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Abstract

The significance of tumor angiogenesis for solid neoplasms was already recognized almost 
half a century ago, and still today extensive interdependency between tumor and endothelial 
cells is implicated in tumor progression. Glioblastoma (GBM), a malignant brain tumor that 
gives patients a uniformly dismal prognosis, is heavily vascularized and therapies targeting 
the vasculature are extensively tested for these tumors. The understanding of therapy 
refractoriness is limited, and we therefore aimed to address potential off-target effects of 
pro-angiogenic factors on GBM tumor cells with this study.
 In this study, we have explored the effects of key pro-angiogenic factors Angiopoietin-2 
(Ang-2) and VEGFA on tumor cells and the indirect tumor-mediated effects on angiogenesis. 
To this end we examined the effects of GBM cell stimulation with Ang-2 and/or VEGFA on in 
vitro and in ovo angiogenesis assays. An in vivo GBM model was utilized to study the effects 
of stimulation in a more multifactorial model.
 We found that supernatants from GBM cell models (A172, U251, U87 and GSC23) 
uniformly reduced in vitro tube formation following dual stimulation, and similarly supernatants 
applied on a developing chorioallantoic membrane in ovo resulted in decreased capillary 
formation when GBM cells (U87 and GSC23) were stimulated with both Ang-2 and VEGFA. 
The stimulation of GBM xenografts in vivo did not affect tumor progression or vascularization 
parameters.
 The results of our study suggest that Ang-2 and VEGFA stimulation of GBM cells can 
instigate reduced angiogenesis in vitro and in ovo, but not in vivo.
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Introduction

Glioblastoma (GBM) is the most common primary brain tumor in adults with no curative 
therapies available [1]. Over the last decade therapeutic targeting of angiogenesis in these 
highly vascularized tumors has been persistently explored, but has been unable to result in 
durable responses in the GBM patients thus far [2]. Amongst the multitude of angiogenic 
signaling routes available, VEGFA and Angiopoietin (Ang) signaling have been considered 
important for glioma angiogenesis [3]. VEGFA had long been recognized as a central pro-
angiogenic factor [4,5], also in GBM [6,7], but the identification of Ang-2 and its effect on 
angiogenesis represents a later area of research [8,9]. Currently, the extent of crosstalk 
between angiogenic signaling pathways is still incompletely elucidated, but for instance the 
VEGF-dependency of the Ang/Tie-signaling effect has been studied relatively well [10]. 
 Ang-1 expression was observed in normal brain as well as in tumor cells, while Ang-2 
expression was reported exclusively in tumor [11-15]. Since the expression of Ang-1 was 
rather uniform throughout gliomas and Ang-2 was observed in preferentially smaller vessels, 
the focus for tumor neoangiogenesis is on Ang-2 [12,13]. Furthermore, the expression of 
VEGFA and Ang-2 is higher in malignant glioma versus lower-grade glioma [11,13,16], and 
an increase in Ang-2-positive vessels in higher-grade gliomas was identified [17]. A relative 
increase of Ang-2 in comparison to Ang-1 expression was correlated with GBM patient 
survival [18], which together indicates that increased expression of Ang-2 and VEGFA 
associates with increased tumor vascularization and shorter patient survival.
 Continuous upregulation of Ang-2 in vivo resulted in abnormal vascular structures that 
are generally not seen in glioma [19], suggesting that Ang-2 normally functions in a temporally 
and spatially organized manner. Since Ang-2 immunoreactivity localized specifically to 
activated endothelial cells, regularly in the absence of supporting vascular cells (i.e. pericytes 
[12,13,15]), the function of Ang-2 was then implicated in the early phases of angiogenesis 
[12]. Furthermore, in vivo studies in a rat glioma model suggested that contrary to the general 
assumption, tumors did not start as avascular masses [10,20]. Actually, engrafted tumor 
cells were shown to coopt pre-existing vasculature first, which was followed by massive 
necrosis and finally the orchestration of a tumor-mediated pro-angiogenic response. The 
expression pattern of Ang-2 and VEGFA was highly suggestive of an important role of both 
signaling molecules in this pro-angiogenic response at the tumor margin. 
 Interestingly, although the expression levels and patterns of these angiogenic ligands 
clearly deviate from healthy physiological situations, results from embryonic studies and other 
disease models are often applied to tumor or GBM angiogenesis. Insight into angiogenic 
crosstalk and off-target effects of angiogenic factors could contribute to our understanding 
of the refractoriness to the anti-angiogenic therapies that are currently being explored in 
GBM. For that reason, we have assessed the tumoral effects and tumor-mediated effects of 
Ang-2 and VEGFA stimulation on angiogenesis with in vitro, in ovo, and in vivo GBM models.

