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Abstract: We aimed to evaluate the angiogenic capacity of CXCL2 and IL8 affecting human endothe-
lial cells to clarify their potential role in glioblastoma (GBM) angiogenesis. Human GBM samples
and controls were stained for proangiogenic factors. Survival curves and molecule correlations
were obtained from the TCGA (The Cancer Genome Atlas) database. Moreover, proliferative, migra-
tory and angiogenic activity of peripheral (HUVEC) and brain specific (HBMEC) primary human
endothelial cells were investigated including blockage of CXCR2 signaling with SB225502. Gene
expression analyses of angiogenic molecules from endothelial cells were performed. Overexpression
of VEGF and CXCL2 was observed in GBM patients and associated with a survival disadvantage.
Molecules of the VEGF pathway correlated but no relation for CXCR1/2 and CXCL2/IL8 was found.
Interestingly, receptors of endothelial cells were not induced by addition of proangiogenic factors
in vitro. Proliferation and migration of HUVEC were increased by VEGF, CXCL2 as well as IL8.
Their sprouting was enhanced through VEGF and CXCL2, while IL8 showed no effect. In contrast,
brain endothelial cells reacted to all proangiogenic molecules. Additionally, treatment with a CXCR2
antagonist led to reduced chemokinesis and sprouting of endothelial cells. We demonstrate the
impact of CXCR2 signaling on endothelial cells supporting an impact of this pathway in angiogenesis
of glioblastoma.
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1. Introduction

Glioblastomas (GBM) are characterized by high invasiveness as well as increased
angiogenesis [1]. Despite extensive research and combined therapy approaches including
surgery, radiotherapy and chemotherapeutics, the median survival is only 12–15 months [2].

VEGF is one of the most important angiogenic factors for tumor angiogenesis [3]
and is overexpressed in GBM tissues [4]. Thus, VEGF was identified as a feasible target
for glioma therapy [5,6]. However, targeting the enhanced angiogenesis by inhibitors of
VEGF or its receptors, VEGFR1 and VEGFR2, did not lead to a significantly improved
survival [7–9], whereby development of resistance to the anti-angiogenic agents is often
observed [10,11]. Consequently, mechanisms of resistance formation in response to anti-
angiogenic approaches got into the focus of further research.
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The alternative proangiogenic factors CXCL2 and IL8, which act through CXCR2 or
CXCR1, seem to be promising therapeutic targets due to their expression in glioma cell lines
and mouse models [12–15]. The G-protein-coupled receptor of both molecules, CXCR2, is
one of the most important receptors mediating angiogenesis through chemokines. CXCR2
is expressed by a variety of cell types, e.g., endothelial cells, glioma cells, T lymphocytes,
mast cells and myeloid cells [16–20]. Thus far, the effect of the IL8/CXCR2 pathway on
human tumor cells was studied in vitro and immunodeficient rodent models [18]. There, an
upregulation of IL8 and CXCR2 was demonstrated within the tumor after anti-angiogenic
treatment with VEGF-pathway inhibitors and a decrease of tumor-derived endothelial-like
cells as well as tumor stem cells after application of the CXCR2-antagoist SB225002 [18].
In parallel, we showed that this antagonist led to a lower vessel density and decreased
infiltration of microglia/macrophages with a consecutive tumor volume reduction using an
immunocompetent GBM rodent model focusing on the CXCL2/CXCR2 signaling pathway
due to lacking the IL8 expression in mice [21].

In previous studies, the impact of IL8 on umbilical vein endothelial cells (HUVEC)
has been investigated in vitro [22,23]. CXCL2 is barely evaluated and little is known about
the efficacy of CXCL2 and IL8 compared to the angiogenic potential of VEGF. Besides,
endothelial cells from various parts of the body could behave differently showing cell-
origin specific reactivity to angiogenic stimuli [24,25]. However, data concerning primary
brain endothelial cells (HBMEC) to analyze the impact of proangiogenic molecules relevant
for brain tumor vascularization are lacking so far. In our study, we defined expression
and significance of VEGF-alternative proangiogenic factors like CXCL2 and IL8 in human
glioblastoma tissues. Furthermore, we performed various in vitro assays to investigate the
angiogenic capacity of these molecules in comparison to VEGF. Our results showed that
CXCL2 and IL8 are potent proangiogenic factors. Thus, the CXCL2/IL8/CXCR2 axis could
be a relevant pathway to circumvent the disturbance of the VEGF/VEGFR signaling in
glioblastomas to maintain tumor angiogenesis.

2. Results
2.1. Human GBM Tissues Showed Expression of VEGF as well as CXCL2 and IL8

Angiogenesis is a hallmark for the progression of glioma. VEGF was identified as
one of the key mediators of angiogenesis showing overexpression in murine and human
glioblastoma tissues [26,27]. Accordingly, we observed a widespread expression of VEGF
in human glioma samples directly collected after surgery, while control tissues of epilepsy
patients depicted only local VEGF+ staining (Figure 1a). The area of VEGF expression
varied between GBM patients (median: 8.78%, range: 6.17–18.5%; Figure 1b). Besides,
VEGF-alternative proangiogenic factors such as CXCL2 and IL8 were observed within
tumors [28–30]. In human GBM specimens, we found pronounced CXCL2 staining in
contrast to control tissue where single cells expressed this molecule (Figure 1c). Even
though variance between glioma samples was high (median: 11.6%, range: 2.05–15.6%), we
detected a significant increase of CXCL2 expression (Figure 1d). Furthermore, the median
of CXCL2 expression was higher than the median of VEGF, implicating an extensive
production of CXCL2 within glioma tissues. IL8 also showed almost no staining within
epilepsy tissues (Figure 1e), while we observed in GBM specimens a tendency of higher
IL8 expression but with a wide interindividual range (median: 1.55%, range: 0.38–6.71%;
Figure 1f). Overall, we found expression of VEGF and the alternative proangiogenic factors
CXCL2 and IL8 in human GBM samples, supporting our findings about the importance of
the CXCR2 signaling pathway for tumor progression [21].
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Figure 1. Overexpression of proangiogenic factors in human GBM. (a,c,e) Tissue sections of epilepsy 
(EP) and glioblastoma (GBM) patients were stained for proangiogenic factors like VEGF (a), CXCL2 
(b) and IL8 (c). green: indicated molecule, blue: DAPI (nuclei). Scale bars 100 µm. (b,d,f) Graphs 
depict calculation of the stained area of VEGF (b), CXCL2 (d) and IL8 (f). * p < 0.05, ** p < 0.01, ns = 
not significant. Student’s t-test. n = 4 in EP and n = 8 in GBM. 

2.2. Gene Expression of Proangiogenic Factors Correlates with Survival of Human GBM 
Patients 

To evaluate the clinical importance of the shown overexpression of different proan-
giogenic molecules, the TCGA database was used to plot Kaplan–Meier survival curves. 
Here, overexpression of the classical angiogenic pathway molecule VEGF showed a sig-
nificantly shortened overall survival. The VEGF-alternative proangiogenic factors such as 
CXCL2 and IL8 depicted similar outcomes, resulting in a worse overall survival of patients 
with upregulated molecule expression (Figure 2a). Furthermore, we investigated the im-
pact of respective receptors VEGFR1 and VEGFR2 (Figure 2b) as well as CXCR1 and 
CXCR2 (Figure 2c) on survival, but no differences were detected between the patient sub-
sets stratified by up- and downregulation. When we analyzed the gene expression of the 
528 patients from the TCGA database, we found the strongest regulation of VEGF among 
these molecules, whereby about one third of samples showed overexpression (Figure 2d). 
Interestingly, CXCL2 and IL8 were similarly robustly regulated, but revealed fewer spec-
imens with a higher expression. VEGFR1 and CXCR2 were the least effected molecules 
showing overexpression in only up to 24% of patients. 

Figure 1. Overexpression of proangiogenic factors in human GBM. (a,c,e) Tissue sections of epilepsy
(EP) and glioblastoma (GBM) patients were stained for proangiogenic factors like VEGF (a), CXCL2
(b) and IL8 (c). green: indicated molecule, blue: DAPI (nuclei). Scale bars 100 µm. (b,d,f) Graphs
depict calculation of the stained area of VEGF (b), CXCL2 (d) and IL8 (f). * p < 0.05, ** p < 0.01,
ns = not significant. Student’s t-test. n = 4 in EP and n = 8 in GBM.

2.2. Gene Expression of Proangiogenic Factors Correlates with Survival of Human GBM Patients

To evaluate the clinical importance of the shown overexpression of different proangio-
genic molecules, the TCGA database was used to plot Kaplan–Meier survival curves. Here,
overexpression of the classical angiogenic pathway molecule VEGF showed a significantly
shortened overall survival. The VEGF-alternative proangiogenic factors such as CXCL2 and
IL8 depicted similar outcomes, resulting in a worse overall survival of patients with upregu-
lated molecule expression (Figure 2a). Furthermore, we investigated the impact of respective
receptors VEGFR1 and VEGFR2 (Figure 2b) as well as CXCR1 and CXCR2 (Figure 2c) on
survival, but no differences were detected between the patient subsets stratified by up- and
downregulation. When we analyzed the gene expression of the 528 patients from the TCGA
database, we found the strongest regulation of VEGF among these molecules, whereby about
one third of samples showed overexpression (Figure 2d). Interestingly, CXCL2 and IL8
were similarly robustly regulated, but revealed fewer specimens with a higher expression.
VEGFR1 and CXCR2 were the least effected molecules showing overexpression in only up
to 24% of patients.

Considering the individual expression, we elucidated that some specimens displayed
stronger expression of CXCL2, IL8 and CXCR2 than VEGF/VEGFR pathway molecules
(Figure 2e), suggesting relevance of these VEGF-alternative proangiogenic molecules in
certain cases. Interestingly, these alternative proangiogenic molecules showed only low
correlation to their receptors. VEGF correlated with VEGFR1 and both VEGF-receptors
were linked to expression of each other (Figure 2f) while CXCL2 and IL8 did not exhibit
any dependency to the CXCR1 and CXCR2 expression (Figure 2g).
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Figure 2. TCGA database analyses related to proangiogenic factors and their respective receptors. (a-c) TCGA database 
was used to prepare survival curves of GBM patients concerning proangiogenic factors VEGF, CXCL2 and IL8 (a), and the 
receptors VEGFR1, VEGFR2 (b) as well as CXCR1 and CXCR2 (c). Patients were clustered in groups with upregulation 
(Up, z-score > +0.5) and downregulation (Down, z-score < -0.5) of molecules. VEGF (Up: n = 166, Down: n = 151), CXCL2 
(Up: n = 134, Down: n = 169), IL8 (Up: n = 133, Down: n = 160), VEGFR1 (Up: n = 99, Down: n = 160), VEGFR2 (Up: n = 121, 
Down: n = 156), CXCR1 (Up: n = 122, Down: n = 152), CXCR2 (Up: n = 113, Down: n = 153). Median survival (months) of 
groups as well as p-values are indicated. Log-rank (Mantel-Cox) test. (d,e) Expression data of GBM patients regarding 
proangiogenic molecules and their receptors from the TCGA database were analyzed. Percentage of patients with unal-
tered, upregulated, and downregulated molecule and receptor expression were calculated (d). Graph represents relative 
expression of analyzed genes. blue line: mean value of up- and downregulated samples, each dot illustrate one patient 

Figure 2. TCGA database analyses related to proangiogenic factors and their respective receptors. (a–c) TCGA database
was used to prepare survival curves of GBM patients concerning proangiogenic factors VEGF, CXCL2 and IL8 (a), and the
receptors VEGFR1, VEGFR2 (b) as well as CXCR1 and CXCR2 (c). Patients were clustered in groups with upregulation
(Up, z-score > +0.5) and downregulation (Down, z-score < −0.5) of molecules. VEGF (Up: n = 166, Down: n = 151), CXCL2
(Up: n = 134, Down: n = 169), IL8 (Up: n = 133, Down: n = 160), VEGFR1 (Up: n = 99, Down: n = 160), VEGFR2 (Up:
n = 121, Down: n = 156), CXCR1 (Up: n = 122, Down: n = 152), CXCR2 (Up: n = 113, Down: n = 153). Median survival
(months) of groups as well as p-values are indicated. Log-rank (Mantel-Cox) test. (d,e) Expression data of GBM patients
regarding proangiogenic molecules and their receptors from the TCGA database were analyzed. Percentage of patients
with unaltered, upregulated, and downregulated molecule and receptor expression were calculated (d). Graph represents
relative expression of analyzed genes. blue line: mean value of up- and downregulated samples, each dot illustrate one
patient sample (e). z-score ± 0.5, n = 528. (f,g) Correlation of molecule and the respective receptor expression was analyzed.
VEGF related genes (f) and CXCR2 pathway molecules (g) were correlated. Linear regression analyses were performed
(Spearman correlation). r and significant p values are indicated; p ≤ 0.05 was considered statistically significant. n = 528.
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2.3. RNA Expression Profiles of Proangiogenic Pathway Receptors in Human Endothelial Cells Do
Not Differ after Stimulation with Respective Ligands In Vitro

To investigate the relevance of the detected proangiogenic molecules CXCL2 and IL8
within glioma tissues on endothelial cell function, we performed various in vitro assays with
endothelial cells from the periphery (Human Umbilical Vein Endothelial Cells, HUVEC)
and the brain (Human Brain Microvascular Endothelial Cells, HBMEC). Both low passaged
primary endothelial cell populations were grown in culture. Interestingly, HUVEC and
HBMEC showed different morphology (Figure 3a,b). HUVEC showed a plump and compact
phenotype whereas HBMEC cells were significantly longer and thinner. First, we evaluated
whether HUVEC and HBMEC express the receptors of VEGF, VEGFR1 and VEGFR2 [31–33],
as well as the receptors for CXCL2 and IL8, CXCR1 and CXCR2 [19,28,34,35] by real-time
PCR. In both cell populations the basal expression of VEGF-receptors (Figure 3c,d,g,h)
and CXCR2 (Figure 3f,j) was comparable, whereby CXCR2 was expressed to lesser extent
than VEGFR1/2. CXCR1 could only be detected in HUVEC (Figure 3e,i). Furthermore,
we stimulated HUVEC as well as HBMEC with the ligands of the angiogenic receptors
for 24 h in vitro and analyzed their gene expression. Interestingly, no significant changes
of all receptors in both endothelial cell types were observed when stimulated by VEGF,
CXCL2 or IL8 in different concentrations (Figure 3c–j). To examine whether receptor
expression depends on the time of stimulation, we additionally cultivated cells for 4 and
18 h with indicated angiogenic molecules. However, results were comparable to 24 h of
molecule treatment (data not shown). Thus, despite availability of ligands, the receptor
gene expression of HUVEC and HBMEC could not be induced in vitro.
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cific molecule concentrations (Figure 4c). Additionally, investigation of the endothelial 
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can induce proliferation and mobilization of primary endothelial cells but with lesser po-
tency than VEGF. 

Figure 3. RNA expression analyses of angiogenic receptors in human endothelial cells following
stimulation with angiogenic molecules. (a,b) Morphology of HUVEC (a) and HBMEC (b) in culture
taken by phase contrast microscopy. Scale bars 150 µm, squares: identified magnified areas. (c–j) HU-
VEC (c–f) and HBMEC (g–j) were stimulated with VEGF, CXCL2 or IL8 in indicated concentrations
for 24 h. Analysis of mRNA expression regarding the indicated proangiogenic receptors are depicted
(n = 9/condition out of three independent experiments). nd: not detected.
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2.4. Mobilization of Endothelial Cells by the Classical Proangiogenic Factor VEGF in Comparison
to the Alternative Molecules CXCL2 and IL8

The positive effect of VEGF on endothelial cells is well known, while influence by
CXCL2 and IL8 is analyzed to a lesser extent [36,37]. Hence, we evaluated the proliferative
and migratory activity of human endothelial cells in reaction to these molecules. Counting
cells following stimulation with angiogenic factors revealed that VEGF as well as CXCL2
and IL8 were able to induce proliferation of HUVEC (Figure 4a,b). Colorimetric analysis
showed a dose-dependent increase in proliferative activity if rising concentrations of VEGF
were added, while CXCL2 and IL8 resulted in enhanced proliferation by using specific
molecule concentrations (Figure 4c). Additionally, investigation of the endothelial cell
migration revealed that both factors significantly improved the motility of HUVEC in
a dose-dependent manner, even though CXCL2 and IL8 did not reach the high level of
migratory response as mediated by VEGF (Figure 4d,e). Consequently, CXCL2 and IL8 can
induce proliferation and mobilization of primary endothelial cells but with lesser potency
than VEGF.
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4–5 wells/condition) (c). * p < 0.05, ** p < 0.01, *** p < 0.001; one-way ANOVA. (d,e) Migration of 
HUVEC was accessed using a Boyden chamber assay in reaction to VEGF, CXCL2 and IL8 in differ-
ent concentrations (ng/mL). Images depict one representative high-power field (HPF; magnification: 
200×) for the respective condition (d). Graph represents one experiment of four independent exper-
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while corresponding assays with primary brain endothelial cells were lacking. However, 
investigating the effect of VEGF, CXCL2 and IL8 on HBMEC was of special interest be-
cause these cells may react differently than the well-established HUVEC. Therefore, we 
first set up a novel protocol for the 3D angiogenesis assay with HBMEC. We tested differ-
ent cell numbers, embedding conditions and collagen concentrations. In comparison to 
HUVEC, we had to use twice as many cells (500 cells/spheroid vs. 1,000 cells/spheroid) 
and a higher concentration of Methocel (0.6% vs. 1.2%) to obtain stable HBMEC spheroids. 

Figure 4. Stimulation with CXCL2 and IL8 promotes proliferation and migration of HUVEC.
(a–c) CyQUANT assay was performed with HUVEC, adding recombinant proteins as indicated
(ng/mL). Representative images of the nucleic acid stain are depicted (a). Graph shows counted
cells from one representative experiment of three independent experiments with similar results
(n = 4–5 wells/condition) (b). Graphs illustrate calculation of proliferation measured by fluorescence
intensity from one representative experiment of three independent experiments with similar results
(n = 4–5 wells/condition) (c). * p < 0.05, ** p < 0.01, *** p < 0.001; one-way ANOVA. (d,e) Migration of
HUVEC was accessed using a Boyden chamber assay in reaction to VEGF, CXCL2 and IL8 in different
concentrations (ng/mL). Images depict one representative high-power field (HPF; magnification:
200×) for the respective condition (d). Graph represents one experiment of four independent experi-
ments with similar results (n = 3–4 membranes/condition) (e). * p < 0.05, ** p < 0.01, *** p < 0.001;
one-way ANOVA.
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2.5. CXCL2 and IL8 Show Enhanced Angiogenic Capacity on Brain Endothelial Cells Compared
to VEGF

To further characterize the functional effect of proangiogenic molecules on endothelial
cell populations, we performed an in vitro angiogenesis assay using spheroids of HUVEC
as well as brain endothelial cells. Sprouting assays for HUVEC are established [38], while
corresponding assays with primary brain endothelial cells were lacking. However, inves-
tigating the effect of VEGF, CXCL2 and IL8 on HBMEC was of special interest because
these cells may react differently than the well-established HUVEC. Therefore, we first set
up a novel protocol for the 3D angiogenesis assay with HBMEC. We tested different cell
numbers, embedding conditions and collagen concentrations. In comparison to HUVEC,
we had to use twice as many cells (500 cells/spheroid vs. 1000 cells/spheroid) and a
higher concentration of Methocel (0.6% vs. 1.2%) to obtain stable HBMEC spheroids. Other
parameters were unchanged, guaranteeing the comparability of experiments. Following
establishment, we observed robust sprouting of HBMEC which differed from sprouting of
HUVEC spheroids (Figure 5a). HBMEC showed higher basic sprouting parameters than
HUVEC, e.g., total sprouting area (Figure 5b) and sprout length (Figure 5c,d). Additionally,
after stimulation with VEGF in various concentrations the sprouting area of HBMEC was
fivefold higher (Figure 5b) and mean sprout length 2.5-fold longer in comparison to HU-
VEC (Figure 5c), thus implicating a strong angiogenic activity of HBMEC. Compared to the
control, all concentrations of VEGF on HBMEC as well as 25 and 100 ng/mL on HUVEC
led to a two-fold increase of the sprouting area whereas 50 ng/mL VEGF led to a threefold
increase of the sprouting area on HUVEC (Figure 5b). The alteration in mean sprout length
compared to the control was similar between HUVEC and HBMEC (Figure 5c).

Treatment of HUVEC and HBMEC with VEGF, CXCL2 and IL8 led to the induction of
sprouting. Interestingly, HUVEC spheroids only showed significant alterations if VEGF and
CXCL2 were applied in higher concentrations (Figure 5e–g) while angiogenesis assay of
HBMEC revealed enhanced sprouting after adding VEGF, CXCL2 as well as IL8 even at low
doses (Figure 5h–j). In this approach, VEGF, CXCL2 and IL8 had comparable angiogenic
capacity on HBMEC whereas HUVEC were less affected by CXCL2 and IL8.

2.6. Blockade of CXCR2 Reduces Chemokinesis and Angiogenesis In Vitro

As we verified the angiogenic potential of CXCL2 and IL8, implying an involvement
of the CXCR2 axis in tumor angiogenesis, we aimed to investigate the effect of CXCR2
antagonist SB225002 on primary human endothelial cells. SB225002 has already been shown
to have an impact on vessel density in a mouse model in vivo as well as to decrease tumor
endothelial cells and infiltration of microglia/macrophages [21]. These cells are an essential
source of proangiogenic molecules like CXCL2 in mice and human GBM [14,39,40].

First, we realized a chemotaxis assay using HUVEC in µ-Slide chambers to track the
motility of single cells. We were able to demonstrate that SB225002 inhibited the action
of endothelial cells with and without simulated overexpression of CXCL2 (Figure 6a).
Overall, the strongest changes of all parameters were observed within 6 h (Figure 6b–g).
Here, the accumulated distance, Euclidian distance and velocity reached a plateau and the
directionality and forward migration index (FMI) decreased. Application of the CXCR2
antagonist led to changes of chemokinetic parameters, including reduction in accumulated
distance (Figure 6b), Euclidian distance (Figure 6c) and velocity (Figure 6g). The equally
pronounced effect of SB225002 on CXCL2 treated and non-treated cells of the control group
suggest a high efficacy of the CXCR2 antagonist. However, there was no significant increase
in the displacement of the center of mass (Figure 6d) nor the FMI (Figure 6f) towards CXCL2
or SB225002. Therefore, no chemotactic effect of these molecules in this experimental setup
could be observed. Furthermore, p values for the Rayleigh test were not significant after
15 h (data not shown) indicating a homogenous distribution of cells even at the end point
of experiments.
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Figure 5. CXCL2 and IL8 show enhanced angiogenic capacity on brain endothelial cells compared to VEGF. (a–d) 3D
Sprouting assay of HUVEC and HBMEC spheroids was performed in response to the treatment with VEGF as indicated
(25, 50 and 100 ng/mL). Representative images show the maximal projection and the binary image of spheroids Scale
bars 100 µm. le: length, a: area (light grey) (a). Sprouting area (b), mean sprout length (c) and maximum sprout length
(d) of HUVEC and HBMEC spheroids were calculated. Graphs represents multiple experiments with similar results
(n = 8–12 spheroids/condition). (e–g) 3D Sprouting assay of HUVEC spheroids was performed in response to the treatment
with VEGF, CXCL2 and IL8 as indicated (25, 50 and 100 ng/mL). Representative images show the maximal projection
and the binary image of spheroids. Scale bars 100 µm (e). Sprouting area (f) and mean sprout length change (g) were
calculated. Data represent multiple experiments with similar results (n = 6–10 spheroids/condition). (h–j) 3D Sprouting
assay of HBMEC spheroids was performed in response to the treatment with VEGF, CXCL2 or IL8 as indicated (25, 50 and
100 ng/mL). Representative images show the maximal projection and the binary image of spheroids. Scale bars 100 µm (h).
Sprouting area (i) and mean sprout length change (j) were calculated. Data represent multiple experiments with similar
results (n = 7–12 spheroids/condition). (a–j) Medium containing 0.1% FCS was used as control (C). ns = not significant,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; one-way ANOVA (Bonferroni correction).



Int. J. Mol. Sci. 2021, 22, 2634 9 of 18Int. J. Mol. Sci. 2021, 22, 2634 10 of 19 
 

 

 
Figure 6. SB225002 reduces chemokinesis and sprouting ability of primary human endothelial cells. (a–g) HUVEC were 
seeded into µ-slides. CXCL2 (10 ng/mL), SB225002 (SB), a combination of CXCL2 + SB225002 and 0.1% FCS in ECBM2 
medium as control were added to create a chemokine gradient. The cells were imaged over 15 h by time-lapse microscopy 
and analyzed after 6, 12 and 15 h. Representative trajectory plots after 6 and 15 h are depicted. The green cross represents 
the center of mass (a). Quantitative data of accumulated distance (b), Euclidian distance (c), displacement of the center of 
mass (d), directionality (e), forward migration index (f) and velocity (g) are shown. Rayleigh test p values were not signif-
icant for any condition indicating that the distribution of the cell end points was homogenous. Graphs show the mean 
values of all surviving tracked cells of one representative experiment. * indicating the level of significance compared to 
the control group; #indicating the level of significance comparing CXCL2 with CXCL2 + SB (b–g). (h–j) 3D Sprouting assay 
of HUVEC spheroids was performed in response to the treatment with CXCL2 (25 ng/mL) and SB225002 (0.03 µM, 0.06 
µM, 0.125 µM) and in combination as indicated. Representative images show the maximal projection and the binary image 
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seeded into µ-slides. CXCL2 (10 ng/mL), SB225002 (SB), a combination of CXCL2 + SB225002 and 0.1% FCS in ECBM2
medium as control were added to create a chemokine gradient. The cells were imaged over 15 h by time-lapse microscopy
and analyzed after 6, 12 and 15 h. Representative trajectory plots after 6 and 15 h are depicted. The green cross represents
the center of mass (a). Quantitative data of accumulated distance (b), Euclidian distance (c), displacement of the center
of mass (d), directionality (e), forward migration index (f) and velocity (g) are shown. Rayleigh test p values were not
significant for any condition indicating that the distribution of the cell end points was homogenous. Graphs show the mean
values of all surviving tracked cells of one representative experiment. * indicating the level of significance compared to the
control group; # indicating the level of significance comparing CXCL2 with CXCL2 + SB (b–g). (h–j) 3D Sprouting assay of
HUVEC spheroids was performed in response to the treatment with CXCL2 (25 ng/mL) and SB225002 (0.03 µM, 0.06 µM,
0.125 µM) and in combination as indicated. Representative images show the maximal projection and the binary image of
spheroids. Scale bars 100 µm (h). Sprouting area (i) and mean sprout length change (j) were calculated. Graphs represent
multiple experiments with similar results (n = 3-4 spheroids/condition). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001;
## p < 0.01, ### p < 0.001, #### p < 0.0001; one-way ANOVA (Bonferroni correction).
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Second, we analyzed the application of SB225002 on HBMEC in the angiogenesis assay
leading to detached cells that were not detected without the antagonist (Figure 6h). We
found a significant reduction of the sprouting area (Figure 6i) and sprout length (Figure 6j)
after treatment of HBMEC with various concentrations of SB225002 during stimulation with
CXCL2. Once more underlining the efficacy of SB225002 in an environment of simulated
overexpression of CXCL2. Nevertheless, after treatment with SB225002 the control group
showed a decrease in the analyzed parameters as well.

3. Discussion

The CXCR2/IL8/CXCL2 signaling pathway has been shown to be crucial in GBM
progression and development of resistance [13,18,30,41]. In this study, we demonstrated the
impact of CXCL2 and IL8 on proliferation, migration and sprouting of human endothelial
cells. We showed for the first time that these alternative proangiogenic molecules are
efficient to stimulate human endothelial cell function in vitro similar to VEGF. Furthermore,
we observed different effects on primary peripheral and brain endothelial cells. To highlight
the importance of CXCL2 and IL8, their overexpression was defined in human glioblastoma
specimens and a survival disadvantage was determined using TCGA database. Regarding
possible therapeutic options, the impact of a CXCR2 antagonist was examined, revealing
reduced chemokinesis and angiogenesis of human endothelial cells in general and during
mimicked overexpression of CXCL2.

New therapeutical approaches are demanded due to the rapid development of re-
sistance to the standard therapy, the lack of adequate long-term treatment and the poor
overall survival in GBM. Angiogenesis as a hallmark of cancer is a crucial target in GBM
treatment [42–44]. However, therapeutic approaches targeting the VEGF/VEGFR path-
way in GBM did not lead to a prolonged overall survival due to a range of resistance
mechanisms [10,11,18,45]. While CXCL2, IL8 and their respective receptor CXCR2 seem to
contribute to angiogenesis and tumorigenesis in GBM [13,18], there is also evidence sug-
gesting an important role of those molecules in circumvention of anti-angiogenic therapy in
gliomas. Thus, IL8 and CXCR2 were upregulated in vitro and in vivo after treatment with
VEGF pathway inhibitors and could contribute to development of therapy resistance [18,41].
Furthermore, a recent study with a small number of participants implied that GBM patients
with a combined overexpression of CXCR2 and IL8 have a reduced overall survival and
progression free survival [18]. Our analyses confirmed this observation, we demonstrated
that even the sole overexpression of IL8 and CXCL2 predicted a shortened overall survival
using the TCGA database. Nearly 30% of GBM patients showed an upregulation of IL8
and CXCL2, indicating the importance of alternative proangiogenic pathways. In addi-
tion, Yang et al. also reported a correlation of high enhanced expression of the common
receptor CXCR2 with malignancy and recurrence of gliomas [13]. Interestingly, we could
not determine an impact on the overall survival amongst the TCGA patient cohort for the
proangiogenic receptors. However, we showed a correlation of VEGFR1 expression with
VEGF while VEGFR2, CXCR1, CXCR2 were not associated with the expression of their
respective ligands. Our previous study including the GBM patient cohort of the TCGA
database demonstrated a correlation of IL8 and CXCL2, whereas VEGF gene expression
only correlated with IL8 expression and not to CXCL2 [40], indicating independent path-
ways. Current data on autocrine VEGFR signaling in GBM are conflicting. While some
studies proposed that VEGFR2 signaling promoted cell invasion and tumor growth [46,47],
others reported an inhibition of invasiveness [48]. The lack of influence of the VEGFR
overexpression on the overall survival could be due to these divergent functions.

While the effect of CXCL2 on endothelial cells is only marginally investigated, the im-
pact of IL8 has already been extensively evaluated. IL8 enhances chemotaxis [23,49],
proliferation, cell survival and angiogenesis [22,23] on various endothelial cell types.
The angiogenic capacity of IL8 is based on the expression of CXCR1 and CXCR2 on
endothelial cells [28], e.g., HUVEC, microvascular and brain endothelial cells [19,22,28,34].
Most in vitro studies of the CXCR2 signaling pathway have been conducted on HU-
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VEC [22,23]. However, there are indications about differences on receptor expression
between endothelial cell types [50]. Interestingly, we detected no variations in basal ex-
pression of angiogenic receptors between HUVEC and HBMEC, although HBMEC were
described to be special to other vascular endothelial cells [51–53] based on their blood–brain
barrier characteristics [54]. Nevertheless, for the first time, we demonstrated that HUVEC
and HBMEC reacted differently to CXCL2 and IL8. In our newly established 3D spheroid-
based angiogenesis model with HBMEC, CXCL2 and IL8 were highly effective and showed
strong angiogenic activity. Their effect on HBMEC was comparable to VEGF, whereas their
impact on HUVEC was inferior to VEGF. Additionally, our data demonstrated that the
analyzed alternative proangiogenic factors had a pronounced impact on the proliferation as
well migration of primary human endothelial cells similar to VEGF. Other studies support
our findings of the importance of CXCR2 signaling in angiogenesis, proliferation and
development of resistance in GBM while mainly focusing on IL8 [13,18,28,29,55]. Our
results implicate, for the first time, variable effects of the alternative angiogenic factors
depending on the origin of endothelial cells as an additional opportunity to use the CXCR2
axis in the specialized compartment of the CNS. This underlines the importance of the
CXCR2 axis bypassing the VEGF-mediated angiogenesis pathways in the development of
therapy resistance in human glioblastoma.

The gene expression of VEGFR1/2 and CXCR1/2 of HUVEC and HBMEC did not
change after stimulation with VEGF, CXCL2 and IL8 in vitro. Whereas some studies have
shown that treatment with VEGF decreased the protein level and increased the mRNA
level of VEGFR1 under physiological conditions [56], our data did not support those
findings. Nevertheless, different studies have found that VEGF did not increase expression
of its receptors [57,58]. Rather than VEGFR1 the expression of soluble VEGFR1, an anti-
angiogenic factor and splice variant of VEGFR1 mediated through VEGFR2-MEK-PKC
signaling in endothelial cells was upregulated through VEGF [58]. Thus, the response of
HUVEC and HBMEC in vitro initiated by VEGF, CXCL2 and IL8 despite the non-altered
gene expression could be explained by alternative splicing, posttranscriptional alterations
or an increased downstream signaling.

The strong effect of the CXCR2 antagonist SB225002 on angiogenesis and the chemoki-
netic behavior of endothelial cells suggests a high efficacy which corroborates our previous
findings in a murine GBM model [21]. There we found a decreased vessel density, lower
infiltration of tumor-associated microglia/macrophages and smaller tumor volumes after
treatment with SB225002 [21]. Nevertheless, cells of the control group also reacted to
the CXCR2 antagonist. This effect could be explained by the previously described anti-
mitotic and anti-proliferative effects of the antagonist [59,60]. Petreacea et al. showed
that the activation of CXCR2 in human microvascular endothelial cells could result in
the co-activation of VEGFR2, independent of VEGF [61]. Furthermore, there is evidence
for crosstalk between VEGF and the CXCL2/IL8 signaling pathway, mediated by anti-
apoptotic BCL-XL and BCL-2 [62–64]. There, BCL-XL upregulates VEGF via MAPK/ERK
signaling pathway. Through VEGFR2 signaling, VEGF leads to the expression of BCL-2.
The upregulation of BCL-2 was described to lead to expression of IL8 in human endothelial
cells [63]. This crosstalk could potentially be reversed by the application of SB225002.
Therefore, it is possible that the inhibition of CXCR2 could indirectly impair VEGFR sig-
naling via those pathways which in combination with the anti-mitotic anti-proliferative
effects could account for the reaction of cells within the control group.

4. Materials and Methods
4.1. Human Specimens

Brain tissue samples of 12 patients were collected during therapeutic surgical treat-
ment (Department of Neurosurgery, Charité-Universitätsmedizin Berlin, Germany) from
2013 to 2014. Specimens of four epilepsy patients who underwent temporal pole resection
(control group), and GBM patients (8 cases) were evaluated. Independent neuropathologists
verified pathological diagnosis by standard histologic markers. Patients’ characteristics
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are shown in Table 1. Approval of the Ethical Committee of Charité-Universitätsmedizin
Berlin was received (application number: EA4/065/13; 12 June 2013) and all analyses were
carried out following the defined obligations of scientific working with patient material.
Informed consent was obtained from all subjects.

Table 1. Patients’ characteristics.

Age in Years (mean ± SD) 51.50 ± 19.22

GBM 57.86 ± 18.20
EP 38.75 ± 16.03

Gender (f/m) 8/4

GBM 5/3
EP 3/1

Localization of the tumor

frontal 1
parietal 1

temporal 3
occipital 1

operculum 2

MGMT status

positive/negative/n.a. 3/4/1

IDH

positive/negative/n.a. 6/1/1

Recurrence

Primary/Relapse 6/2

GBM = glioblastoma, EP = epilepsy, f = female, m = male, MGMT = O-6-methylguanin-
DNA-methyltransferase, IDH = isocitrate dehydrogenase, n.a. = not assigned.

4.2. Analyses of TCGA Database

Gene expression data were obtained from the GBM patient dataset available through
The Cancer Genome Atlas (TCGA; Affymetrix U133A) [65,66]. Patients were stratified into
“up” versus “down” subsets based on gene expression (mean > +0.5 and mean < −0.5) to
create Kaplan–Meier survival curves. Furthermore, the gene expression data of 528 patients
were used to depict correlation analyses.

4.3. Immunofluorescence Staining

Directly after surgery, tissues were embedded in 4% PFA for 24 h, and subsequently
dehydrated in a serial dilution with rising concentrations of sucrose. Afterwards, samples
were frozen in liquid nitrogen. Frozen sections of 10 µm were prepared and treated with
Autofluorescence Eliminator Reagent (Merck/Millipore, Darmstadt, Germany) following
the instructions of the manufacturer.

Sections for staining of proangiogenic molecules CXCL2 and VEGF were fixed with
ice-cooled methanol for 10 min. All slices were blocked in 1% Casein/PBS for 30 min,
and subsequently stained with primary antibodies (CXCL2: AbD Serotec, Puchheim,
Germany, AHP773, 1/100; VEGF: Abcam, Cambridge, UK, ab46154, 1/100) for 2 h at room
temperature. After washing slices for 20 min in 0.5% Casein/PBS, secondary antibodies
(FITC-conjugated anti-rabbit IgG, Dianova, Hamburg, Germany, 1/200) were applied.
After incubation for 1.5 h at room temperature, sections were washed with PBS and water
for 15 min each. DAPI-containing mounting medium (Dianova, Hamburg, Germany) was
used to stain nuclei.

For IL8 (Abcam, Cambridge, UK ab10769, 1/50) staining, slices were treated with
Antigen Retrieval Reagent (ARS) UNIVERSAL 10X (R&D Systems, Wiesbaden, Germany)
as recommended in the manufacturer’s instructions after Autofluorescence Eliminator
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Reagent. Blocking was carried out using 1% Casein/PBS + 0.1% Triton-X100 for 30 min at
room temperature directly after processing ARS protocol. Slices were incubated with the
primary antibody overnight at 4 ◦C. After several wash steps, the secondary antibody (FITC-
conjugated anti-goat IgG, Dianova, Hamburg, Germany, 1/200) was added. After 1.5 h
incubation at room temperature, slices were washed and covered with DAPI-containing
mounting medium. Images were acquired by Zeiss Axio Observer Z1 fluorescence micro-
scope (Zeiss MicroImaging GmbH, Jena, Germany) at room temperature. ImageJ 1.53c
(http://imagej.nih.gov/ij, NIH, USA) was used to analyze images. 12–16 images for each
patient at three different brain tissue areas were analyzed.

4.4. Cultivation of Human Endothelial Cells

HUVEC were obtained from Promocell and cultivated in ECGM2 (Promocell, Hei-
delberg, Germany) containing supplements and 0.1 mg/mL gentamicin in 25 cl and 75 cl
cell culture flasks (Falcon®, Thermo Fisher Scientific, Waltham, MA, USA). HBMEC were
obtained from ScienCell, Provitro AG, Berlin, Germany) and cultured in ECM (ScienCell,
Provitro AG, Berlin, Germany) containing supplements and 100 U/mL penicillin, and
100 µg/mL streptomycin on fibronectin-coated cell culture flasks (Falcon®, Thermo Fisher
Scientific, Waltham, MA, USA). The cells were incubated at 37 ◦C until they reached 90%
confluency. For subcultivation of HUVEC the Promocell Detach Kit was used, whereas HB-
MEC were detached using Trypsin/EDTA (0.025%/0.01 mM) and 10% FCS/PBS following
instructions of the manufacturer. Cells were used from passages 4–6.

4.5. RNA Isolation and Quantitative Real-Time-PCR

HUVEC and HBMEC were cultured in ECGM2 (Promocell, Heidelberg, Germany) or
ECM (ScienCell, Provitro AG, Berlin, Germany), respectively, on 6-well plates (Sarstedt®,
Nümbrecht, Germany Newton, NC, USA) until cells reached 80% confluency. Follow-
ing a 4 h starvation in 0.1% FCS in ECBM2 (Promocell, Heidelberg, Germany) or 0.1%
FCS in ECM, respectively, cells were stimulated with 5 ng and 25 ng of VEGF165 (BioLe-
gend, San Diego, CA, USA, 583704), CXCL2 (BioLegend, San Diego, CA, USA, 582004)
or IL8 (BioLegend, San Diego, CA, USA, 574204) for 24 h. Cells were detached using cell
scrapers (Corning®, Corning, NY, USA) after application of 300 µL lysis buffer with 1% 2-
mercaptoethanol per well. RNA isolation of HUVEC and HBMEC was performed by using
PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) according to the corresponding
protocol. RNA amount was measured with a plate photometer (Infinite M200, Tecan,
Männedorf, Switzerland) and quality was tested by Agilent 2100 Bioanalyzer. The cDNA
synthesis was carried out by using of PrimeScriptTM RT reagent Kit with gDNA Eraser
(TaKaRa, Saint-Germain-en-Laye, France) as described in the manufacturer’s instructions.
Received cDNA was measured by photometer to determine quantity. Quantitative Real-
time-PCRs (qRT-PCRs) were executed for VEGFR1 (forward primer: CAGGCCCAGTTTCT-
GCCATT, reverse primer: TTCCAGCTCAGCGTGGTCGTA), VEGFR2 (forward primer:
CATGTACGGTCTATGCCATTCCTC, reverse primer: TTGGCGCACTCTTCCTCCAAC),
CXCR1 (forward primer: GCAGCTCCTACTGTTGGACA, reverse primer: GCCCTACCC-
CACAGAAAGTC) and CXCR2 (forward primer: GGTGTCCTACAGGTGAAAAG, reverse
primer: TGTCACTCTCCATGTTAAAA) using triplicates in a 10 µL reaction volume and
the TB GreenTM Premix Ex TaqTM Kit (TaKaRa, Saint-Germain-en-Laye, France). 18S
(forward primer: GGCCCTGTAATTGGAATGAGTC, reverse primer: CCAAGATCCAAC-
TACGAGCTT [67]) was used as reference gene. If not indicated otherwise primer sequences
were designed with Primer BLAST by the National Center for Biotechnology Information,
U.S. National Library of Medicine and purchased from TIB MOLBIOL, Berlin, Germany.
qRT-PCRs were performed with the Quant Studio 6 Flex System (Thermo Scientific). Target
mRNA was normalized to expression of 18S. Relative quantification method (∆Ct) was
used for analyses.

http://imagej.nih.gov/ij
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4.6. Cell Proliferation Assay

The CyQUANT proliferation assay with HUVEC (Promocell, Heidelberg, Germany)
was performed according to the manufacturer’s protocol (CyQUANT Direct Cell Prolifera-
tion Assay, Life Technologies, Carlsbad, CA, USA).

16,000 HUVEC cells were seeded per well in a 96-well flat-bottomed µ-clear black
plate (Greiner Bio-One, Kremsmünster, Austria) in ECGM2 media (Promocell, Heidelberg,
Germany) and grew for 24 h. The cells were starved overnight in ECGM2 medium with
0.1% FCS but without growth factors. Afterwards, the recombinant human proteins
VEGF165 (BioLegend, 583704), CXCL2 (BioLegend, 582004), IL8 (BioLegend, 574204) were
added in starvation medium to the cells at different concentrations. After 24 h CyQUANT
reagent was added to the cells for 1 h.

Images of cells were taken and analyzed by ImageJ 1.53c, or the relative fluorescence
intensity was measured using a multi-well spectrophotometer (Tecan, Männedorf, Switzer-
land) at the excitation wavelength of 485 nm and the emission wavelength of 525 nm.

4.7. Boyden Chamber Cell Migration Assay

Cell migration was accessed via the Boyden chamber assay using Fluoroblock cell
culture inserts (BD Falcon®, Thermo Fisher Scientific, Waltham, MA, USA) with 8 µm pore
size and 24-well companion plates. HUVEC cells were starved in ECGM2 media with
0.1% BSA (Sigma, St. Louis, MO, USA) for 4 h. The inserts were coated with 10 µg/mL
Fibronectin (Merck/Millipore, Darmstadt, Germany) and 5 × 104 cells diluted in starvation
medium were seeded on the top of each insert. VEGF165, IL8 and CXCL2 in starvation
medium were added at different concentrations to the lower chamber. HUVEC migrated
for 16 h, fixed with methanol for 5 min and stained with DAPI for another 5 min. Four
pictures were taken from each membrane using an inverse fluorescence microscope (Zeiss
Axio Observer Z1, Jena Germany). The images were analyzed with ImageJ 1.53c software.

4.8. Angiogenesis Assay

Spheroids were generated using 1 mL 0.6% or 1.2% Methocel and 4 mL ECBM2 media
(Promocell, Heidelberg, Germany) or ECM (ScienCell, Provitro AG, Berlin, Germany)
containing 0.1% FCS and 20,000 HUVEC cells/mL or 40,000 HBMEC cells/mL (ScienCell,
Provitro AG, Berlin, Germany), respectively. 120 × 25 µL of the cell suspension were
plated on square Petri dishes and incubated as hanging drops. After 24 h, the spheroids
were harvested using 5 mL of 10% FCS/PBS solution, and centrifuged for 3 min at 500× g.
Spheroids were embedded in a 1.5 mg/mL Collagen I (Ibidi, Gräfelfing, Germany, 50202)
gel in 8-well glass bottom chamber slides (Sarstedt, Nümbrecht, Germany). After polymer-
ization, 200 µL of ECBM2 or ECM containing 0.1% FCS and molecules (25/50/100 ng/mL;
VEGF, CXCL2, IL8) or CXCR2-antagonist were added as indicated. SB225002 (Tocris, Bris-
tol, UK) was dissolved in 100 mM DMSO and diluted in the respective media to a final
concentration of 0.03, 0.06 and 0.125 µM. Spheroids were incubated for 24 h, and then
analyzed using a confocal microscope (Nikon A1Rsi+, Düsseldorf, Germany). The trainable
WEKA segmentation tool in ImageJ [68] was used to classify the spheroids. For the final
analysis of the sprouting area and sprout length, binary images of the core and sprouts
were generated from the classified images.

4.9. µ−Slide-Chemotaxis Assay

Chemotaxis µ-Slide (Ibidi, Gräfelfing, Germany), special beveled pipette tips (Greiner
Bio-One) as well as ECBM2 containing 0.1% FCS were pre-equilibrated in a 37 ◦C humidified
incubator for 24 h. HUVEC were cultured and resuspended at 3 × 105 cells/100 µL in ECBM2
containing 0.1% FCS. Cells were seeded and cultivated according to the manufacturer’s
protocol. After 1 h, cell attachment was validated through microscopy. The reservoirs
on either side of the observation chamber were slowly filled with 65 µL chemoattractant-
free medium using beveled pipette tips. Immediately before transferring the chemotaxis
µSlides to the microscope, the chemoattractant (10 ng/mL VEGF, CXCL2) and the CXCR2
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antagonist SB225002 (0.03 µM, Tocris) were added to the reservoirs. The µSlides were
secured in position on a controlled motorized stage in a temperature controlled (37 ◦C),
humidified heat chamber surrounding the Nikon Widefield Ti2 microscope. Time-lapse
images were taken every 10 min at 10× magnification for up to 18 h with the sCMOS,
PCO.edge camera. The images were exported as multipage TIFF files. 50–60 cells per
observation area were selected randomly and tracked individually in random order using
the ImageJ 1.53c “Manual Tracking” plug-in. Cells which divided during the experiment
were not used for further analysis. “Chemotaxis and Migration tool” (Ibidi, Gräfelfing,
Germany) was used to quantify various chemotactic and chemokinetic responses such as
the trajectory plots after 6, 12 and 15 h, the accumulated distance (total cell path traveled
over time), the Euclidean distance (the shortest distance between start and end points),
the displacement of the center of mass (average end position of tracked cells), the forward
migration index (FMI; the ratio between the net distance traveled on the relevant axis and
the accumulated distance), and the cell velocity after 6, 12, and 15 h.

4.10. Statistics

Statistical analyses were performed using GraphPad Prism Software (San Diego, CA,
USA), displayed as mean ± standard deviation (SD). Comparisons between groups were
carried out by one-way ANOVA with Bonferroni correction or two-tailed unpaired or
paired Student’s t-test as indicated. Survival data were compared using the Log-rank
test to determine significance. Pearson’s correlation coefficient was used to determine
the association between expression levels of different genes. p < 0.05 was defined as
statistically significant.

5. Conclusions

We showed that the angiogenic capacity of the CXCL2/IL8/CXCR2 pathway as well
as the remarkable impact of IL8 and CXCL2 on human endothelial cells were comparable to
VEGF. These molecules could be major targets to overcome the therapy resistance against
anti-angiogenic approaches using VEGF/VEGFR pathway inhibitors. Clinical relevance
was highlighted by demonstrating the overexpression of the alternative proangiogenic
molecules in patient samples of glioblastoma and their correlation with worse overall
survival. However, further studies are warranted to fully understand the impact of the
CXCL2/IL8/CXCR2 axis on glioblastoma as well as the possible role of interference with
this signaling in future therapy approaches.

Author Contributions: Conceptualization, R.M.U., A.B., G.A. and S.B.; methodology, R.M.U., A.B.,
I.K., G.A. and S.B.; software, R.M.U., A.B., S.B.; validation, R.M.U., A.B., G.A. and S.B.; formal
analysis, R.M.U., A.B., I.K., G.A. and S.B.; data curation, R.M.U. and S.B.; writing—original draft
preparation, R.M.U. and A.B.; writing—review and editing, I.K., P.V., G.A. and S.B.; visualization,
R.M.U., A.B. and S.B.; supervision, P.V., G.A. and S.B.; project administration, G.A. and S.B.; funding
acquisition, R.M.U., P.V., G.A. and S.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the German Research Foundation (DFG, grant number:
SPP1190) and Berliner Krebsgesellschaft (BKG). Ruth Maria Urbantat was funded by a doctoral
scholarship from the BKG.

Institutional Review Board Statement: This study was approved by the Ethical Committee of
Charité-Universitätsmedizin Berlin (application number: EA4/065/13; 12 June 2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author (P.V.) upon request.



Int. J. Mol. Sci. 2021, 22, 2634 16 of 18

Acknowledgments: Güliz Acker is a participant of the BIH-Charité Clinician Scientist Program
funded by the Charité-Universitätsmedizin Berlin and the Berlin Institute of Health. This program
was initiated and led by Duska Dragun to enable resident physicians to pursue a career in academic
research. With great sadness we have received the news that Dragun passed away on 28 December
2020. This publication is dedicated to her as a mentor, friend, role model and stellar scientist.
We would like to thank the Advanced Medical Bioimaging Core Facility (AMBIO) at Charité—
Universitätsmedizin Berlin (Berlin, Germany) for the support in acquisition of the imaging data. We
acknowledge the support from the Open Access Publication Fund of Charité—Universitätsmedizin
Berlin, funded by the German Research Foundation (DFG). We are grateful to Rob Hodson for
proofreading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO

classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109. [CrossRef] [PubMed]
2. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;

Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef]

3. Ferrara, N. VEGF and the quest for tumour angiogenesis factors. Nat. Rev. Cancer 2002, 2, 795–803. [CrossRef] [PubMed]
4. Chaudhry, I.H.; O’Donovan, D.G.; Brenchley, P.E.; Reid, H.; Roberts, I.S. Vascular endothelial growth factor expression correlates

with tumour grade and vascularity in gliomas. Histopathology 2001, 39, 409–415. [CrossRef]
5. Mellinghoff, I.K.; Lassman, A.B.; Wen, P.Y. Signal transduction inhibitors and antiangiogenic therapies for malignant glioma. Glia

2011, 59, 1205–1212. [CrossRef] [PubMed]
6. Ribatti, D. Tumor refractoriness to anti-VEGF therapy. Oncotarget 2016, 7, 46668–46677. [CrossRef]
7. Soffietti, R.; Trevisan, E.; Bertero, L.; Bosa, C.; Ruda, R. Anti-angiogenic approaches to malignant gliomas. Curr. Cancer Drug

Targets 2012, 12, 279–288. [CrossRef] [PubMed]
8. Norden, A.D.; Drappatz, J.; Wen, P.Y. Antiangiogenic therapy in malignant gliomas. Curr. Opin. Oncol. 2008, 20, 652–661.

[CrossRef] [PubMed]
9. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target

for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097–1105. [CrossRef]
10. Piao, Y.; Liang, J.; Holmes, L.; Zurita, A.J.; Henry, V.; Heymach, J.V.; de Groot, J.F. Glioblastoma resistance to anti-VEGF therapy is

associated with myeloid cell infiltration, stem cell accumulation, and a mesenchymal phenotype. Neuro Oncol. 2012, 14, 1379–1392.
[CrossRef] [PubMed]

11. Soda, Y.; Myskiw, C.; Rommel, A.; Verma, I.M. Mechanisms of neovascularization and resistance to anti-angiogenic therapies in
glioblastoma multiforme. J. Mol. Med. 2013, 91, 439–448. [CrossRef] [PubMed]

12. Tada, M.; Suzuki, K.; Yamakawa, Y.; Sawamura, Y.; Sakuma, S.; Abe, H.; van Meir, E.; de Tribolet, N. Human glioblastoma cells
produce 77 amino acid interleukin-8 (IL-8(77)). J. Neurooncol. 1993, 16, 25–34. [CrossRef]

13. Yang, L.; Liu, Z.; Wu, R.; Yao, Q.; Gu, Z.; Liu, M. Correlation of C-X-C chemokine receptor 2 upregulation with poor prognosis
and recurrence in human glioma. Onco Targets Ther. 2015, 8, 3203–3209.

14. Brandenburg, S.; Muller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.; Schorr, A.; Hippe, A.; et al.
Resident microglia rather than peripheral macrophages promote vascularization in brain tumors and are source of alternative
pro-angiogenic factors. Acta Neuropathol. 2016, 131, 365–378. [CrossRef]

15. Mehrad, B.; Keane, M.P.; Strieter, R.M. Chemokines as mediators of angiogenesis. Thromb. Haemost. 2007, 97, 755–762. [CrossRef]
16. Lindner, M.; Trebst, C.; Heine, S.; Skripuletz, T.; Koutsoudaki, P.N.; Stangel, M. The chemokine receptor CXCR2 is differentially

regulated on glial cells in vivo but is not required for successful remyelination after cuprizone-induced demyelination. Glia
2008, 56, 1104–1113. [CrossRef]

17. Jablonska, J.; Wu, C.F.; Andzinski, L.; Leschner, S.; Weiss, S. CXCR2-mediated tumor-associated neutrophil recruitment is
regulated by IFN-beta. Int. J. Cancer 2014, 134, 1346–1358. [CrossRef] [PubMed]

18. Angara, K.; Borin, T.F.; Rashid, M.H.; Lebedyeva, I.; Ara, R.; Lin, P.C.; Iskander, A.; Bollag, R.J.; Achyut, B.R.; Arbab, A.S. CXCR2-
Expressing Tumor Cells Drive Vascular Mimicry in Antiangiogenic Therapy-Resistant Glioblastoma. Neoplasia 2018, 20, 1070–1082.
[CrossRef] [PubMed]

19. Murdoch, C.; Monk, P.N.; Finn, A. Cxc chemokine receptor expression on human endothelial cells. Cytokine 1999, 11, 704–712.
[CrossRef] [PubMed]

20. Lippert, U.; Zachmann, K.; Henz, B.M.; Neumann, C. Human T lymphocytes and mast cells differentially express and regulate
extra- and intracellular CXCR1 and CXCR2. Exp. Dermatol. 2004, 13, 520–525. [CrossRef]

http://doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.1038/nrc909
http://www.ncbi.nlm.nih.gov/pubmed/12360282
http://doi.org/10.1046/j.1365-2559.2001.01230.x
http://doi.org/10.1002/glia.21137
http://www.ncbi.nlm.nih.gov/pubmed/21351155
http://doi.org/10.18632/oncotarget.8694
http://doi.org/10.2174/156800912799277584
http://www.ncbi.nlm.nih.gov/pubmed/22229250
http://doi.org/10.1097/CCO.0b013e32831186ba
http://www.ncbi.nlm.nih.gov/pubmed/18841047
http://doi.org/10.1177/1947601911423031
http://doi.org/10.1093/neuonc/nos158
http://www.ncbi.nlm.nih.gov/pubmed/22965162
http://doi.org/10.1007/s00109-013-1019-z
http://www.ncbi.nlm.nih.gov/pubmed/23512266
http://doi.org/10.1007/BF01324831
http://doi.org/10.1007/s00401-015-1529-6
http://doi.org/10.1160/TH07-01-0040
http://doi.org/10.1002/glia.20682
http://doi.org/10.1002/ijc.28551
http://www.ncbi.nlm.nih.gov/pubmed/24154944
http://doi.org/10.1016/j.neo.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30236892
http://doi.org/10.1006/cyto.1998.0465
http://www.ncbi.nlm.nih.gov/pubmed/10479407
http://doi.org/10.1111/j.0906-6705.2004.00182.x


Int. J. Mol. Sci. 2021, 22, 2634 17 of 18

21. Acker, G.; Zollfrank, J.; Jelgersma, C.; Nieminen-Kelha, M.; Kremenetskaia, I.; Mueller, S.; Ghori, A.; Vajkoczy, P.; Brandenburg, S. The
CXCR2/CXCL2 signalling pathway—An alternative therapeutic approach in high-grade glioma. Eur. J. Cancer 2020, 126, 106–115.
[CrossRef]

22. Li, A.; Dubey, S.; Varney, M.L.; Dave, B.J.; Singh, R.K. IL-8 directly enhanced endothelial cell survival, proliferation, and matrix
metalloproteinases production and regulated angiogenesis. J. Immunol. 2003, 170, 3369–3376. [CrossRef] [PubMed]

23. Koch, A.E.; Polverini, P.J.; Kunkel, S.L.; Harlow, L.A.; DiPietro, L.A.; Elner, V.M.; Elner, S.G.; Strieter, R.M. Interleukin-8 as a
macrophage-derived mediator of angiogenesis. Science 1992, 258, 1798–1801. [CrossRef] [PubMed]

24. Auerbach, R.; Akhtar, N.; Lewis, R.L.; Shinners, B.L. Angiogenesis assays: Problems and pitfalls. Cancer Metastasis Rev. 2000, 19, 167–172.
[CrossRef] [PubMed]

25. Man, S.; Ubogu, E.E.; Williams, K.A.; Tucky, B.; Callahan, M.K.; Ransohoff, R.M. Human brain microvascular endothelial cells
and umbilical vein endothelial cells differentially facilitate leukocyte recruitment and utilize chemokines for T cell migration.
Clin. Dev. Immunol. 2008, 2008, 384982. [CrossRef] [PubMed]

26. Schmidt, N.O.; Westphal, M.; Hagel, C.; Ergun, S.; Stavrou, D.; Rosen, E.M.; Lamszus, K. Levels of vascular endothelial
growth factor, hepatocyte growth factor/scatter factor and basic fibroblast growth factor in human gliomas and their relation to
angiogenesis. Int. J. Cancer 1999, 84, 10–18. [CrossRef]

27. Turkowski, K.; Brandenburg, S.; Mueller, A.; Kremenetskaia, I.; Bungert, A.D.; Blank, A.; Felsenstein, M.; Vajkoczy, P. VEGF as a
modulator of the innate immune response in glioblastoma. Glia 2018, 66, 161–174. [CrossRef] [PubMed]

28. Brat, D.J.; Bellail, A.C.; Van Meir, E.G. The role of interleukin-8 and its receptors in gliomagenesis and tumoral angiogenesis.
Neuro Oncol. 2005, 7, 122–133. [CrossRef]

29. Sharma, I.; Singh, A.; Siraj, F.; Saxena, S. IL-8/CXCR1/2 signalling promotes tumor cell proliferation, invasion and vascular
mimicry in glioblastoma. J. Biomed. Sci. 2018, 25, 62. [CrossRef] [PubMed]

30. Bruyere, C.; Mijatovic, T.; Lonez, C.; Spiegl-Kreinecker, S.; Berger, W.; Kast, R.E.; Ruysschaert, J.M.; Kiss, R.; Lefranc, F.
Temozolomide-induced modification of the CXC chemokine network in experimental gliomas. Int. J. Oncol. 2011, 38, 1453–1464.

31. Gale, N.W.; Yancopoulos, G.D. Growth factors acting via endothelial cell-specific receptor tyrosine kinases: VEGFs, angiopoietins,
and ephrins in vascular development. Genes Dev. 1999, 13, 1055–1066. [CrossRef]

32. Waltenberger, J.; Claesson-Welsh, L.; Siegbahn, A.; Shibuya, M.; Heldin, C.H. Different signal transduction properties of KDR and
Flt1, two receptors for vascular endothelial growth factor. J. Biol. Chem. 1994, 269, 26988–26995. [CrossRef]

33. Imoukhuede, P.I.; Popel, A.S. Quantification and cell-to-cell variation of vascular endothelial growth factor receptors. Exp. Cell
Res. 2011, 317, 955–965. [CrossRef]

34. Addison, C.L.; Daniel, T.O.; Burdick, M.D.; Liu, H.; Ehlert, J.E.; Xue, Y.Y.; Buechi, L.; Walz, A.; Richmond, A.; Strieter, R.M. The
CXC chemokine receptor 2, CXCR2, is the putative receptor for ELR+ CXC chemokine-induced angiogenic activity. J. Immunol.
2000, 165, 5269–5277. [CrossRef] [PubMed]

35. Hillyer, P.; Mordelet, E.; Flynn, G.; Male, D. Chemokines, chemokine receptors and adhesion molecules on different human
endothelia: Discriminating the tissue-specific functions that affect leucocyte migration. Clin. Exp. Immunol. 2003, 134, 431–441.
[CrossRef]

36. Koch, S.; Claesson-Welsh, L. Signal transduction by vascular endothelial growth factor receptors. Cold Spring Harb. Perspect. Med.
2012, 2, a006502. [CrossRef] [PubMed]

37. Ferrara, N.; Kerbel, R.S. Angiogenesis as a therapeutic target. Nature 2005, 438, 967–974. [CrossRef]
38. Laib, A.M.; Bartol, A.; Alajati, A.; Korff, T.; Weber, H.; Augustin, H.G. Spheroid-based human endothelial cell microvessel

formation in vivo. Nat. Protoc. 2009, 4, 1202–1215. [CrossRef]
39. Hattermann, K.; Sebens, S.; Helm, O.; Schmitt, A.D.; Mentlein, R.; Mehdorn, H.M.; Held-Feindt, J. Chemokine expression profile

of freshly isolated human glioblastoma-associated macrophages/microglia. Oncol. Rep. 2014, 32, 270–276. [CrossRef]
40. Blank, A.; Kremenetskaia, I.; Urbantat, R.M.; Acker, G.; Turkowski, K.; Radke, J.; Schneider, U.C.; Vajkoczy, P.; Brandenburg, S.

Microglia/macrophages express alternative proangiogenic factors depending on granulocyte content in human glioblastoma.
J. Pathol. 2020, 253, 160–173. [CrossRef]

41. Hasan, T.; Caragher, S.P.; Shireman, J.M.; Park, C.H.; Atashi, F.; Baisiwala, S.; Lee, G.; Guo, D.; Wang, J.Y.; Dey, M.; et al.
Interleukin-8/CXCR2 signaling regulates therapy-induced plasticity and enhances tumorigenicity in glioblastoma. Cell Death Dis.
2019, 10, 292. [CrossRef] [PubMed]

42. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
43. Wang, N.; Jain, R.K.; Batchelor, T.T. New Directions in Anti-Angiogenic Therapy for Glioblastoma. Neurotherapeutics 2017, 14, 321–332.

[CrossRef]
44. Ahir, B.K.; Engelhard, H.H.; Lakka, S.S. Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma. Mol.

Neurobiol. 2020, 57, 2461–2478. [CrossRef]
45. Bergers, G.; Hanahan, D. Modes of resistance to anti-angiogenic therapy. Nat. Rev. Cancer 2008, 8, 592–603. [CrossRef] [PubMed]
46. Hamerlik, P.; Lathia, J.D.; Rasmussen, R.; Wu, Q.; Bartkova, J.; Lee, M.; Moudry, P.; Bartek, J., Jr.; Fischer, W.; Lukas, J.; et al.

Autocrine VEGF-VEGFR2-Neuropilin-1 signaling promotes glioma stem-like cell viability and tumor growth. J. Exp. Med.
2012, 209, 507–520. [CrossRef]

47. Tanno, S.; Ohsaki, Y.; Nakanishi, K.; Toyoshima, E.; Kikuchi, K. Human small cell lung cancer cells express functional VEGF
receptors, VEGFR-2 and VEGFR-3. Lung Cancer 2004, 46, 11–19. [CrossRef]

http://doi.org/10.1016/j.ejca.2019.12.005
http://doi.org/10.4049/jimmunol.170.6.3369
http://www.ncbi.nlm.nih.gov/pubmed/12626597
http://doi.org/10.1126/science.1281554
http://www.ncbi.nlm.nih.gov/pubmed/1281554
http://doi.org/10.1023/A:1026574416001
http://www.ncbi.nlm.nih.gov/pubmed/11191056
http://doi.org/10.1155/2008/384982
http://www.ncbi.nlm.nih.gov/pubmed/18320011
http://doi.org/10.1002/(SICI)1097-0215(19990219)84:1&lt;10::AID-IJC3&gt;3.0.CO;2-L
http://doi.org/10.1002/glia.23234
http://www.ncbi.nlm.nih.gov/pubmed/28948650
http://doi.org/10.1215/S1152851704001061
http://doi.org/10.1186/s12929-018-0464-y
http://www.ncbi.nlm.nih.gov/pubmed/30086759
http://doi.org/10.1101/gad.13.9.1055
http://doi.org/10.1016/S0021-9258(18)47116-5
http://doi.org/10.1016/j.yexcr.2010.12.014
http://doi.org/10.4049/jimmunol.165.9.5269
http://www.ncbi.nlm.nih.gov/pubmed/11046061
http://doi.org/10.1111/j.1365-2249.2003.02323.x
http://doi.org/10.1101/cshperspect.a006502
http://www.ncbi.nlm.nih.gov/pubmed/22762016
http://doi.org/10.1038/nature04483
http://doi.org/10.1038/nprot.2009.96
http://doi.org/10.3892/or.2014.3214
http://doi.org/10.1002/path.5569
http://doi.org/10.1038/s41419-019-1387-6
http://www.ncbi.nlm.nih.gov/pubmed/30926789
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1007/s13311-016-0510-y
http://doi.org/10.1007/s12035-020-01892-8
http://doi.org/10.1038/nrc2442
http://www.ncbi.nlm.nih.gov/pubmed/18650835
http://doi.org/10.1084/jem.20111424
http://doi.org/10.1016/j.lungcan.2004.03.006


Int. J. Mol. Sci. 2021, 22, 2634 18 of 18

48. Kil, W.J.; Tofilon, P.J.; Camphausen, K. Post-radiation increase in VEGF enhances glioma cell motility in vitro. Radiat Oncol.
2012, 7, 25. [CrossRef]

49. Szekanecz, Z.; Shah, M.R.; Harlow, L.A.; Pearce, W.H.; Koch, A.E. Interleukin-8 and tumor necrosis factor-alpha are involved in
human aortic endothelial cell migration. The possible role of these cytokines in human aortic aneurysmal blood vessel growth.
Pathobiology 1994, 62, 134–139. [CrossRef]

50. Salcedo, R.; Resau, J.H.; Halverson, D.; Hudson, E.A.; Dambach, M.; Powell, D.; Wasserman, K.; Oppenheim, J.J. Differential
expression and responsiveness of chemokine receptors (CXCR1-3) by human microvascular endothelial cells and umbilical vein
endothelial cells. FASEB J. 2000, 14, 2055–2064. [CrossRef]

51. Weksler, B.B.; Subileau, E.A.; Perriere, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.; Bourdoulous, S.;
Turowski, P.; et al. Blood-brain barrier-specific properties of a human adult brain endothelial cell line. FASEB J. 2005, 19, 1872–1874.
[CrossRef] [PubMed]

52. Wolburg, H.; Lippoldt, A. Tight junctions of the blood-brain barrier: Development, composition and regulation. Vascul Pharmacol.
2002, 38, 323–337. [CrossRef]

53. Schinkel, A.H. P-Glycoprotein, a gatekeeper in the blood-brain barrier. Adv. Drug Deliv. Rev. 1999, 36, 179–194. [CrossRef]
54. Eigenmann, D.E.; Xue, G.; Kim, K.S.; Moses, A.V.; Hamburger, M.; Oufir, M. Comparative study of four immortalized human

brain capillary endothelial cell lines, hCMEC/D3, hBMEC, TY10, and BB19, and optimization of culture conditions, for an in vitro
blood-brain barrier model for drug permeability studies. Fluids Barriers CNS 2013, 10, 33. [CrossRef] [PubMed]

55. Dwyer, J.; Hebda, J.K.; Le Guelte, A.; Galan-Moya, E.M.; Smith, S.S.; Azzi, S.; Bidere, N.; Gavard, J. Glioblastoma cell-secreted
interleukin-8 induces brain endothelial cell permeability via CXCR2. PLoS ONE 2012, 7, e45562. [CrossRef] [PubMed]

56. Wang, D.; Donner, D.B.; Warren, R.S. Homeostatic modulation of cell surface KDR and Flt1 expression and expression of the
vascular endothelial cell growth factor (VEGF) receptor mRNAs by VEGF. J. Biol. Chem. 2000, 275, 15905–15911. [CrossRef]

57. Steiner, H.H.; Karcher, S.; Mueller, M.M.; Nalbantis, E.; Kunze, S.; Herold-Mende, C. Autocrine pathways of the vascular
endothelial growth factor (VEGF) in glioblastoma multiforme: Clinical relevance of radiation-induced increase of VEGF levels.
J. Neurooncol. 2004, 66, 129–138. [CrossRef] [PubMed]

58. Saito, T.; Takeda, N.; Amiya, E.; Nakao, T.; Abe, H.; Semba, H.; Soma, K.; Koyama, K.; Hosoya, Y.; Imai, Y.; et al. VEGF-A
induces its negative regulator, soluble form of VEGFR-1, by modulating its alternative splicing. FEBS Lett. 2013, 587, 2179–2185.
[CrossRef]

59. de Vasconcellos, J.F.; Laranjeira, A.B.; Leal, P.C.; Bhasin, M.K.; Zenatti, P.P.; Nunes, R.J.; Yunes, R.A.; Nowill, A.E.; Libermann, T.A.;
Zerbini, L.F.; et al. SB225002 Induces Cell Death and Cell Cycle Arrest in Acute Lymphoblastic Leukemia Cells through the
Activation of GLIPR1. PLoS ONE 2015, 10, e0134783. [CrossRef]

60. Goda, A.E.; Koyama, M.; Sowa, Y.; Elokely, K.M.; Yoshida, T.; Kim, B.Y.; Sakai, T. Molecular mechanisms of the antitumor activity
of SB225002: A novel microtubule inhibitor. Biochem. Pharmacol. 2013, 85, 1741–1752. [CrossRef]

61. Petreaca, M.L.; Yao, M.; Liu, Y.; Defea, K.; Martins-Green, M. Transactivation of vascular endothelial growth factor receptor-2 by
interleukin-8 (IL-8/CXCL8) is required for IL-8/CXCL8-induced endothelial permeability. Mol. Biol. Cell 2007, 18, 5014–5023.
[CrossRef]

62. Nor, J.E.; Christensen, J.; Liu, J.; Peters, M.; Mooney, D.J.; Strieter, R.M.; Polverini, P.J. Up-Regulation of Bcl-2 in microvascular
endothelial cells enhances intratumoral angiogenesis and accelerates tumor growth. Cancer Res. 2001, 61, 2183–2188. [PubMed]

63. Karl, E.; Zhang, Z.; Dong, Z.; Neiva, K.G.; Soengas, M.S.; Koch, A.E.; Polverini, P.J.; Nunez, G.; Nor, J.E. Unidirectional crosstalk
between Bcl-xL and Bcl-2 enhances the angiogenic phenotype of endothelial cells. Cell Death Differ. 2007, 14, 1657–1666. [CrossRef]

64. Strieter, R.M.; Burdick, M.D.; Mestas, J.; Gomperts, B.; Keane, M.P.; