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Until recently, it was generally accepted that the
vascularization of solid tumors occurred exclusive-
ly through the sprouting and co-option from pre-
existing blood vessels. Growing evidence now sug-
gests that bone marrow-derived endothelial
progenitor cells (EP) circulate in the blood and may
play an important role in the formation of nhew blood
vessels in certain tumors. Whether endothelial pro-
genitors participate in the vascularization of brain
tumors has not yet been evaluated. In this study, we
examined the contribution of EP to tumor angiogen-
esis in a murine glioma tumor model. Donor bone
marrow cells obtained from transgenic mice consti-
tutively expressing p-galactosidase or GFP either
ubiquitously or transcriptionally regulated by an
endothelial specific promotor Tie-2 were injected
into lethally irradiated adult mice. After bone marrow
reconstitution by donor cells, mice were implanted
with syngeneic GL261 murine glioma cells. Morpho-
logical and confocal 3-dimensional analysis showed
that the majority of the engrafted donor marrow
cells were expressing hematopoietic and/or
microglia markers, but did not appreciably con-
tribute to the tumor vasculature. Implantation of
glioma cells genetically engineered to overexpress
VEGF produced highly vascularized tumors. How-
ever, the number of endothelial progenitors incor-
porated in the tumor vasculature did not increase.
These data strongly suggest that neovasculariza-
tion in the brain might fundamentally be regulated by
the sprouting of pre-existing vessels and implicate
that circulating endothelial progenitors do not play
a significant role in this process.

Brain Pathol 2003;13:582-597.

Introduction

In humans, gliomas constitute about 30 to 45% of all
intracranial tumors. Malignant gliomas, the most com-
mon primary brain tumors, are characterized by very rapid
local growth and invasiveness. One of the events that
accompanies glioma progression is the induction of an
angiogenic phenotype. The vasculature of low-grade
gliomas resembles that of normal brains, whereas high-
grade gliomas show prominent microvascular prolifer-
ation with areas of very high vascular density compared
to low grade gliomas and normal brain (37, 38).

Similar to brain vascular development during
embryonic life, brain tumor vessels develop by the
sprouting and co-option of neighboring preexisting ves-
sels, a process termed angiogenesis (35). Vasculogene-
sis, defined as the in situ differentiation of vascular
endothelial cells from primitive precursor cells
(angioblasts) was thought to occur only in the early
phases of vascular development (18, 44). Recent evidence
in the literature suggests that putative angioblasts, also
known as endothelial progenitors (EP), might persist in
adult life and contribute to the vascularization of tissues
in physiological and pathological settings (2, 13, 20,
25, 48). Endothelial progenitors have been isolated
from peripheral blood and the bone marrow (3, 34).
Similar to embryonic angioblasts, circulating endothe-
lial progenitors have the capacity to proliferate and dif-
ferentiate into mature endothelial cells. However, they
neither acquire markers characteristic of mature
endothelium nor the capacity to form a lumen (40).
Recent data indicate that certain cytokines, such as vas-
cular endothelial growth factor released by tumor cells,
contribute to tumor neovascularization not only by
inducing proliferation and migration from mature
endothelial cells but also by the mobilization of
endothelial progenitors and hematopoietic cells to the
tumor vascular bed (41). Despite the finding that EP
contribute to the neovascularization in the early phases
of tumor growth little is known about the tumor types that
are most dependent on the recruitment of EP and
hematopoietic cells for their growth. Based on evidence
reported in the literature, mobilization and incorporation
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of EP into the tumor vasculature is essential for the
growth of lymphomas, Lewis lung carcinoma and colon
cancers (2,29). So far, the role of EP in gliomas has not
yet been elucidated. The blood-brain barrier, which
restricts the passage of macromolecules, viruses and
cells, the absence of a lymphatic drainage and the inad-
equate expression of MHC molecules and adhesion
molecules in brain endothelium might affect the ability
of circulating progenitors to interact with and to
become incorporated into the brain endothelium (43). In
this study, we have used tagged bone marrow cells in
order to characterize the contribution of bone marrow-
derived EP to the vasculature of a murine glioma
model. We further examined whether overexpression of
VEGF in glioma cells would increase endothelial pro-
genitor engraftment to the tumor vasculature. We
demonstrate here that, although bone marrow cells con-
tribute substantially to the microglial brain population,
the overall contribution of EP to the tumor vasculature
is not significant.

Material and Methods

Generation of chimeric animals. All animal experi-
mental procedures were performed in accordance with
protocols approved by the local institutional animal
care and use committee.

Recipient mice, athymic nude mice (n=21) and
wild-type C57BL/6 (n=41) aged between 6 to 8 weeks
were lethally irradiated with 8.5 Gray of a 137Cs
gamma source.

The following transgenic strains were used as
donors: i) Rosa 26, which expresses the LacZ gene
encoding for [3-galactosidase in all tissues
(TgR[Ro0sa26]26 Sor) (52); ii) Tie-2 LacZ, which
expresses LacZ under the transcriptional regulation of the
Tie-2 promotor (FVB/N-TgN[Tie2LacZ]182Sato (46);
and iii) C57BL/6-GFP, a strain carries the GFP driven by
chicken B-actin promoter and cytomegolovirus inter-
mediate early enhancer. All cell types in this animal
express GFP (BL6 BActin-EGFP) (32). Bone marrow
cells were harvested aseptically by flushing the tibias and
femurs. One day after lethal irradiation, recipient mice
received 5 x 10° BM cells injected into the lateral tail vein.
Immune-deficient athymic nude mice received bone
marrow transplantation from Tie-2 LacZ donor cells;
C57BL/6 received Rosa 26 or GFP syngeneic donor
cells. For control studies, athymic nude mice (n=2) and
C57BL/6 mice (n=3) received BM cells from wild-
type FVB/N or C57BL/6, respectively.