Stimulatory effects of Ang-2 and VEGFA in GBM angiogenesis | 225



Methods

Cell culture and recombinant proteins

A172, U251 and U87 cells were maintained in DMEM/F-12 (Lonza, Verviers, Belgium) 
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Munich, Germany) and 1% 
penicillin/streptomycin solution (pen/strep, Lonza). GSC23 cells were maintained in DMEM/
F12 (Lonza) supplemented with 2% B27 (Life Technologies, Bleiswijk, the Netherlands), 20 
ng/ml bFGF and EGF (Life Technologies) and 1% pen/strep. Human dermal microvascular 
endothelial cells (HMEC-1) were kindly provided by Dr. E.W. Ades (CDC, Atlanta, USA) 
via Prof. G. Molema and the UMCG Endothelial Cell Facility [21] and maintained in M-199 
medium (Lonza) supplemented with 10% FBS, 10% human serum (Sigma-Aldrich), pen/
strep and L-glutamine (Lonza). 
 Carrier-free recombinant human VEGFA165 (from here on referred to as VEGFA) and 
carrier-free recombinant human Ang-2 were obtained commercially (R&D Systems, 
Minneapolis, MN).

Conditioned medium (CM) preparation

GBM cells were stimulated with Ang-2 (400 ng/ml) and/or VEGFA (100 ng/ml) for the 
preparation of CM. Cells were stimulated with recombinant proteins and 6 hours after onset 
of stimulation the cells were washed with Hanks Balanced Salt Solution (HBSS, Lonza) and 
the medium was replaced by fresh serum-free culture medium. After 24 hours conditioning 
the supernatants were collected and cellular debris was removed by filtration through a 0.20 
µM sterile syringe filter (Corning, New York, NY).

Proliferation assay

For assessment of the effect of Ang-2 and/or VEGFA on proliferation the Chemicon® 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT) cell proliferation assay 
was performed according to the manufacturer’s instructions (Merck Millipore, Darmstadt, 
Gemany). Briefly, 2.5×103 cells were seeded in 96 wells plates and treated with Ang-2 and/
or VEGFA. MTT reagent was added after 72 hours incubation and formazan crystal formation 
was allowed for 4 hours. Then 0.04N HCl in isopropanol was added and thoroughly mixed 
to dissolve the formazan. Directly after dissolving the absorbance was measured at 570 nm 
and a reference wavelength of 630 nm (Varioskan, Thermo Fisher Scientific, Waltham, MA). 
Conditions were performed in triplicate and repeated three times.
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Apoptosis assay

To assess the induction of apoptosis following stimulation with Ang-2 and/or VEGFA 2.5×104 
cells were seeded in poly-L-lysine-coated chamber slides (Thermo Fisher Scientific) and 
stimulated with recombinant Ang-2 and/or VEGFA or CM during 24 hours. Then the cells 
were fixed using 4% paraformaldehyde and stained for Cleaved Caspase-3 through 
immunofluorescence. Aspecific binding of antibodies was blocked using 0.2% non-fat 
dry milk in phosphate-buffered saline (PBS) for 30 minutes. Then slides were incubated 
with 1:400 diluted rabbit anti-Cleaved Caspase-3 antibody (Clone Asp175, Cell Signaling 
Technology, Danvers, MA). Cells were washed with PBS and incubated with a 1:200 diluted 
goat anti-rabbit antibody with an Alexa Fluor 555 label (Life Technologies, Carlsbad, CA) for 
30 minutes. Cells were again washed with PBS and finally nuclei were counterstained with 
DAPI. 
 The experiment was repeated three times and in each experiment A172 GBM cells 
treated with recombinant human sTRAIL (100 ng/ml for 24 hours, Preprotech, Rocky Hill, NJ) 
were used as a positive control. A total of 5 images at 10× magnification were obtained per 
condition, from which the Cleaved Caspase-3-negative fraction was quantified. 

Capillary-like tube formation assay

Growth factor-reduced Matrigel® was plated in µ-Slides for Angiogenesis (Ibidi, Munich, 
Germany) and incubated at 37°C for 30 minutes. HMEC-1 cells were serum-starved 24 
hours prior to the tube formation assay and 5×103 cells were seeded in each well. After 5 
hours incubation at 37°C each well was photographed. Image analysis was carried out using 
Angiogenesis Analyzer [22] in ImageJ. Conditions were assessed in triplicate and assays 
were repeated 5 times. 

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were obtained from Het Anker B.V. (Ochten, the Netherlands) and 
cultured in an egg incubator (38°C, 60% humidity) with continuous movement. After 3 days 
the eggs were kept in a steady position and a small punch was created in the top of the 
egg so that an air sac would form. After an additional 4 days of incubation the hole was 
slightly extended and 500 µl of recombinant protein solution (Ang-2 and/or VEGFA) or CM 
was applied onto the newly formed CAM. The stimulation step in each experiment was 
commenced with 15 viable eggs per condition. The eggs were then left for another 2 days 
incubation, after which the membranes were excised and 3 images were obtained from each 
CAM. The microvessel density was analyzed using Aperio Imagescope software version 
12.1.0 and averaged per CAM. 
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In vitro invasion assay

Transwell inserts (8.0 μm pore size, Corning, New York, NY) were coated with 1.5 mg/ml 
Collagen Type I solution (Sigma-Aldrich) overnight at 37°C. Cells were serum starved for 
24 hours, and then 2.5×104 cells were seeded in coated transwell inserts with indicated 
recombinant proteins for stimulation. Medium with 10% serum was used as chemo-attractant, 
and 0.1% serum as a control condition. After 24 hours membranes were washed, cells were 
fixed in methanol and stained with hematoxylin for 10 minutes. Non-migrated cells inside 
the transwell were removed using a cotton swab and membranes were photographed 
for quantification purposes. Averaged values ± standard deviations from 4 independent 
experiments are shown.

In vivo animal study

Female nude mice (Foxn1nu) aged 8 weeks were engrafted intracranially with 1.0×105 GSC23 
cells through previously implanted guide-screws [23]. To allow for in vivo bioluminescent 
imaging the GSCs were transduced with pCignal lenti-CMV-luc viral particles to express 
luciferase (SA Biosciences, Frederick, MO). After the tumor cell engraftment mice were 
left alone to recover and dosing was commenced 14 days later. Intratumoral dosing with 
recombinant human proteins Ang-2 (100 ng per dose) and VEGFA (25 ng per dose) was 
thereafter applied via the guide-screw system for 3 weeks biweekly. 
 After 3 weeks of dosing, mice were injected intravenously in the tail veins with 50 µl of 
pimonidazole hydrochloride (15 mg/ml in PBS, Hypoxyprobe, Inc., Burlington, MA) and 50 
µl 30 mg/ml high molecular weight FITC-dextran (30 mg/ml in PBS, MW 2000 kDa, Sigma-
Aldrich) 30 minutes prior to sacrificing. The mice were euthanized through CO2 inhalation 
and all of the animals completed the study. 
 The brains were collected and stored in 10% Formalin during 48 hours for fixation. After 
fixation tissues were processed and embedded in paraffin. Tissue sections of 3 μm thickness 
were prepared using a microtome for downstream analyses. All animal procedures were 
reviewed and approved by the Institutional Animal Care and Use Committee at the M.D. 
Anderson Cancer Center.

