Microtumor growth initiates angiogenic sprouting
with simultaneous expression of VEGF,
VEGF receptor-2, and angiopoietin-2
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Tumors have been thought to initiate as avascular aggregates of malignant cells that only later induce
vascularization. Recently, this classic concept of tumor angiogenesis has been challenged by the sugges-
tion that tumor cells grow by co-opting preexisting host vessels and thus initiate as well-vascularized
tumors without triggering angiogenesis. To discriminate between these two mechanisms, we have used
intravital epifluorescence microscopy and multi-photon laser scanning confocal microscopy to visual-
ize C6 microglioma vascularization and tumor cell behavior. To address the mechanisms underlying
tumor initiation, we assessed the expression of VEGF, VEGF receptor-2 (VEGFR-2), and angiopoietin-2
(Ang-2), as well as endothelial cell proliferation. We show that multicellular aggregates (<< 1 mm?) initi-
ate vascular growth by angiogenic sprouting via the simultaneous expression of VEGFR-2 and Ang-2 by
host and tumor endothelium. Host blood vessels are not co-opted by tumor cells but rather are used as
trails for tumor cell invasion of the host tissue. Our data further suggest that the established microvas-
culature of growing tumors is characterized by a continuous vascular remodeling, putatively mediated
by the expression of VEGF and Ang-2. The results of this study suggest a new concept of vascular tumor
initiation that may have important implications for the clinical application of antiangiogenic strategies.

J. Clin. Invest. 109:777-785 (2002). DOI:10.1172/JCI1200214105.

Introduction

The paradigm that primary tumors and metastases
initiate avascularly and only later induce their vascu-
larization has become widely accepted (1, 2). The clas-
sical proof of this came from early studies of the vas-
cularization of tumors in the avascular cornea of
rabbits (3). Since then, the critical size at which
tumors switch to an angiogenic phenotype has been
considered to be 1-3 mm?3. Only recently has this pre-
vailing view been challenged, by the suggestion that
microtumors, when implanted into or arising in a
vascularized tissue, co-opt preexisting host blood ves-
sels, thereby initiating vascularly without inducing
angiogenesis (4-6). Since then, these two distinct
concepts of early tcumor vascularization have raised
significant controversies, not only from a mechanis-
tic point of view but also with regard to potential
therapeutic implications.

Two central endothelium-specific growth factor fam-
ilies coordinate vascular development: the VEGFs and
the angiopoietins (6-8). The VEGFs are required for
vasculogenesis and angiogenic sprouting and act
through three receptor tyrosine kinases (VEGFR-1, -2,

and 3); VEGFR-2 mediates endothelial cell prolifera-
tion, differentiation, and microvascular permeability
(9). The angiopoietins (Ang-1 and Ang-2) have been
implicated in further remodeling of the initial
microvasculature, and exert their biological actions
through the Tie2 receptor (8). With respect to tumor
angiogenesis, it is generally assumed that the rapid pro-
liferation of tumor cells, in combination with the
reduced functionality of tumor blood vessels, causes
local tissue hypoxia in tumors, leading to the upregu-
lation of VEGF expression, which in turn stimulates
the compensatory growth of blood vessels (7, 10).
Recently, it has been reported that Ang-2 induction in
hostvessels in the periphery of experimental C6 glioma
precedes VEGF upregulation in tumor cells, causing
regression of co-opted host blood vessels (4-6). This
has been taken as evidence for the assumption that the
Ang-2/Tie2 signaling system is activated in tumors ear-
lier than the VEGF/VEGFR-2 system is. However, even
normoxic C6 glioma and other tumor cells constitu-
tively produce bioactive VEGF (7, 11-13). It is therefore
reasonable to assume that the crucial event resulting in
the activation of the VEGF/VEGEFR signaling system in
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tumors is the induction of VEGFR-2 in blood vessels,
rather than the upregulation of VEGF in hypoxic
tumor cells (10, 14).

In order to clarify how microtumors initiate and at
what size they induce their vascularization, we implant-
ed C6 glioma cell suspensions (~1 mm?3) and multicel-
lular spheroids (0.005 mm?3) into well-vascularized sites,
i.e., the striated muscle and the cerebral cortex. Using
intravital epifluorescence video microscopy and intrav-
ital multiphoton laser confocal microscopy, we visual-
ized tumor vascularization and individual tumor cell
behavior. To address the molecular mechanisms under-
lying vascular tumor initiation, we assessed the tempo-
ral expression of VEGF, VEGFR-2, and Ang-2 by in situ
hybridization and immunohistochemistry. We show
that C6 microgliomas, already in the stage of initial
development, initiate vascularly by angiogenic sprout-
ing that is regulated via the simultaneous expression of
VEGFR-2 and Ang-2 by both host and tumor endothe-
lium. Furthermore, we provide evidence that host blood
vessels are not co-opted by the tumor cells but rather are
used as trails for glioma cell invasion of the adjacent
host tissue. Finally, we suggest that the remodeling of
the tumor microvasculature is mediated by the balance
between VEGF and Ang-2 expression.

Methods

Experimental tumor models. The animal experiments
were approved by the Regierungspraesidium, Karls-
ruhe, Germany. C6 rat glioma cells were grown and
stained with Dil (Molecular Probes, Eugene, Oregon,
USA) as previously described (15). As implantation
sites for the C6 glioma cells, we used window chamber
preparations of the striated muscle within the dorsal
skinfold (n = 12 animals) and of the cerebral cortex
(n=24) of nude mice (15, 16). C6 cells were implanted
as either cell suspensions (5 X 10° tumor cells in 1.5 pl
PBS; n = 6 ectopically, n = 16 orthotopically) (16) or as
multicellular spheroids (100-200 pm; » = 6 ectopical-
ly, n = 8 orthotopically) (11). Spheroids of comparable
size (n = 10) that were heat-inactivated before implan-
tation served to distinguish between active and passive
spread of glioma cells.

Intravital epifluorescence video microscopy. Intravital
epifluorescence video microscopy was performed over
14 days following implantation (15-17). Dil labeling
of glioma cells allowed precise delineation of the
spheroid from the adjacent host tissue as well as iden-
tification of individual tumor cells, using green light
epi-illumination (520-570 nm). Contrast enhance-
ment with FITC-conjugated dextran (MW = 150,000;
0.1 ml given intravenously) and use of blue light epi-
illumination (450-490 nm) was applied to visualize
individual blood vessels. Tumor growth was assessed
by measurement of the tissue area covered by the flu-
orescently labeled tumor mass. Analysis of the host
and tumor microvasculature included vessel density
and vascular diameter (16). In order to assess the vas-
cularity of the implantation sites, we analyzed the

capillary density, intercapillary distance, and capillary
diameter in separate, tumor-free preparations. To
assess vascular permeability we compared intravascu-
lar to extravascular fluorescence intensity of multiple
individual host and tumor blood vessels and calcu-
lated a permeability index (18).

Intravital multiphoton laser confocal microscopy. Intravi-
tal multiphoton laser confocal microscopy (n = 6 ani-
mals) was performed using the two-photon spectral
confocal microscope TCS SP2 MP (Leica-Microsys-
tems, Wetzlar, Germany). Tumor cells were fluores-
cently labeled using Fast-Blue (Sigma-Aldrich, Munich,
Germany) (16). Contrast enhancement of blood vessels
was achieved using aminofluorescein-conjugated HSA
(0.1 ml given intravenously). Tumor cells and blood
vessels were visualized using BP440/40 and LP515 fil-
ters (Leica-Microsystems). To study the relationship
between individual tumor cells and the microvascula-
ture, individual scanning images were obtained in x, y,
and z directions and reconstructed offline to yield dou-
ble fluorescence three-dimensional images.

Tissue preparation. In addition to the intravital micro-
scopic experiments, animals bearing ectopic and ortho-
topic tumors were sacrificed at different timepoints.
The tumor-containing skinfold or brain was dissected
free en bloc and snap-frozen in liquid nitrogen-cooled
isopentane. Sections were cut and mounted on slides
precoated with silane (Sigma-Aldrich).

Histology and immunobistochemistry. Five-micrometer
sections were stained with hematoxylin and eosin
(Merck KGaA, Darmstadt, Germany). Other serial sec-
tions were incubated with rabbit or goat serum, fol-
lowed by incubation with rat anti-mouse antibodies
against PECAM-1 (MEC13.3) (19), VEGFR-2 (20), and
Ki-67 (MIB-3, dilution 1:10; Dianova, Hamburg, Ger-
many, and TEC-3, dilution 1:50; DAKO Diagnostica
GmbH, Hamburg, Germany). Primary antibodies were
diluted in goat serum supplemented with 20% mouse
serum. Secondary antibodies were applied using
VECTASTAIN kits (Vector Laboratories, Burlingame,
California, USA). Finally, the sections were incubated
with avidin-biotin-horseradish peroxidase complex and
3-Amino-9-ethylcarbazole substrate, and then devel-
oped and counterstained with hematoxylin.