Hematopoietic engraftment analysis. Donor cell
engraftment efficiency was determined by analysis of
bone marrow and peripheral blood. Bone marrow sam-
ples were collected as described above. Blood samples
were obtained from the heart immediately before mice
were sacrificed and separated by a Ficoll (Pharmacia) gra-
dient density. Light density mononuclear cells were
washed in saline (PBS, no calcium or magnesium).
Cells were labeled with lineage-specific antibodies con-
jugated to PE (BD PharMingen, San Diego, Calif)
(Mac-1, B220, CD45, Gr-1, TER119). For the detec-
tion of B-galactosidase in samples obtained from Tie-2
and Rosa chimeras, cells were stained with fluorescent
B-gal substrate fluorescein di-B-D-galactopyranoside
(FDG, Molecular Probes, Eugene, Ore) (31) according
to the manufacturer’s instructions. Samples were exam-
ined in 2-color FACS using Cellquest software (Becton
Dickinson, Heildelberg, Germany).

Cell lines. The GL261 mouse glioma tumor was
originally induced by intracerebral injection of chemi-
cal carcinogen into the C57BL/6 and maintained on
syngeneic host by alternating intracranial and subcuta-
neous implantation of small pieces of tumor. Detailed
characterization of the cell line has been published else-
where (5, 47).

The cells were cultured in Dulbecco’s modified
Eagle Medium (DMEM, Life Technologies) supple-
mented by 10% fetal calf serum. GP+E86 virus pro-
ducer cells encoding for the full length mouse VEGF,,
cDNA (45) were kindly provided by Dr Wizigmann-
Voss (MPI, Bad Nauheim, Germany) and were grown in
DMEM containing 10% FCS (Life Technologies) and 0.2
mg/ml of the neomycin analog G418 (Calbiotech).

Generation of VEGF overexpressing GL261. To
generated GL261 overexpressing VEGF,,, virus super-
natant from GP+E86 VEGEF cells were applied to sub-
confluent GL261 overnight. Twenty-four hours after
infection, cells were incubated with medium containing
0.4 mg/mg G418 for the selection of positive clones.
Colonies of neomycin-resistant clones were harvested
after 14 days selection and assayed for VEGF recombi-
nant expression.

Characterization of VEGF overexpressing GL261.
Subconfluent cells were washed 3 times in PBS and
incubated for 24 hours with DMEM-containing 1%
serum. For hypoxia experiments GL261 WT and VEGF
transfected cells were cultured in an anaerobic (oxygen
content approximately 0.2%) gas chamber (Becton
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Dickinson) as described previously (36). After removal
from the gas chamber, cells were immediately
processed for RNA extraction. Conditioned medium
was collected, centrifuged and frozen in aliquots.

Mouse VEGF protein levels were measured in con-
ditioned medium using the Quantikine TM immunoas-
say kit (R&D system, Mineapolis, Minn), following the
manufacturer’s instructions in 2 independent experi-
ments.

Total RNA was collected from confluent cells and elec-
trophoresed through an agarose-formaldehyde denatur-
ing gel and transferred onto nylon membranes. The fil-
ters were hybridized for 2 hours at 68°C with
32P-labeled cDNA encoding for the full length mouse
VEGF, (10) in hybridization solution (QuickHyb,
Stratagene, La Jolla, Calif). Loading control was per-
formed with *P ¢cDNA encoding 18S. Densitometry
was performed using TINA 2.0 software.

Tumor implantation. Bone marrow-transplanted
mice were injected subcutaneously (s.c.) with 10° syn-
geneic GL261 murine glioma cells resuspended in 100
pnl of iced Matrigel (Becton-Dickinson, San Jose,
Calif). Intracranial brain tumors were induced by
stereotactic (Kopf stereotactic frame) injection of 2 x 10*
GL261 cells in 5 pl of phosphate buffer (PBS). Cells were
implanted into the right cerebral hemisphere of anes-
thetized mice (isofluorane) at a depth of 4 mm below sur-
face of the skull using a 10 .l Hamilton syringe.

B-galactosidase staining and immunohistochem-
istry. Tie-2-LacZ and Rosa 26 bone marrow chimeric ani-
mals were perfused transcardially with PBS to mini-
mize blood cell contamination. Subcutaneous tumors
and brain coronal sections were embedded in Tissue-Tek
and frozen in pre-cooled Methylbutane. Cryosections
(12-14 pm) were fixed in 2% paraformaldehyde (PFA)
in PIPES buffer (pH 6.9), rinsed 3 times in PBS and incu-
bated overnight in PBS-containing 5-bromo-4-chloro-3-
indolyl-B-D-galactosidase (X-Gal) at 0.5 mg/ml,
20mM potassium ferricyanide, 20mM potassium ferro-
cyanide and 2mM MgCl,. X-gal staining was per-
formed together with positive control tissue obtained
from Rosa 26 and negative control tumors obtained
from animals transplanted with FVB/N or C57BL6
wild-type. After the X-gal reaction, sections were
stained immunohistochemically with the following
antibodies: Anti-mouse CD31 (rat, BD PharMingen),
anti-mouse CD105 (rat, Southern Biotechnology Asso-
ciates, Inc., Birmingham, Ala), anti-mouse CD45 (rat,

Cymbus Biotechnology LTD), anti-mouse macrophage
marker F4/80 (Serotec Ltd, Oxford, United Kingdom),
anti-Mac-1 (rat, BD PharMingen), and anti-human von
Willebrand Factor (rabbit, Dako, Glostrup, Denmark).
Sections were blocked for non-specific antibody binding
with 2% normal goat serum, followed by incubation
with primary antibodies. Following three washes with
PBS, sections were incubated with biotinylated goat
anti-rabbit immunoglobulin (Vector Laboratories,
Burlingame, Calif) or biotinylated goat anti-rat
immunoglobulin (Southern Biotechnology Associates,
Inc). After 3 PBS washes, sections were incubated with
avidin-biotin complex reagent (Vector Laboratories)
followed by 3,3 diaminobenzidine (Vector Laborato-
ries) according the manufacturer’s instructions. Negative
controls were performed using unspecific immunoglob-
ulins (rat IgG, BD Pharmigen; rabbit IgG, Dianova).
Photomicrographs were taken using Zeiss Axioplan 2
Imaging and Axion Vision 3 Software.

Free-floating immunofluorescence and confocal
analysis. GFP chimeric animals were perfused with
PFA 4% in PBS. Organs were post-fixated in PFA 4% for
24 hours. Coronal brain sections (50 wm) were cut
using a Vibratome (Leica). Free-floating sections were
incubated with the following antibodies and dilutions:
rabbit anti-vWF (1:200), rat anti-mouse CD45 (1:100:
Cymbus), rat anti-mouse CD31 (BD PharMingen), rat
anti-mouse F4/80 (1:100; Serotec), and rabbit anti-GFP
(Molecular Probe, Eugene, Ore) (1:100). Sections were
then incubated with Cy5-labeled donkey anti-rabbit
(Jackson ImmunoResearch, West Grove, Pa) and/or
with Texas Red goat anti-rat (Southern Biotechnolo-
gies) or Texas Red goat anti-rabbit (Jackson
ImmunoResearch, West Grove, Pa) mounted and ana-
lyzed with a krypton-argon laser scanning confocal
imaging system (Leica). GFP were imaged with excita-
tion at 495 nm and emission at 510 nm. Texas red was
imaged with excitation at 547 nm and emission above 572
nm. Cy5 were imaged with excitation 650 nm and emis-
sion 670 nm. Microscopic data were acquired using a 40x
oil-immersion objective lens.

For 3-dimensional analysis, sections were analyzed in
Micro System Zeiss LSM and analyzed using Autovi-
sualize Software (Autoquant Imaging, Inc).

Morphometric analysis. The percentage of engraft-
ment of bone marrow-derived endothelial cells was
determined in mice transplanted with Tie-2LacZ BM
cells. Bone marrow-derived endothelial cell engraft-
ment was quantified by determining the number of pos-

584 Bone Marrow-Derived Endothelial Progenitors and Vascularization—Machein et al



BMT-chimeras

Tie-2
' Rosa 26,3 lacZ
Donor
Nu
Recipient
Radiation and | Long-term BM-transplants [
BMT
Tumor inoculation
6 months post-BMT
Radiation and | Short-term BM-transplants
Day 0 nalysis of BMT
S_tUdy HSSues Tumor inoculation
time 6 weeks post-BMT
frame Radiation and | Short-term BM-transplants |
BMT Day 0 An_alysis of
Tumor inoculation tissues
\ 6 weeks post-BMT
Day 0 Analysis of
tissues

Figure 1. Experimental schema. Recipients C57BL/6 or nude mice were lethally irradiated and transplanted with unfractionated bone
marrow cells obtained from three different transgenic mice: Rosa 26, GFP, Tie-2 LacZ. After 6 weeks (short-term transplantation)
or 6 months (long-term transplantation) chimeric animals were subjected to tumor implantation. Intracranial tumors were analyzed
7 to 18 days post-implantation. Tumors growing subcutaneously were harvested 21 days after tumor inoculation.

itive vessel profiles (one or more LacZ+ cell that also co-
stained with an antibody against CD31 per total vessels
in a tumor section observed under the light microscope,
10x field). The mean percentage of LacZ+ vessels is
based on the examination of 150 or more tumor vessels
of various sizes from an average of 16 sections/each
time point.

Evaluation of VEGF plasma levels. Mouse VEGF
plasma levels were measured in ETDA plasma of mice
implanted with GL261 intracerebrally and controls by
commercial ELISA kit (R&D, Minneapolis, Minn) fol-
lowing manufacturer’s instructions.

RNA Isolation and RT-PCR. Total RNA from
mouse bone marrow cell suspension, from tumor and nor-
mal organs from Tie-2 LacZ BMT experimental ani-
mals was isolated as described previously (26). Reverse

transcription was performed from one g of RNA using
a Superscript Preamplification kit (Life Technologies)
according to the manufacturer’s instructions. Primer
pairs for amplification of Tie-2 LacZ and ribosomal
S12 reverse-transcribed products were as follows:
LacZ: 5'-GACGA AACGC CTGCC AGTAT TTAG-3';
LacZ reverse: 5'-CCGTC ACGAG CATCA TCCTC-
3" 1rS12: 5'-ACGTC AACAC TGCTC TACA-3"; rS12
reverse: 5'-CTTTG CCATA GTCCT TAAC-3'.

Ten microliters of each PCR mixture were elec-
trophoresed in 1.5% agarose gel containing ethidium
bromide and photographed.

Results

Hematopoietic engraftment in murine BM models.
To assess the contribution of endothelial progenitors to
the vascularization of a murine glioma, we employed two
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C57BL6/Rosa C57BL6/GFP Nude/Tie-2 LacZ
s.c. (n=7)
GL261 wt GL261 wt GL261VEGF (n=2)
Short term transplantation i.c. (n=12) i.c. (n=3) GL261 wt (n=5)
s.c.(n=6)
i.c(n=13)
GL261VEGF (n=4)
GL261 wt (n=9)
i.c. (n=8) i.c.(n=9)

Long term transplantation GL261 VEGF (n=4)

GL261 wt (n=4)

GL261 VEGF (n=4)
GL261 wt (n=5)

Table 1. Tumor implantation in bone-marrow-chimeras. After 6 weeks (short term transplantation) or 6 months (long-term transplantation),
bone marrow chimeras were implanted either intracerebrally (i.c) or subcutaneously (s.c) with GL261 wild-type cells (wt) or GL261
genetically engineered in order to overexpress VEGF (GL261-VEGF).

different bone marrow transplantation models. Forty-
one C57BL/6 mice were lethally irradiated and trans-
planted with unfractionated syngeneic bone marrow
cells of 6- to 8-week-old Rosa26 mice, a transgenic
strain in which the LacZ gene is expressed widely, or with
bone marrow cells of transgenic animals that express GFP
in all tissues driven by the -actin promotor.(Figure 1)
Three mice received BM from C57BL/6 wild-type mice
for control purposes.

In a second bone marrow transplantation model, we
used donor cells expressing LacZ under the control of a
tissue-specific promotor-enhancer sequence. Immunod-
eficient nude mice (n=22) were transplanted with
donor bone marrow cells obtained from transgenic Tie-
2 LacZ mice, which express LacZ under the transcrip-
tional control of the endothelial cell specific tyrosine-
kinase Tie-2. Two mice received BM cells obtained
from the FVB/N mice for control experiments (Figure 1)

After 6 weeks (short-term transplant) or 6 months
(long-term transplant) mice were injected either s.c. or
i.c. with GL261 murine glioma cells (Table 1).

Hematopoietic engraftment was assessed by FACS
analysis when the mice were sacrificed. Chimeric animals
showed multilineage hematopoietic engraftment ranging
from 42 to 85% in peripheral blood of Rosa or GFP
chimeras and were similar either in long-term as well as
in short-term transplants. The expression of LacZ in
nucleated blood cells prepared from mice transplanted
with Tie-2LacZ donor cells ranged between 9 to 14%
(data not shown). Bone marrow cells from Tie-2 lacZ
chimeric mice showed co-expression of [3-galactosi-
dase and myeloid markers (CD11b and Gr-1), pan-
hematopoietic marker CD45 and c-kit (CD117) (data
not shown). X-gal staining of bone marrow and spleen
confirmed the engraftment in Rosa and Tie-2 chimeras
(data not shown).

Incorporation of donor cells into murine glioma
after short-term BMT. In short-term transplant studies,
we implanted the bone marrow chimeras either subcu-
taneously or intracerebrally with GL261 glioma cells 6
weeks after bone marrow transplantation.

Brains were retrieved 7, 14 and 18 days after intrac-
erebral tumor cell injection, except for brains of GFP
chimeras (n=3), which were analyzed only on day 18
post-transplantation. At least 2 animals from each
group were analyzed per time point. Tumors implanted
subcutaneously were harvested on day 21 post-implan-
tation. Cryosections of brain and s.c. tumors derived
from Rosa 26 and Tie-2 LacZ chimeras were stained
with X-gal followed by incubation with endothelial and
hematopoietic cell-specific antibodies. These sections
were analyzed to identify bone marrow-derived LacZ+
cells which had been incorporated into the vascular
tumor bed.

In subcutaneous tumors growing in Rosa 26
chimeras, we found LacZ+ cells, particularly in areas of
necrosis. LacZ+ cells did not co-stain with antibodies
against endothelial cell markers (Figure 2A-C). The
vast majority of LacZ+ cells in tumor tissue expressed
the hematopoietic marker CD45 (Figure 2D).

In brain sections of Rosa 26 transplanted animals, very
few LacZ+ cells were detected. These LacZ+ cells had
a globular morphology and were mostly related to
blood cells extravasated into tumor stroma or aggregat-
ed in intravascular lumens. X-gal staining of brain sec-
tions obtained from Rosa 26 transgenic mouse showed
a robust (3-gal staining in neural as well as non-neural
brain cells and endothelial cells (data not shown).

In intracerebral tumors growing in Tie-2LacZ
chimeric animals, LacZ+ cells were localized in the
tumor stroma or integrated into tumor vascular structures
in peripheral regions, as demonstrated by co-staining

586 Bone Marrow-Derived Endothelial Progenitors and Vascularization—Machein et al



Figure 2. X-gal stained sections of s.c. tumor growing in Rosa-26 bone marrow chimeric mouse costained with CD 105 (A), VWF
(B), CD31 (C) and CD45 (D). Several LacZ+ cells were found adherent to the vessel lumen, but not integrated into the tumor endothe-
lium. Most LacZ+ cells stained with CD45.

with endothelial cell markers CD105 and CD31 (Figure
3A-C). Most LacZ+ cells localized in tumor stroma had
a globular appearance and stained positive for CD45
(Figure 3D). Some LacZ+ cells were positive for the
myeloid marker CD11b (Mac-1) (Figure 3E) and some
LacZ+ cells displayed the ramified characteristic of
microglia, although these cells did not express the
microglia/magrophage marker F4/80 (Figure 3F).
Importantly, the F4/80 antibody stained several
microglial cells in the same section (Figure 3G), imply-
ing that the F4/80 negative cells might be of myeloid ori-
gin that had not completely differentiated to express the
F4/80 antigen. Glioma cells were also implanted sub-
cutaneously into Tie-2 LacZ chimeric mice. Tumor tis-
sues stained with X-gal demonstrated that LacZ+ cells
localized focally in tumor stroma, or associated with

vessel profiles particularly at the tumor periphery (data
not shown). In tumors obtained from control animals
transplanted with wild-type FVB/N or C57BL6 donor
cells, the X-gal reaction was completely absent (data not
shown).

Levels of donor contribution to tumor vasculariza-
tion in Tie-2 chimeras. To assess the number of EP
cells incorporated into tumor vessels, we quantified the
number of LacZ+ vessels in i.c. and s.c. tumors
retrieved from Tie-2 LacZ chimeras. The percentage of
vascular engraftment is based on the ratio of LacZ+
vessels per total number of vessels in the tumor tissue.
Positive criteria included vessels that contained at least
one cell co-staining for LacZ and CD31. At least 16
sections/per time point containing tumor tissue were
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Figure 3. Phenotype of bone marrow-derived LacZ+ cells in intracranial murine glioma of nude Tie-2LacZ chimeric mice. A. X-gal
histochemistry followed by immunostaining for CD105 and hematoxylin staining of tumors harvested on day 18 post-implantation
demonstrates LacZ+ cells incorporated into tumor vessel or localized at the tumor stroma (arrows). B. High magnification of boxed
area in a) showing LacZ+ cell lining the capillary lumen (arrow). C. Immunohistochemical analysis of day 14 tumor stained with X-
gal and CD31 showing LacZ+ cell in tumor stroma and tumor vessel (arrows). D. Most LacZ+ cells found in tumor stroma express
the pan-hematopoietic marker CD45. E. Some cells express the myeloid marker CD11b. F. Some LacZ + cells display the ramified
characteristic of microglia, although they are negative for F4/80. G. The F4/80 antibody stains several microglial cells in the same

section. Scale bars: 100 um (A); 20 um (B-G).

evaluated in a 10x field. Independent of the time point
in which i.c. tumors were collected (on day 7, 14 and 18
post-transplantation), levels of EP incorporation into
the tumor vasculature was similar with a mean prevalence
of LacZ-positive vessels of 0.6% (+0.2). The average rate
of vessel engraftment in s.c. tumors was 0.59%.

Bone marrow-derived cells contribute substantially
to the microglia pool but not to the tumor vascular
bed. We further analyzed the incorporation of bone
marrow-derived progenitors into the tumor vasculature
of BM GFP-chimeric mice by confocal laser
microscopy and 3-dimensional analysis.

Donor derived GFP+ cells primarily localized in the
tumor bed and leptomeninges and were detected close-
ly related to the tumor vasculature. In short-term
chimeric animals, the unaffected contralateral hemi-
sphere was virtually devoid of GFP-expressing cells.
We did not find any GFP cells that fulfilled the criteria
for transdifferentiation into endothelial cell lineage:
GFP+ cells did not colocalized with endothelial cell
markers such as CD31 or vWF, instead most GFP+
cells expressed the pan-hematopoietic marker CD45
(Figure 4A-C). Moreover, the vast majority of GFP+
cells that had engrafted in tumors expressed the mono-

cyte/macrophage specific plasma membrane antigen
F4/80 (Figure 4D-F). These cells had the typical rami-
fied appearance of brain microglia, providing further
evidence for microglial identity (Figure 4G-I). Impor-
tantly, immunofluorescence for localization of GFP
using a rabbit anti-GFP antibody did not enhance the
detection of GFP compared with the detection of GFP
native fluorescence (data not shown).

Incorporation of donor derived cells in long-term BM
chimeric animals. We tested whether donor bone mar-
row cells participate in the vascularization in murine
gliomas when stable and complete reconstitution of the
hematopoietic system has been achieved (at least 4
months after bone marrow transplantation (11).
C57BL/6 (n=17) were bone marrow transplanted with
syngeneic Rosa 26 or GFP donor cells. We performed
intracranial tumor implantation 6 months after bone
marrow transplantation to ensure durable, stable
hematopoietic reconstitution and collected the brains
on day 7 and 14 post-tumor implantation.

Confocal analysis showed GFP+ cells associated
with tumor vessels, some lining the luminal vessel side.
These cells did not colocalize with CD31 or vWF and
were CD45+ (Figure 5A-F). In long-term chimeras,
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Figure 4. Donor cells contribute to microglia pool but not to tumor endothelium. Representative confocal micrographs of intracerebral
tumors in C57BL6/GFP chimeras. GL261 cells were inoculated six weeks after bone marrow transplantation (short-term transplant).
Brains were analyzed 18 days post-implantation. The left column identifies GFP+ cells (A, D, G). Merged confocal images of GFP
(green) and CD45 (red) (B) and GFP (green) and VWF (red) (C) from the same section demonstrate that GFP+ cells associated
with the tumor vascular structures are infiltrating hematopoietic cells. Merged confocal images of GFP (green) and F4/80 (red) (E)
and GFP (green) and vVWF (red) (F) showing that GFP expressing cells co-expressed macrophage/microglia marker F4/80 but do
not colocalize with vVWF. Higher magnification of GFP+ cells expressing F4/80 show the typical ramified morphology of microglia

cells (G, H, I).

GFP-expressing cells increased significantly and were
detected not only in the tumor bed but also in normal
brain, predominantly in perivascular and lep-
tomeningeal sites. Increased density of GFP+ cells was
also observed in the choroid plexus (Figure 5G-H).
Compared with GFP chimeras, in Rosa 26 chimeric ani-

mals, few LacZ+/CD45+/CD31- cells were found
around the tumor blood vessels, at the leptomeninges and
choroid plexus (data not shown).

For 3-D imaging, sections of GFP chimeras were
scanned in a Zeiss microscope. The relationship of ves-
sels (blue channel), GFP (green channel) and CD45
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Figure 5. Brain sections of
C57BL6/GFP long-term chimeric ani-
mals collected 7 days post i.c. inocu-
lation of GL261. A. Confocal micro-
graph of tumor area discloses
several GFP+ cells (green) associat-
ed with tumor vessels (VWF, red). B.
Colocalization of GFP (green) and
CD45 (red) in the same section
showed in A. C. Higher magnification
of tumor vessel stained with VWF
(red) shows several GFP+ cells
(green) infiltrating the endothelium.
D. Same section stained with CD45
(red) demonstrates the close associ-
ation of GFP+CD45+ cells with the
tumor endothelium. E-F. Confocal
microscopy of tumor vessel stained
with an antibody to vVWF (red) shows
GFP+ cell (arrow) lining the tumor
capillary lumen (z-axis only 2 pm).
Note that in the merged image there
is no colocalization of vWF and GFP.
H-l. Several GFP-expressing cells
(green) are detected in choroid
plexus (stained with CD31, red).
Merged images show no colocalization
of CD31 and GFP in choroid plexus.

(red channel) delineated in 3-D
images confirmed that bone mar-
row-derived GFP cells adherent to
tumor vessels were trafficking
leukocytes (data not shown).

VEGF overexpression did
not increase the incorporation
of EP into glioma blood vessels.
Because VEGF is known to
increase circulating bone mar-
row-derived endothelial progeni-
tors, we assessed the impact of
increasing VEGF expression in
glioma cells on their ability to
induce recruitment and integra-
tion of EP in the tumor vascular
bed. In vitro under normoxic
conditions the average levels of
VEGF protein in a conditioned
medium of GL261 cells is low
(28.5+£12.6 pg/ml). GL261 sta-
bly transfected with murine
VEGF,,, showed a significant
increase in VEGF levels in con-
ditioned serum (1441 +65pg/ml)
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as compared to the parental cell line (Figure 6A). We also
investigated VEGF mRNA levels in GL261 cells under
hypoxic conditions. A 10-fold upregulation of VEGF
mRNA was observed after 16 hours of hypoxia in
GL261 (Figure 6B). Compared with wild-type cells, a
VEGF-overexpressing clone showed a 20-fold upregu-
lation, which further increased under hypoxia (Figure 6B).
In vitro growing curves of the VEGF-overexpressing
cells and the parental cells were similar (data not
shown).

To investigate whether VEGF local levels have an
effect on the number of donor derived cells engrafted in
the tumor vasculature, GL261 (wild-type) or VEGF
overexpressing GL261 were intracerebrally implanted in
long-term bone marrow chimeric animals (GFP and
Rosa) and in Tie-2 LacZ chimeras. Tumor endothelium
was visualized by CD31 and vWF immunostaining.
Intracranial tumors were analyzed on day 7 and 14 post
implantation (Figure 7A). The morphometric analysis was
performed in tumor sections retrieved from Tie-2-lacZ
chimeric animals. VEGF-overexpressing cells originat-
ed highly vascularized rapidly growing tumors which
induced symptoms related to intracranial tumors around
day 14 (wild-type GL261 tumors induce symptoms
around day 24) and showed an increased capillary den-
sity on day 7 (217+21 capillaries/mm?) compared to
parental control (121 £ 16 vessels/mm?). On day 14 cap-
illary density in VEGF overexpressing tumors was
lower (113 +£20 capillaries/mm?*) compared to capillary
density evaluated in tumors generated with wild-type cells
(154420 capillaries/mm?). These results are most prob-
ably due to the increase in intratumoral edema found in
VEGF-overexpressing tumors (Figure 7B). Analysis of
s.c. tumors growing in Tie-2 chimeras harvested on day
21 showed an increased capillary density in VEGF-
overexpressing tumors compared to tumors originated
from wild-type cells (96.5+36 x 39.3+£22.5 capillar-
ies/mm?, respectively) (Figure 7B).

Although VEGF overexpression had profound
effects on glioma growth and vascularization, we could
not detect higher numbers of bone marrow-derived EP
cells that incorporated into neovessels. The mean of
vascular engraftment was 0.33% in i.c. tumors and
0.6% in s.c. tumors (Figure 7C).

In Rosa and GFP long-term chimeras, double stain-
ing analysis showed that in the VEGF- overexpressing
tumors many vessels were surrounded by several layers
of mononuclear CD45+ cells, but donor-derived cells did
not coexpress endothelial cell markers. This finding
further indicates that although VEGF induced chemotaxis
of microglia cells, local levels of VEGF had no effect on
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Figure 6. Characterization of cells overexpressing VEGF A. In
vitro levels of VEGF protein (pg/ml) in conditioned medium of
GL261-WT and GL261-VEGF (clone#1) under normoxic con-
ditions determined by VEGF Elisa. Data expressed in pg/ml rep-
resent the mean and S.D. mean of two preparations of condi-
tioned medium. B. Northern blot analysis of VEGF expression
in GL261-WT and GL261-VEGF. Ten micrograms of total RNA
from confluent monolayers of GL261-WT or GL261-VEGF cells
incubated for 16 hours under normoxic conditions (N) or under
hypoxia (H). Ethidium bromide-stained gel indicates amount of
total RNA in each lane.

the bone marrow-derived endothelial progenitor
engraftment in mouse glioma (data not shown).

VEGF plasma levels were not increased in i.c.-
bearing animals. Plasma levels of VEGF were measured
in 19 intracranial bearing animals when they were sac-
rificed: 9 on day 7 post implantation; 8 on day 14 post-
implantation; 2 on day 18 post-implantation and 3
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Figure 7. A. Comparison of the vascularity of GL261-WT and GL261-VEGF tumors grow i.c. in nude mice transplanted with Tie-
2Lacz bone marrow cells assessed by immunohistochemical staining with an anti-CD31 antibody. Representative micrographs of
tumors collected on day 7 and day 14 post i.c. inoculation. B. Morphometric analysis of intracranial (day 7 and day 14) and subcu-
taneous (day 21). Capillary density (capillariessrmmz2) is calculated based on the examination of 16 or more cryosections per time
point. C. Prevalence of LacZ+ positive cells in tumor vessels. Bone-marrow derived endothelial cell engraftment was quantified by
determining the number of positive vessel profiles (one or more LacZ+ cells that also co-stained with an antibody against CD31 per
total vessel in a tumor section observed under the light microscope (10x field). The mean percentage of LacZ+ vessels is based
on the examination of 150 or more tumor vessels of various sizes from an average of 16 sections/each time point.

tumor-free mice as controls. In all plasma samples
obtained from tumor-bearing mice, similar to the case in
control mice, VEGF was undetectable (data not
shown).

RT detection of LacZ transcripts in Tie-2 Lacz
chimeras. Finally, the expression of LacZ transcripts in
peripheral organs was investigated using RT-PCR in
animals transplanted with Tie-2 LacZ BM cells. Detec-
tion of Tie-2 LacZ transcripts in bone marrow and
spleen confirmed the reconstitution of bone marrow.
LacZ transcripts were found in the lungs and to a lesser
extent in subcutaneous tumors. Barely detectable levels
were found in the heart and liver. LacZ transcripts were
absent in normal brain and kidneys (Figure 8).

Discussion

Our results suggest that bone marrow-derived
endothelial progenitors do not contribute substantially to
the vascularization of GL261 gliomas. Using syngene-
ic bone marrow transplantation from transgenic mice in
which GFP or LacZ are expressed ubiquitously, we
found that bone marrow cells migrated into the brain and
were closely associated with tumor vessels. However,
using multiple staining and confocal microscopy 3-D
analysis, we found that the majority of tagged bone
marrow cells in tumor tissues expressed the
macrophage/microglia marker F4/80 and/or the pan-
hematopoietic marker CD45, confirming previous find-

ings that bone marrow cells contribute substantially to
the microglial population in the central nervous system
(9,16, 39).

We further studied the contribution of bone marrow-
derived endothelial progenitors to glioma vascularization
using donor cells that express LacZ under the control of
the Tie-2 promotor. Tie-2 is a tyrosine kinase receptor,
which is expressed in activated endothelial cells, but
also in a subset of hematopoietic cells (24). Using Tie-
2LacZ donor cells, we identified LacZ+ vessels at a
prevalence around 0.6% in gliomas. Most of the Tie-2
lacZ cells were localized at the tumor periphery either in
the stroma or closely associated with tumor blood ves-
sels. Surprisingly, we found that some Tie-LacZ+ cells
expressed CD45 and some exhibited a microglial mor-
phology, although they did not express the F4/80 antigen.
It has been shown that primitive marrow-derived cells,
which express Tie-2, migrate into the brain and differ-
entiate into microglia (33) but only fully differentiated
microglia will be recognized by the antibody F4/80
(16). Furthermore, in the Tie-2 LacZ transgenic mice, the
loss of negative-regulatory elements might be responsi-
ble for a strong and durable (3-galactosidase expression,
in which even small transcriptional activity of Tie-2
may be sufficient for accumulation of significant
amounts of stable protein. Thus, it is plausible to spec-
ulate that LacZ+ cells with a microglia appearance are
derived from primitive hematopoietic Tie-2+ stem cells
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Figure 8. Representative reverse transcriptase-PCR detection of LacZ transcripts in tissues obtained from mouse submitted to BMT
with Tie-2 LacZ donor cells. Amplified LacZ cDNA fragments comprise 608 base pairs (bp). BMT/WT indicates bone marrow from
recipient transplanted with FVB/WT. Abundant expression of LacZ transcripts was detected in bone marrow and spleen. Lung and
SC tumor demonstrated LacZ transcript expression to a lesser extent. In the liver or heart, LacZ transcripts were barely detectable.
Negative: no template control. S12 was used as a loading control (amplified cDNA are 300 bp).

which neither completely differentiate to express F4/80
antigen, nor lose LacZ expression under Tie- 2 promo-
tor. Confirming the findings of double labeling
immunohistochemistry in the Tie-2 chimeras, in the
FACS analysis we found expression of 3-galactosidase
in primitive and myeloid hematopoietic cells (c-kit+,
CDI11b+ and Gr-1+) obtained from Tie-2 transgenic
donor and transplanted recipient mice (data not shown).
In line with these results, de De Palma et al (15) found
that a population of Tie-2-expressing bone marrow-
derived cells which preferentially localized to the tumor
periphery expressed a distinctive combination of surface
markers like CD45, CD11b, CD34 and Sca-1. These
cells were found in close association with the host
endothelium, suggesting a possible role in the angio-
genesis.

There are several points to consider regarding the
different sources of tagged donor cells used in this
study. First, although GFP and Rosa chimeras showed
similar levels of hematopoietic engraftment, differ-
ences in the number of GFP or Rosa cells in the normal
brain and tumor tissue were found. This most probably
reflects differences in the detection sensitivity of these
marker systems. Second, by the use of markers that are
present ubiquitously, we cannot exclude the possibility
that the high number of infiltrating GFP or Rosa cells
present in tumors might mask rarely incorporated BM-
derived endothelial progenitors, which could be detect-
ed by using the Tie-2-specific promotor. Third, the find-
ing that several Tie-2 LacZ+ cells were expressing

CD45 or myeloid marker indicates that the expression of
LacZ under the Tie-2 promotor is not a reliable indica-
tor of an endothelial or endothelial progenitor phenotype,
hence determining donor cell differentiation into
tumors requires colocalization with other markers.
Finally, we cannot exclude the possibility that LacZ+ cells
within CD31 tumor vessels in Tie-2 LacZ chimeras
were trafficking leukocytes, since we did not perform
double staining for CD45. Nevertheless, independent
of the bone marrow source used, incorporation of bone
marrow-derived endothelial progenitors into glioma
vasculature appears to be rare.

Recent studies suggest that bone marrow-derived
derived cells can contribute to neovascularization
accompanying tumor growth. EP have been shown to
contribute about 90% to tumor neoangiogenesis in lym-
phomas grown in angiogenesis-defective Id-mutant
mice (29). This high contribution in the tumor vascula-
ture is most probably due to the fact that recipient Id-defi-
cient mice are unable to sustain endothelial sprouting to
support tumor growth, and therefore alternative pathways
will be activated. Davidoff et al (14) found that approx-
imately 5% of GFP expression colocalizes with
endothelial cell markers in neuroblastomas growing in
mice transplanted with GFP transduced bone marrow
cells. Reyes et al (42) demonstrated that multipotent
adult progenitor cells purified from postnatal human
bone marrow contribute up to 35% to neoangiogenesis
in vivo in the early phases of tumor growth. Differences
in experimental design such as the source of progenitors,
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tumor histology, gene markers, time points of evaluation
and techniques used to identify bone marrow-derived
endothelial cells (confocal microscopy x X-gal staining
and immunohistochemistry) could certainly reflect dis-
crepancies found in the amount of contribution of EP to
tumor vascularization. Certainly, more studies using
similar models are warranted to compare the individual
contribution of EP to different tumor types.

Furthermore, all animal studies performed up to now
used subcutaneously implanted tumor models. We stud-
ied the contribution of EP either in tumors growing
orthotopically and subcutaneously. Although i.c. inocu-
lation of tumor cells does not necessarily mimic the
normal growth and progression of human glioma, this
particular syngeneic model recapitulates many of the
histopathological and biological features of human
gliomas, including necrosis with pseudopalisading and
invasion (51) and has been used in several experimen-
tal settings (1, 22, 23). Tumors growing orthotopically
present the advantage of reproducing the growing par-
ticularities which may also affect the ability to recruit EP
such as differences in blood supply, functionally and
morphologically characteristics of the pre-existing vas-
cular bed, extracellular matrix and cytokine milieu. We
found that EP incorporation into the tumor vasculature
was very low either in gliomas growing heterotopically
as well as orthotopically

Previous models showing incorporation of EP into
tumor vessels are based on short-term bone marrow
transplantation models. In short-term transplant models,
the rescue of the bone marrow might be due to commit-
ted hematopoietic progenitors, which do not have the abil-
ity to transdifferentiate into other lineages. Moreover,
recent experiments suggested that endothelial progeni-
tors capable of contributing to capillary formation are
derived from primitive hematopoietic stem cells (21).
Thus, we allowed the chimeras sufficient time to recov-
er normal levels of hematopoiesis (>3 months) and for
most hematopoietic stem cell clonal instability to subside
into equilibrium (>3-6 months) in order to enable a
durable reconstitution of BM by donor cells. Six
months after BMT we implanted GFP and Rosa 26
chimeric animals with murine glioma cells and inspect-
ed the brains for BM-derived cells. We found several ves-
sel-associated GFP or LacZ+/CD45+ cells, which most
probably represented leukocytes in diapedesis or bound
to the abluminal side of host endothelium. Regardless of
the levels and stability of hematopoietic engraftment,
functional incorporation of BM-derived endothelial
progenitors into the tumor vasculature was not signifi-
cant.

It has been shown that local VEGF increases the
engraftment of endothelial progenitors to the vasculature
of newborn murine recipients (50). In addition, sys-
temic application of VEGF-enhanced EP kinetics in the
circulation as a result of expansion and mobilization of
EP from the BM (4). VEGF signaling promotes not
only the recruitment of circulating endothelial progeni-
tors but also of hematopoietic cells to the tumor vascu-
lar bed. Colocalization of macrophages and endothelial
progenitors might facilitate differentiation and incorpo-
ration of EP into tumor vasculature (27-29). We thus
hypothesized that increased levels of VEGF in GL261
glioma cells should induce mobilization of BM-derived
cells to the tumor vascular bed and accelerate differen-
tiation and incorporation of EP. Although VEGF over-
expression produced rapidly growing tumors with
increased vascular permeability and capillary density,
local levels of VEGF appeared to have no influence on
the incorporation of bone marrow-derived endothelial
progenitors into the tumor vasculature.

Interestingly, we observed an increase in the number
of perivascular mononuclear cells in VEGF tumors.
VEGEF can induce both chemotaxis and proliferation of
monocytes and microglia cells by interacting with
VEGF receptor 1 (8, 12, 19). VEGF-activated microglia
may be relevant in glioma growth since the microglial
cells may account for more than 30% of cells within the
glioma (6) and can release cytokines and growth factors
that may further promote glioma growth, angiogenesis
and vascular permeability (7).

In summary, our study strongly supports the hypoth-
esis that neovascularization in gliomas results from
stimulation of resident endothelial cells through an
angiogenic process. BM-derived cells contribute sub-
stantially to the microglial population but not to the
tumor vasculature. Our findings therefore suggest no
significant contribution of tumor vasculogenesis (as
opposed to classical tumor angiogenesis) in glioma vas-
cularization. Why some tumors utilize marrow-derived
cells for vascularization while others do not is still
unclear. The odyssey from bone marrow to the vascular
endothelium can be divided into three major steps.
First, elevated serum levels of growth factors in tumor-
bearing mice may mobilize BM-derived precursors into
the circulation for the purpose of functional vessel
regeneration and growth (30). These cells may be mobi-
lized from the BM by tumor-derived VEGF by a mech-
anism recently described by Asahara (4) or by signaling
through the Stroma Cell-Derived Factor (SDF)
cytokine (49). Subsequently, additional local stimuli
may promote the activation of local endothelium to
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express adhesion molecules to recruit endothelial pro-
genitors. Finally, endothelial progenitors become incor-
porated into the vasculature by mechanisms still not
elucidated. In mice-bearing intracranial tumors we
found that the levels of systemic VEGF were not
increased compared to control animals. In ongoing
studies, we are evaluating the number of circulating
progenitors in the peripheral blood. VEGF levels in the
tumor do not seem to play a relevant role in EP recruit-
ment since the increase in both VEGF and tissue vascu-
larity was not paralleled by an increase in EP engraftment.
Finally, the brain’s extracellular matrix or adhesion
molecules specific to the brain endothelium do not
appear to be of critical importance since the ability to
recruit EP was independent of tumor localization (i.c. or
s.c.). Together, these findings suggest that the capacity
to mobilize and incorporate EP might be intrinsic to
each tumor type. Possibly, a specific chemokine is the
main determinant for recruitment of EP.

Whether the biology of this animal model recapitu-
lates human gliomas can only be assessed by develop-
ing specific markers which recognize putative endothe-
lial precursors in human tissues. Although we did not find
a significant contribution of endothelial progenitors
into the glioma vasculature, the ability of glioma tissue
to incorporate bone marrow derived cells and their
association with tumor vessels may have important
clinical implications. Recently de Palma et al (15)
showed that transplantation of genetically modified
bone marrow progenitors may represent a gene therapy
vehicle to tumors. Bone marrow progenitors transduced
with lentiral vectors expressing a suicide gene under
the transcriptional regulation of Tie2 promotor did not
integrate into tumor vessels, thus corroborating our
own results. However, the elimination of a subset of
bone marrow-derived mononuclear cells was sufficient
to inhibit angiogenesis and tumor growth. Accordingly,
Davidoff et al (14) have studied the effect of bone mar-
row transplantation of hematopoietic cells which have
been genetically modified to express a truncated, solu-
ble form of VEGFR-2 on tumor growth. The authors
found only low levels of bone marrow-derived endothe-
lial cell engraftment (about 5%), but the growth of sub-
cutanously implanted neuroblastomas or Willms’
tumors was substantially inhibited. Together, these
results suggest that inhibition of tumor angiogenesis
may not be based on the impairment of endothelial cell
generation by endothelial progenitors, but rather on a
poorly understood paracrine mechanism dependent on
pro-angiogenic hematopoietic cells. Thus, further
understanding of the biology of endothelial progenitors

and the role of bone marrow-derived macrophages and
microglia in tumor angiogenesis is required.
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