VEGF signals were nor-
malized to 36B4 control, averaged, and compared for
statistical significance by Student’s t test.

VEGF ELISA Assays

Analysis of cell supernatants from triplicate plates for
VEGF protein was performed as previously described
(Shih et al, 1999). The capture antibody used was the
chicken anti-VEGF polyclonal antibody coated at 5
mg/ml and the goat antimouse VEGF polyclonal antibody
(R and D Systems, Minneapolis, Minnesota) used as
detection antibody at 5 mg/ml, followed by horseradish
peroxidase conjugated antigoat IgG at 0.5 mg/ml (Sig-
ma). The horseradish peroxidase substrate used was the

TMB substrate (Kirkegaard and Perry Laboratories,
Gaithersburg, Maryland). Color development was re-
corded on a 96-well plate reader (Thermodynamics,
Molecular Devices Corporation, Sunnyvale, California).
Quantitation of samples was determined from the least
squares regression analysis of a linear range standard
curve obtained with recombinant mouse VEGF as con-
trol (R and D Systems).
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