In vivo imaging

Tumor growth was monitored throughout the study at indicated time points (Figure 4A) using 
an in vivo bioluminescence imaging system (Ivis® 200, Perkin Elmer, Waltham, MA). Prior 
to imaging mice were injected with 200 μl of D-Luciferin sodium salt (15 mg/ml in PBS, Gold 
biotechnology, Olivette, MO) and after 15 minutes incubation mice were scanned with a 30 
seconds exposure time window. Imaging was analyzed using Living Image software version 
4.5 (Perkin Elmer).
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Immunohistochemistry

Mouse brain tissue sections were stained with antibodies against CD34 (MEC14.7, Abcam, 
Cambridge, UK), Nestin (10C2, Santa Cruz, Heidelberg, Germany) and FITC (Abcam). 
Briefly, sections were deparaffinized, rehydrated and heat-induced antigen retrieval using 
10 mM sodium citrate buffer (pH 6.0) was performed. Endogenous peroxidase was blocked 
for 30 minutes using 0.3% H2O2 and subsequently the sections were incubated with primary 
antibodies as indicated above, followed by incubation with secondary and tertiary peroxidase-
labeled antibodies. Antibody binding was visualized through 3,3’-diaminobenzidine 
incubation for 10 minutes, and slides were counterstained with hematoxylin for 2 minutes.

Morphometrical analyses

Morphometrical analyses were performed using Aperio Imagescope software version 12.1.0 
(Leica Biosystems, Nussloch, Germany). Endothelial cells visualized by CD34 staining were 
quantified as a measure for vascularization level. The CD34-positive pixel fraction relative to 
the vital tumor area was quantified and expressed as a percentage. Blood vessel leakiness 
was examined through quantification of FITC-extravasation into blood vessel surrounding 
tissues. Also here, the area strongly positive for FITC was expressed as a percentage relative 
to total tumor area. Finally, invasion of tumor cells from the tumor bulk was assessed in a 
rim of approximately 10 cell layers adjacent to the tumor bulk. In this selected area Nestin-
positive pixels were expressed as a percentage relative to the selected invasion area in 
pixels.

Statistical analyses

All statistical analyses were performed using Graphpad Prism version 5 (Graphpad 
Software Inc, San Diego, CA). Multiple group comparisons were assessed through One-way 
ANOVA or Kruskal-Wallis tests depending on the data distribution, and they were followed 
up by Bonferroni or Dunn’s post-hoc tests, respectively. Differences between two groups 
were determined by an independent t-test. Associations were assessed using Pearson’s 
correlation coefficient or Spearman’s rho depending on the data distribution. Data are plotted 
as averaged values from independent experiments ± standard deviation (SD). P-values 
<0.05 were considered significant and exact two-sided P-values are reported.
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Results

CM from GBM cells stimulated with Ang-2 and VEGFA reduces in vitro tube formation

Although the effect of pro-angiogenic factors Ang-2 and VEGFA has been explored 
extensively on endothelium directly, we focus ourselves in this study on the effects on tumor 
cells and the paracrine effect from these cells on endothelial cells. Dosages of Ang-2 (400 
ng/ml) and VEGFA (100 ng/ml) were selected according to previously observed functional 
inhibitory and stimulatory effects of these factors in tube formation assays, respectively 
(data not shown). To evaluate the effects of Ang-2 and VEGFA on angiogenesis via GBM 
cells we started with in vitro assays in which angiogenic properties could be stimulated 
with recombinant proteins or CM. To assess the interplay of Ang-2 and VEGFA in capillary-
like tube formation assays HMEC-1 cells were first stimulated with either Ang-2 or VEGFA 
alone, or a combination of both. Ang-2 alone inhibited tube formation for up to 25%, and 
VEGFA caused a non-significant increase in tube formation of around 5% (Supplemental 
Figure 1). The dual stimulation unexpectedly resulted in a decrease of tube formation with 
an effect size up to 30%, where a synergistic pro-angiogenic effect was expected based on 
literature. These results indicate that VEGFA stimulates tube formation, while Ang-2 alone 
or in combination with VEGFA inhibits tube formation. These effects were not explained by 
alterations in the rates of proliferation and apoptosis (Chapter 3). 
 In order to examine the paracrine effects of GBM cells, we collected CM from these 
cells from the 4 different stimulation conditions, and added the CM to the HMEC-1 cells in the 
tube formation assay (Figure 1A). CM from all the GBM cells that were stimulated with either 
Ang-2 or VEGFA alone did not influence the rate of tube formation by HMEC-1 cells, but dual 
stimulated CM consistently reduced the level of tube formation (Figure 1B). The rate of tube 
formation was reduced with 24 to 34 % relative to CM collected from unstimulated GBM cells. 

Ang-2 and VEGFA have a limited impact on proliferation and apoptosis rates

To rule out that proliferation or apoptosis rates confounded the paracrine anti-angiogenic 
effects in the in vitro assay, we then assessed proliferation rates using MTT assays 72 hours 
after stimulation, while apoptosis was examined by staining for Cleaved Caspase-3. First 
we looked at the effect of direct stimulation of GBM cells (A172, U251, U87 and GSC23) 
with Ang-2 and/or VEGFA. This stimulation did not substantially influence proliferation and 
apoptosis rates, apart from a slight inhibition of proliferation of U87 cells that were stimulated 
with both Ang-2 and VEGFA (11%, P<0.05, Supplemental Figure 2).
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Figure 1. CM from dual stimulated GBM cells reduces tube formation in endothelial cells. GBM cells were stimulated 
with Ang-2 and/or VEGFA and the CM from these cells were added in tube formation assays. Representative 
photomicrographs showing the tube formation assay after 5 hours development are displayed (A). Quantification of the 
total tube length indicated that single stimulation with Ang-2 or VEGFA did not alter tube formation measures, but CM 
from dual stimulated cells consistently inhibited HMEC-1 tube formation (B). Conditions were examined in triplicate in 5 
independent experiments, and averaged data ± SD are shown; *: P<0.05, ***: P<0.001 all relative to control.

 Since no strong effects on proliferation or apoptosis were observed in this setting we then 
continued with the examination of the effect of GBM cell CM on the proliferation of endothelial 
cells. For this purpose, CM from 4 different GBM cells collected under 4 different conditions 
(unstimulated, single stimulation with Ang-2 or VEGFA, and dual stimulation with Ang-2 and 
VEGFA) was added to HMEC-1 cells. Relative to the control conditions, the stimulation of 
tumor cells during the preparation of the CM with Ang-2 and VEGFA did not alter either the 
proliferation (Figure 2A) or apoptosis of HMEC-1 cells (Figure 2B). These results indicate 
that the paracrine anti-angiogenic effect that we identified in the tube formation is seemingly 
independent from effects on proliferation or apoptosis.
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Figure 2. Proliferation and apoptosis rates of endothelial cells are unaffected by CM from GBM cells stimulated with Ang-
2 and/or VEGFA. CM from single or dual stimulated GBM cells when added to HMEC-1 cells did not influence 72-hour 
proliferation rates relative to control CM (A). Similarly, no change in apoptosis levels were detected in response to CM 
from Ang-2 and/or VEGFA stimulated GBM CM relative to control CM (B). Conditions were examined in triplicate in 5 
independent experiments, and averaged data ± SD are plotted.

CM from Ang-2 and VEGFA-stimulated GBM cells attenuates capillary formation in the CAM

The effect of Ang-2 and VEGFA on angiogenesis was next examined in the CAM model. 
Ang-2 and VEGFA were added to the developing CAM and after 2 days incubation the 
CAMs were excised and the capillary density was quantified while excluding larger vessels 
(Supplemental Figure 3A). Single Ang-2 stimulation resulted in a decrease of capillary density, 
but on average VEGFA alone or in combination with Ang-2 increased capillary formation by 
about 35 to 40% (Supplemental Figure 3B).
 Then CM from GBM cells in the CAM model showed effects similar to those observed in 
the tube formation assays (Figure 3A). While CM from tumor cells stimulated with either Ang-
2 or VEGFA did not introduce differences in the level of capillary formation, CM from dual 
stimulated GBM cells significantly inhibited capillary development by approximately 40% 
with U87 CM and 50% with GSC23 CM (P-values <0.05, Figure 3B). 
 Taken together we conclude that although the results from the direct stimulation in 
vitro and in ovo are in some aspects contradictory, dual stimulation of GBM cells seems to 
consistently result in the secretion of certain factors that exert anti-angiogenic effects.
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Figure 3. CM from dual stimulated GBM cells reduces capillary formation in the developing CAM. Representative 
photomicrographs of excised CAMs illustrating the capillary density following stimulation with CM from Ang-2 and/or 
VEGFA-treated U87 and GSC23 cells (A). CM from GBM cells stimulated with Ang-2 or VEGFA alone did not influence 
the capillary density relative to the GBM control CM, but CM from dual-stimulated U87 and GSC23 cells reduced 
capillary development in the CAM (B). For each condition 15 eggs were treated. Horizontal lines represent mean 
values; *: P<0.05; **: P<0.01.

Ang-2 and VEGFA stimulation do not enhance GBM xenograft growth

Next, to examine whether the application of recombinant human proteins would also 
influence the level of angiogenesis and ultimately the rate of tumor growth in a model system 
that reflects the cellular microenvironment of a GBM more closely we then moved to an in 
vivo orthotopic xenograft model. In total, 32 mice were engrafted with 1.0×105 luciferase-
transfected GSC23 cells and subsequent dosing with recombinant human Ang-2 (100 ng) 
and/or VEGFA (25 ng) was applied intratumoral through the previously implanted guide-
screw system. The rationale for selecting human proteins as stimulatory agents was that 
this would likely maximize the effects of the action via the engrafted human tumor cells, and 
thus emphasize the action of the agents via tumor cells that resulted in the paracrine anti-
angiogenic effects. 
 Twice weekly dosing was commenced 13 days after tumor cell engraftment, and tumor 
growth was monitored throughout the study with in vivo bioluminescent imaging before 
treatment initiation, after 2 and after 3 weeks of treatment (Figure 4A). The obtained cranial 
images of the mice at these time points are displayed (Figure 4B) and the quantification of 
the total radiance indicated that the treatment with Ang-2 and/or VEGFA did not introduce 
differences in tumor growth between the experimental groups (Figure 4C).
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Figure 4. Ang-2 and VEGFA do not influence in vivo tumor growth kinetics. Orthotopic implantation of GBM cells was 
followed by intracranial dosing with Ang-2 (100 ng) and/or VEGFA (25 ng) twice weekly for 3 weeks after which the 
study was terminated (A). Per group 8 mice were treated and in vivo bioluminescent images from the mice prior to 
treatment, after 2 weeks treatment and before study termination are shown (B). Quantification of the imaging data 
is depicted in the last panel, illustrating highly similar tumor signals in all experimental groups (C). Horizontal lines 
represent median values.

Vascularization patterns and invasive behavior are not influenced by Ang-2 or VEGFA stimulation

Mouse xenografts were histologically assessed through IHC. To examine the level of 
vascularization, CD34 staining was performed, and the pixels positive for CD34 were 
quantified in relation to the positive pixel count for vital tumor area. This analysis showed no 
differences between groups (Figure 5B). Actually, the strong association between the pixel 
count for CD34 positivity and vital tumor area (Figure 5C, SR = 0.7922, P<0.001) hinted that 
tumor growth would be a better predictor of vascularization levels. By analyzing the level of 
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vascularization in xenografts and the contralateral (unaffected) hemisphere, we established 
that vascularization levels are significantly enhanced in the engrafted sites (Supplemental 
Figure 4).

Figure 5. Ang-2 and VEGFA do not affect vascularization levels, vascular leakiness or invasion rates. Through CD34 
staining vascularization levels were assessed (A, scale bar = 100 µm). Vascularization levels were indifferent between 
groups (B), but staining for CD34 was positively correlated with vital tumor volume (C). Vascular leakiness was assessed 
through FITC-staining (D, scale bar = 100 µm), which did not result in significant differences between experimental 
groups (E). The extent of FITC-extravasation did not associate with absolute CD34-positive pixel counts (F). Invasion 
was assessed through staining for Nestin (G, scale bar = 200 µm), and this process was unaffected by Ang-2 and/or 
VEGFA stimulation (H). The area measurement of the selected invasion site was positively correlated with the border 
perimeter along which the invasion was quantified (I). Horizontal lines represent median values.

 To assess vascular integrity, the mice were perfused with high molecular weight FITC-
dextran, which could thereafter be detected on the tissues by IHC (Figure 5D). The extent 
of staining for FITC in vessel-surrounding tissues could then be interpreted as a marker 
for vascular leakiness, and given that Ang-2 is well-known for its ability to cause pericyte 
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detachment, increased leakiness in Ang-2-stimulated xenografts was anticipated. Upon 
gross examination, extensive variation in most of these staining quantifications was noted. 
Then, a slight increase in vascular leakiness or at least the identification of several outliers with 
enhanced vascular leakiness in particularly the mice treated with Ang-2 and/or VEGFA could 
be observed (Figure 5E). The level of vascular leakiness was unrelated to the vascularization 
level (Figure 5F), thus indicating that any observed effects are likely related to the applied 
treatments.
 Lastly, the extent of invasion was quantified through staining for human Nestin (Figure 
5G). Since we had detected Ang-2-mediated induction of invasion in vitro (Supplemental 
Figure 5), we were interested to see whether such effects were also elicited by the stimulations 
applied in the xenograft study. A rim of approximately 10 cell layers was selected and 
herein the amount of cells that stained positive for Nestin was examined, thus providing a 
measurement for invasive xenograft growth. A slight trend for decreased invasiveness or 
a decrease in variation was introduced by dual stimulation with Ang-2 and VEGFA, but no 
significant differences between the groups were detected (Figure 5H). To control for the 
thickness of the invasive layer that was selected per tumor the correlation between tumor 
border length and the pixel count of the selected invasive area was plotted (Figure 5I), which 
indicated that highly similar regions were selected per tumor (r = 0.9673, P<0.001).

Discussion

In this study, we have explored the tumoral effects of the angiogenic signaling factors Ang-2 
and VEGFA. Generally, the effect of these factors is assessed on the endothelium, but given 
the abundance of GBM cells in a tumor, we were interested to see what ‘off-target’ effects 
these factors could exert. We identified that stimulation of tumor cells with both factors in 
concert exert robust paracrine anti-angiogenic effects in in vitro tube formation assays and 
in ovo CAM assays. Intratumoral stimulation in vivo unfortunately did not elicit similar effects 
and tumor growth remained unaffected.
 Obviously, a major shortcoming is that we do not know how Ang-2 and VEGFA stimulation 
alter GBM cell secretomes. Without that we are unable to predict whether the anti-angiogenic 
effects in vitro and in ovo were introduced by a reduction of an individual or more likely 
multiple pro-angiogenic factors, or whether actual anti-angiogenic factor(s) were produced 
by the GBM cells in response to the stimulations. To answer these questions, supernatants 
from stable isotope-labeled GBM cells stimulated with Ang-2 and/or VEGFA could be 
analyzed in a quantitative manner with liquid chromatography and mass spectrometry (LC-
MS/MS, [24]).
 Second, the observation that only dual stimulation introduces this paradoxical paracrine 
effect further complicates the paradigm. The experimental set-up does not allow for continuous 
tracking of read-out parameters, but the effects under study evolve continuously and 
surely introduce secondary effects. Heaps of experiments could be performed to enhance 
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understanding of such processes and especially cell-specific expression modulation would 
be interesting, but also in this matter, having a hint of which pathways were affected in these 
models to narrow the options down would be helpful.
 At this time, however, the results presented here do insinuate that the stimulatory effects 
of Ang-2 and VEGFA are limited in a multiform model. Given the importance that has been 
ascribed however to both these pathways in literature [3], and the relative success that has 
been achieved with combined inhibition of these pathways at least in vivo, it is surprising 
that vascularization levels were unaltered in Ang-2 and/or VEGFA-treated xenografts in 
comparison to the PBS-treated controls. We hypothesize that the angiogenic signaling pool 
in these xenografts is already saturated and additionally influenced in a more multifactorial 
manner than under controlled in vitro GBM cell culture conditions. This ultimately prevented 
the in vivo translation of the in vitro detected stimulation-induced anti-angiogenic effects. 
Alternatively, yet importantly, the choice for stimulation with human recombinant proteins 
potentially hampered the vascular effects.
 The fact that endothelial expression levels are doubled in xenografted areas in 
comparison to contralateral unaffected striatal areas indicates that tumor cells exert a pro-
angiogenic effect in this in vivo GBM model. These results are in concordance with a previous 
report that described that increased endothelial cell number allowed the GSC pool to expand 
in vivo and a converse reduction in GSCs following application of vascular depleting therapy 
[25]. These results suggest that tumor-mediated angiogenesis is important in glioma, 
and additionally, several trans-differentiation mechanisms in which tumor cells acquire 
vascular characteristics have been described of which the clinical relevance is currently 
not established [26-29]. Our study could potentially provide insight into these previously 
overlooked ‘off-target’ effects of angiogenic factors, and particularly the quantitative analysis 
of human mRNA profiles from the xenografts could give insight in these tumoral effects.
 In conclusion, we have identified in vitro and in ovo reduction of GBM cell-mediated 
angiogenesis, but no modulation in vivo modulation of angiogenesis or tumor growth was 
observed. The study also provided insight into the (limited) potential of angiogenic stimulation 
in an in vivo GBM xenograft model. 
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Supporting information

Supplemental Figures

Supplemental Figure 1. Proliferation and apoptosis rates of tumor cells are relatively unaffected by direct stimulation with 
Ang-2 and/or VEGFA. Proliferation rates 72 hours after stimulation were slightly inhibited in A172 cells after any type of 
stimulation and even significantly in U87 following dual Ang-2/VEGFA stimulation (A). Apoptosis rates were unaffected 
by Ang-2 and/or VEGFA stimulation in 4 GBM cell cultures (B). Conditions were examined in triplicate in 5 independent 
experiments, and averaged data ± SD are plotted; *: P<0.05, **: P<0.01, ***: P<0.001 all relative to the control.
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Supplemental Figure 2. Ang-2 inhibits capillary-like tube formation in endothelial cells. Representative photomicrographs 
showing the tube formation assay after 5 hours with HMEC-1 cells in the presence of recombinant human Ang-2 and/
or VEGFA (A). Stimulation of the cells with Ang-2 alone or Ang-2 in combination with VEGFA significantly inhibited the 
tube formation (B). Each condition in the tube formation assay was performed in triplicate and mean values ± SD from 
5 independent experiments are plotted; **: P<0.01 relative to the control.

Supplemental Figure 3. Ang-2 inhibits vascular development in the CAM. Representative photomicrographs of excised 
CAMs illustrating the capillary density following stimulation with recombinant human Ang-2 (400 ng/ml) and/or VEGFA 
(100 ng/ml) (A). In comparison to Ang-2 stimulation alone, which led to a non-significant reduction in capillary density, 
dual stimulation with Ang-2 and VEGFA increased the capillary density in the CAMs (B). Horizontal lines represent mean 
values; *: P<0.05.
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Supplemental Figure 4. Vascularization levels are increased in orthotopic GBM xenografts. To examine whether CD34 
levels are increased in tumor versus non-tumor areas the CD34-positive pixel fraction was determined in both the 
engrafted striatum of control mice and in the contralateral unaffected hemisphere. Representative images are depicted 
(A, scale bar = 100 µm) that illustrate increased vascularization that was statistically confirmed using the paired 
measurements from the 8 mice of the control group (B). Horizontal lines represent mean values; **: P<0.01.

Supplemental Figure 5. Ang-2 and VEGFA effect on in vitro GBM invasion. In Boyden chamber assays the effect of Ang-
2 and/or VEGFA stimulation on U87 invasiveness was assessed. Images of membranes after 24 hours of incubation 
are shown (A), and increased invasiveness following Ang-2 stimulation was observed (B). The red tick on the Y-axis 
represents the level of invasion with 0.1% FBS in the lower chamber. Mean valus ± SD are plotted; *: P<0.05.
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