In situ hybridization. In situ hybridization was per-
formed as previously described on 10-ium cryostat sec-
tions using 3°S-labeled cRNA probes (21). A probe cor-
responding to the mouse VEGF120 isoform was used
to detect all known mouse VEGF isoforms (22). The
murine VEGFR-2 (Flk-1) probe spans the extracellular
portion of the receptor (14). A cDNA clone for mouse
Ang-2 was obtained from the German Resource Center
(Berlin, Germany) and was used to generate a 523-bp
Xhol-Xhol subclone comprising nucleotides 153-676
of the published mouse Ang-2 sequence (23).

Statistical analysis. Data are given as mean + SD. Com-
parisons were made using the paired Student ¢ test
and Bonferroni-adjusted probabilities. Results with a
P value of less than 0.05 were considered significant.
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Results

Recently it has been suggested that microtumors, when
arising in or implanted into vascularized tissue, initiate
growth by co-opting host blood vessels without inducing
angiogenesis. To test this hypothesis, tumor cells of the
same line as reported previously (4, 5),1.e., C6 glioma cells,
were implanted into the well-vascularized striated muscle
and cerebral tissue (Figure 1). Both implantation sites have
a high vascular density (308 + 27 cm™ and 294 + 5 cm™!)
and low intercapillary distance (24 + 8 pm and 34 + 4 um),
guaranteeing that the implanted tumor cells were located
well within the 100-um diffusion limit for oxygen (24). To
determine how their angiogenic activity is influenced by
tumor size, the C6 glioma cells were implanted either as
tumor cell suspensions (~1 mm?3) (4) or as multicellular
tumor spheroids (~0.005 mm?3).

Microtumors initiate vascularly by inducing angiogenesis. Fol-
lowing implantation of both the tumor cell suspensions
and tumor spheroids into striated muscle, the tumors
mimicked the typical growth behavior (i.e., combined
solid and infiltrative) of human malignant gliomas (25).
During the first week, individual tumor cells detached
from the solid tumor mass, spread out centrifugally, and
started to invade the adjacent host tissue (Figure 2, a-c).
Control experiments using heat-inactivated tumor sphe-
roids confirmed that this tumor spread reflected active
migration of the tumor cells (data not shown). The fact
that the cellular organization of the solid tumor compo-
nent did not follow the organization of the host blood
vessels (compare Figure 2b with Figure 1a, and Figure 2d
with Figure 2f) clearly indicated that the majority of
tumor cells did not co-opt host blood vessels. Instead, at
this multicellular stage, the tumor cells had already initi-
ated their neovascularization by inducing angiogenic
sprouting from the microvasculature of the adjacent host
tissue (Figure 2, e and f). In parallel, angiogenic activation
of the host blood vessels was accompanied by an imme-
diate increase in their permeability to the fluorescent
macromolecule FITC-dextran (Figure 2e). By the second
week, the tumors had established their neovasculature.
They maintained it during further tumor growth by con-
tinued angiogenic sprouting from both host and tumor
vessels. Regardless of their initial size, the neovasculature
of these tumors showed the specific hallmarks of tumor
microcirculation, i.e., chaotic and heterogeneous angioar-
chitecure, large-caliber vessels, and sluggish blood flow
(Figure 2, g and h). Based on these morphological and
functional criteria, the newly formed tumor blood vessels
could be unequivocally distinguished from the microvas-
culature of the host tissue (compare Figure 2, g and h,
with Figure 1a). In line with the significance of tumor
angiogenesis to tumor growth, the solid tumor compo-
nent expanded in size only after vascular initiation (Fig-
ure 2i). Analysis of the vessel densities and diameters of
the tumor and host microvasculature reflects the tumor-
size-independent initiation of vascularization by angio-
genic sprouting (Figure 2, jand k). A decrease of host ves-
sel density, indicating vascular regression, was not
observed (Figure 2j).

We did not observe co-opting of host blood vessels by
the solid tumor mass in the course of initial vascular-
ization. However, within the tumor periphery, i.e., in the
infiltrative tumor component, epifluorescence video
microscopy detected single infiltrative tcumor cells local-
ized in the vicinity of host and tumor blood vessels (Fig-
ure 3, a and b). This colocalization was confirmed in
three-dimensional reconstructions of infiltrative tumor
cells and blood vessels using multiphoton laser scan-
ning microscopy, suggesting that these blood vessels
served as a trail for the perivascular migration of tumor
cells into the adjacent tissue (Figure 3, c-e) (26).

Orthotopic implantation of the gliomas also
revealed both solid and infiltrative tumor growth char-
acteristics (Figure 4, a and b). Within the first days
after implantation, individual glioma cells detached
from the tumor cell mass and spread over the cerebral
tissue, demonstrating an even higher migratory activ-
ity than that occurring after ectopic implantation.
Again, a subset of these migrating tumor cells showed
a high affinity to the perivascular space of host vessels
(Figure 4, c and d). The cells within the main tumor
mass, however, did not selectively home to cerebral ves-
sels but rather induced their immediate neovascular-
ization by angiogenic sprouting (Figure 4, e-g). Dur-
ing this process, the adjacent host vessels lost their
blood-brain barrier, dilated, increased in tortuosity,
and produced vascular sprouts, which penetrated the
tumor mass and formed an initial tumor neovascula-
ture (Figure 4, e-g). After the first week, tumors from
both the spheroid and suspension groups were fully
vascularized in a comparable way, presenting both
with a tumor-specific neovasculature that could be
clearly distinguished from the cerebral vasculature
(compare Figure 4, h and i with Figure 1b). Again, solid
tumor growth was observed only after the process of
tumor neovascularization had been initiated (Figure
4j). As with the ectopic site, analysis of tumor vessel
density demonstrated the significance of angiogenic
sprouting for microtumor initiation and the lack of
adjacent host vessel regression (Figure 4k). However,
in contrast with the ectopic implantation experiments,
diameters of the new tumor vessels revealed a depend-
ence on tumor size after orthotopic implantation of
the tumors, beginning with a size of 12 um on day 3
and increasing to 20 um on day 14 (Figure 41).

Figure 1

Microvasculature of striated muscle (a) and cerebral cortex (b) as
visualized by intravital epi-illumination fluorescence video microscopy.

Bar indicates 100 um.
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Figure 2

C6 gliomas initiate vascularly after implantation into muscle tissue. (a) C6 glioma spheroid on day 0. Note the smooth edge of the micro-
tumor, lacking early passive detachment of individual tumor cells. (b) C6 glioma spheroid on day 3. Detachment and migration of glioma
cells from the spheroid. (c) Histology of C6 glioma spheroid on day 6 shows tumor cell invasion into adjacent muscle and subcutaneous tis-
sue. Arrows indicate blood vessels. t, tumor mass; m, striated muscle; s, subcutaneous tissue. (d-f) C6 glioma spheroid on day 6. Same
region of interest as assessed by using the two filter systems to detect Dil-labeled tumor cells (d) and FITC-Dextran-labeled blood vessels (e
and f) and focusing into tumor mass (d and f) and host tissue (e). Tumor cells do not home in on the parallel host blood vessels (indicated
by ¢) (d vs. e) but induce tumor angiogenesis (e and f). Arrows indicate sprouts originating from host blood vessels (e) and growing into
tumor tissue to form a new microvascular system (f). (g and h) Microvasculature of C6 glioma on day 10 after implantation of a cell sus-
pension (g) and spheroid (h), demonstrating comparable tumor-specific angioarchitecture. (i-k) Quantitative analysis of tumor size (i), ves-
sel density (j), and vessel diameter (k). For the host tissue, the range of values is indicated. Bars represent 100 im (a) and 50 um (b-h). SUS,

cell suspension group; SPH, spheroid group; host, peritumoral host tissue.
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The microvasculature of established tumors undergoes con-
tinuous remodeling. By the end of the second week, when
the tumors had progressed to a size of several mil-
limeters in diameter, the initiated tumor neovascula-
ture was undergoing continuous microvascular
remodeling. This remodeling process, however, con-
sisted not only of ongoing tumor vessel formation by
means of angiogenic sprouting (Figure 5,a and b), but
was additionally characterized by spontaneous shut-
down and consecutive regression of initially function-
al tumor vessel segments or even whole microvascular
areas (Figure 5, ¢ and d), suggesting that even the
established tumor microsvasculature remains in a
plastic state. This phenomenon of spontaneous tumor

vessel regression was not associated with intratumoral
location, regional tumor cell or vessel density, or per-
fusion; it occurred unsystematically in larger tumors.

VEGF, VEGFR-2, and Ang-2 are simultaneously expressed
during early tumor angiogenesis. In order to elucidate the
functional roles of the VEGF/VEGFR-2 and Ang-2/Tie2
signaling systems during initiation of vascularization of
our microgliomas, we next investigated the temporal
expression patterns of VEGF, VEGFR-2, and Ang-2 by in
situ hybridization analysis of orthotopic tumors (Figure
6, a—c). In day-3 tumors, VEGF mRNA levels were low,
and no expression of VEGFR-2 or Ang-2 could be detect-
ed (data not shown). On day 6, a strong simultaneous
upregulation of Ang-2 and VEGFR-2 mRNA was
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observed in endothelial cells of both tumor vessels and
adjacent host vessels. Interestingly, the expression of Ang-
2 appeared to be restricted to a subset of VEGFR-2-posi-
tive endothelial cells. This pattern is consistent with the
hypothesis that Ang-2 induction occurs only transiently
in intact vessels and triggers the initial destabilization of
blood vessels, whereas VEGFR-2 expression is character-
istic of activated endothelium. Compared with the strong
expression of VEGFR-2 and Ang-2, VEGF transcript lev-
els were low, but were evenly distributed over the tumor
tissue at this early stage of tumor vascularization. Next,
we analyzed the expression patterns of VEGF, VEGFR-2,
and Ang-2 in 2-week tumors, i.e., when they were fully
vascularized and their microvasculature was undergoing
continuous remodeling (Figure 6, g-i). At this stage, the
initially strong expression of VEGFR-2 and Ang-2 per-
sisted within the tumor and the adjacent host tissue vas-
culature. In contrast, when compared with the first week
after implantation, the VEGF expression pattern had sig-
nificantly changed in that VEGF mRINA was now very
heterogeneously expressed throughout the tumor tissue,
ranging from low to very strong expression.

In addition to mRNA expression analysis, early
VEGEFR-2 expression during vascular tumor initiation
was further assessed by immunohistochemistry (Figure
6, j-m). Staining of serial sections for PECAM and
VEGEFR-2 protein confirmed early VEGFR-2 expression
in endothelial cells of both tumor vessels and adjacent
host vessels. Interestingly, most of the VEGFR-2-posi-
tive host vessels were associated with a perivascular cuft
of invading tumor cells. In contrast, VEGFR-2 staining
was negative in endothelial cells of distant brain blood
vessels as well as in glial and neural cells, and was only
weakly positive in tumor cells on day 6.

In light of the intravital microscopic in situ
hybridization and immunohistochemistry analyses,
our results suggested that microgliomas, even at the
earliest stage, initiate vascularly by inducing angiogenic
sprouting, driven by low levels of tumor-derived VEGF
and simultaneous expression of VEGFR-2 and Ang-2
by tumor and host endothelial cells. To further support
this hypothesis, we sought additional ways to identify

neovascularization and distinguish pre-existing host
vessels from newly forming tumor vessels. This was
accomplished by serial staining with antibodies against
PECAM, VEGFR-2, and Ki-67, which demonstrat-
ed increased endothelial cell proliferation within
VEGFR-2-positive tumor vessels and host vessels
(when compared with the distant brain vessels) at this
early stage of tumor development (Figure 6, n and o).

Discussion

The most likely clinical application of antiangiogenic
therapies in the future will be the prevention of sec-
ondary tumor growth that presents as either local
tumor recurrence or distant metastatic spread. In
contrast with primary tumorigenesis, recurrent or
metastatic tumor cells are already genetically trig-
gered to initiate angiogenesis at the time they are
seeded. Nevertheless, a large number of classical
tumor graft studies has established the concept that
metastatic tumors initiate as avascular cell aggregates
and progress to sizes of a few hundred micrometers
to 1 mm in diameter (~105-10° cells); these microtu-
mors may then remain dormant unless sufficient
neovascularization permits further tumor growth (1,
2). Recently, this classic concept of metastatic tumor
angiogenesis has been challenged by the suggestion
that tumors initially grow by co-opting pre-existing
host vessels and induce angiogenesis only after they
have reached a size of several millimeters and the co-
opted vessels have regressed, as a host defense (4-6).
In this scenario, secondary tumor growth would
become a target for antiangiogenic therapies later
than previously assumed. In the worst case, tumor
growth may even remain angiogenesis-independent
if the defense mechanisms of the host fail to induce
vessel regression. So far, the discrepancy between
these two concepts has been explained by the distinct
vascular characteristics of the applied experimental
models: tumors initiate avascularly when arising in
or implanted into avascular spaces, such as the
epithelial layer, the cornea pocket, or the
vitreous body, whereas tumors with direct access to

Figure 3

Glioma cells invade the adjacent host tissue by
perivascular migration along host and tumor
blood vessels. (a and b) Epifluorescence intravi-
tal video microscopy of C6 glioma periphery on
day 14. Same region of interest as assessed by
using the filter systems to detect FITC-
Dextran-labeled blood vessels (a) and Dil-labeled
tumor cells (b). Individual tumor cells (arrows)
localize to the vicinity of tumor blood vessels.
(c-e) Three-dimensional reconstruction of multi-
photon laser scanning microscopy confirms colo-
calization of infiltrative tumor cells (blue) and
tumor blood vessels (green). The multidirectional
view of 3-D imaging can separate truly perivascu-
lar (arrowheads) from only seemingly perivascu-
lar (arrows) cells. Bars represent 50 um (b and e).
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Figure 4

C6 gliomas initiate vascularly after intracranial implantation. (a) C6 glioma spheroid on day 3 revealing a central solid tumor mass and indi-
vidual tumor cells actively spreading over the cerebral tissue. Square indicates area of interest detailed in b and c. (b and c) Glioma cells (arrows)
migrate along peritumoral cerebral blood vessels. (d) Histological examination of C6 glioma spheroid on day 6 shows perivascular tumor cell
invasion into adjacent brain tissue. Arrows indicate groups of tumor cells localized next to cerebral blood vessels. (e and f) C6 glioma sphe-
roid initiates vascularly on day 3 by inducing angiogenic sprouting. Arrows in f indicate sprouts originating from host blood vessels and vas-
cularizing the multicellular aggregate shown in e. (g) Quantitative analysis of blood-brain barrier function of peritumoral host blood vessels
from day 3 to day 14 after spheroid implantation, versus control cerebral vessels (CON). (h and i) Established neovasculature of C6 glioma
spheroid on day 6 with tumor-specific angioarchitecture. (j-I) Quantitative analysis of tumor size (j), vessel density (k), and vessel diameter
(). The range of values is indicated for the host tissue. SUS, cell suspension group; SPH, spheroid group; host, peritumoral host tissue. Bars

represent 400 um (a) and 50 um (b-f, h, and i).
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the host microvasculature initiate by co-opting ves-
sels (6). This argument, however, is contradicted by
the observation that experimental microtumors,
when implanted into well-vascularized tissue, express
angiogenic factors at the earliest stage (11-13) and
fail to initiate when antiangiogenic treatment is
started on the day of implantation (14, 27, 28).
Therefore, it was essential to further test the hypoth-
esis of vessel co-option.

The advantage of using multicellular spheroids is
twofold: first, in contrast to tumor cell suspensions, mul-
ticellular tumor spheroids exhibit structural and func-
tional differentiation similar to that of solid tumors (29).
The fact that they are held together by surface mem-
brane microprojections, an extracellular matrix, and a
variety of cell-cell junctions allowed us to separate active

cell migration from passive spread following implanta-
tion (15). Second, by using spheroids 100-200 wm in
diameter, we were able to implant microtumors that
were much smaller than 1 mm3 (1), below the critical size
for developing hypoxia, thus representing microtumors
in the status of initial development (29).

The results of our study support a concept that con-
siders the typical growth behavior of many malignant
tumors, which is characterized by a combination of
solid and diffuse infiltrative growth. The interaction
between tumor cells and host vessels within the solid
and infiltrative tumor component varied significantly.
Clearly, tumor cells within the solid tumor mass did not
home in on preexisting host vessels and grow by co-opt-
ing them, but induced angiogenic sprouting immedi-
ately after implantation. This vascular tumor initiation
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was independent of tumor size, so that even nonhypox-
ic multicellular aggregates established a new, tcumor-
specific micovasculature within the first week following
implantation, i.e., before tumor growth was notable. In
parallel, individual tumor cells within the diffuse infil-
trative tumor component were preferentially located
perivascularly, demonstrating an affinity for both newly
formed tumor blood vessels and preexisting host blood
vessels. Our sequential intravital microscopic assess-
ment showed that these tumor cells migrate toward and
along these blood vessels, which provide a leading struc-
ture for their dissemination rather than a source for
their nutritional supply. These results are supported by
classical experimental studies showing that the
microvascular basement membrane, which is rich in
laminin, collagen IV, and tenascin, represents a
microenvironment that facilicates tcumor cell attach-
ment to the extracellular matrix, migration, and perivas-
cular invasion of the adjacent host tissue (26, 30, 31).

The results contradictory to previously reported stud-
ies (4-6) on the significance of host vessel co-option for
tumor initiation cannot be explained simply by differ-
ences in the tumor model, since we used the same
tumor cell line, the same tumor cell number, and the
orthotopic implantation site reported previously (4). It
is more likely that the analysis of the initial small-cal-
iber vessels within the tumor (see Figure 4, fand I) does
not allow differentiation between angiogenic sprouts
and co-opted host vessels when vessels are categorized
only by their diameter in histological cross sections. It
may be that histology is sensitive enough to reliably
separate tumor vessels from host vessels only later in
tumor progression, when sinusoidal tumor vessel con-
figurations appear (see Figure 4] and Figure 5,a and b),
tumor vessels regress, and intratumoral necrosis is
established. Intravital microscopy, in contrast, provides
the high resolution necessary to obtain information on
the dynamic aspects of angiogenesis and vessel func-
tion that is essential to determine that the initial tumor
vessels originate from host vessels by angiogenic
sprouting. In addition, it has to be taken into account
that features previously interpreted to indicate host
vessel co-option (4) may also be interpreted as perivas-
cular cell migration, reflecting the invasive nature of
malignant glioma.

It has become clear that the process of vessel forma-
tion is based on a complex interplay of various signal
transduction pathways. Among those, special interest
has been devoted to the vascular-specific growth fac-
tors of the VEGF and angiopoietin families. Gene tar-
geting experiments in mice have shown that these
growth factors are indispensable for embryonic blood
vessel development (8, 9). Comparative analysis of dis-
tinct phenotypes suggests that VEGF/VEGFR-2 plays
a critical role in initial vascular formation, while
angiopoietins and Tie2 are required for further expan-
sion and maturation of the initial microvasculature.
Due to its predominant expression at sites of vascular
remodeling, Ang-2 has been classically implicated in

SuUS

SPH

Angiogenic
sprouting

Tumor vessel
regression

Figure 5

Microvasculature of C6 glioma 2 weeks after intracranial implanta-
tion. Note similarity of angioarchitecture in both groups. Arrowheads
(aand b) indicate vascular sprouts originating from tumor blood ves-
sels. Arrows (c and d) indicate regressing tumor vessels lacking fluo-

rescent staining. Bar represents 50 um.

vessel destabilization (23, 32-34). Although attractive
from a conceptual point of view, this hypothesis has
recently been challenged by the observation that high
levels of Ang-2 may promote endothelial cell survival
(35), suggesting that the function of Ang-2 in vessel
development is not yet completely understood.

Expression analyses in highly angiogenic tumors such
as glioblastomas and Kaposi sarcoma have suggested
that the coordinated expression of VEGF, angiopoi-
etins, and their receptors is reactivated during tumor
vascularization (4, 10, 13, 36-38). Our study links
expression analysis to microvascular function and pro-
vides evidence that both VEGFR-2 and Ang-2 are coor-
dinately induced in host and tumor vessels to mediate
vascular tumor initiation as well as further remodeling
of tumor microvasculature. Interestingly, VEGFR-2
induction in our C6 gliomas and in other experimental
tumors (39) occurs significantly earlier than does the
characteristic upregulation of VEGF in perinecrotic
tumor cells (13), which has been considered the hall-
mark of the angiogenic switch in tumors. However, it
must be considered that a variety of tumor cells already
express low levels of bioactive VEGF in vitro and in vivo
under normoxic conditions, especially when organized
as multicellular aggregates (7, 11, 12). Consistently, low
but detectable levels of VEGF mRNA were present in
our early C6 tumors. We therefore assume that VEGF
signaling occurs during tumor initiation once VEGFR-
2 is induced in host vessels, representing the rate-limit-
ing step for tumor angiogenesis.

Based on the temporal pattern of VEGF and Ang-2
expression in C6 glioma, Holash and coworkers (4) con-
cluded that Ang-2 activity (leading to host vessel regres-
sion) precedes VEGF activity (stimulating neovascular-
ization) during the initiation of microtumors. However,
our result of early (low-level) VEGF and VEGFR-2 expres-
sion restrengthens the relevance of VEGF signaling dur-
ing initial tumor development. Our observation of par-
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Figure 6

Coordinated upregulation of Ang-2 and VEGFR-2 mediates tumor angiogenesis after intracranial implantation. (a—c) In situ hybridization of 1-
week tumors demonstrates that Ang-2 and VEGFR-2 mRNA expression was induced in parallel in tumor and host endothelium (b and c), where-
as only low VEGF mRNA levels were present within the tumor (a). (d-f) Sense controls for in situ hybridization. t, tumor mass; p, peritumoral
cerebral tissue. (g-i) A strong Ang-2 and VEGFR-2 mRNA expression pattern persisted in 2-week tumors (h and i). VEGF mRNA expression,
which was homogeneous at 1 week, became heterogeneous by 2 weeks after implantation (g). (j-m) Serial immunohistochemistry for PECAM
(I) and VEGFR-2 (j, k, m) in 1-week (j and I) and 2-week tumors (m) confirms VEGFR-2 expression by endothelial cells of tumor and adjacent
host vessels. Square in j indicates area of interest detailed in k. Arrows in k indicate VEGFR-2-positive vessels with perivascular cuff of invading
tumor cells. (n and o) Serial immunohistochemistry for PECAM (n) and Ki-67 (o) reveals tumor endothelial cell proliferation. Asterisks indicate
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identical tumor vessels in serial sections. Arrows indicate Ki-67-positive endothelial cells. Bars represent 100 um (a-i) and 50 um (j-o).
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allel induction of Ang-2 and VEGFR-2 in quiescent
endothelial cells of the host tissue further suggests that
their simultaneous activity is critical for the induction of
tumor angiogenesis during vascular initiation of micro-
tumors. Consequently, the simultaneous expression of
VEGFR-2 and Ang-2, rather than the expression of Ang-
2 alone (40), may indicate the angiogenic phenotype of
endothelial cells and thus provide an early marker of
activated host vasculature. The functional correlates of
this coordinated VEGF/Ang-2 activity are an increase in
host vessel permeability, loss of blood-brain-barrier func-
tion in cerebral vessels, microvascular dilation, and
sprout formation. In the later stage of tumor develop-
ment, Ang-2 and VEGFR-2 continue to be expressed at
high levels by the host and tumor microvasculature,
which remain in a state of angiogenic plasticity. As a con-
sequence, we speculate that these immature vessels
remain dependent on the presence of the survival factor
VEGEF (41). Consequently, the VEGF/Ang-2 balance may
determine whether the new tumor vessels continue to
expand when the ratio of VEGF to Ang-2 is high or
regress when the ratio of VEGF to Ang-2 is low during
remodeling of the tumor microvasculature. This hypoth-
esis is supported by similar observations during vessel
development (23, 34), ovarian angiogenesis (32), and
wound healing (33).

However, endothelial cells may not be the only
source of Ang-2 expression in vivo. Several reports have

stated that Ang-2 may also be produced by certain
tumor cells (38, 42). However, we have not obtained
evidence for Ang-2 expression by C6 cells during
tumor angiogenesis and vascular remodeling. First,
the results of our in situ hybridization analyses argue
against significant Ang-2 mRNA production by tumor
cells in vivo. Second, we did not observe significant
Ang-2 protein expression by Western blot analyses of
cultured C6 cells (data not shown).

Using the C6 microtumor model, we have provided
evidence that angiogenic sprouting is one of the pre-
dominant mechanisms of initial brain tumor devel-
opment. This process is mediated by low levels of
tumor-derived VEGF and simultaneous expression of
VEGFR-2 and Ang-2 in endothelial cells of host and
tumor blood vessels. Individual tumor cells home in
on host blood vessels, using them as a trail to invade
the adjacent brain. It is important, however, to real-
ize that tumor vascularization is a dynamic and mul-
tifactorial process, and that our results cannot
exclude that certain other, extracerebral tumors may
preferentially use alternative strategies to guarantee
their development and nutritional supply. Conse-
quently, our study does not intend to exclude alter-
native processes such as host-vessel co-option from
the overall process of tumor angiogenesis, but rather
indicates that their significance must be reevaluated
for each type of tumor.
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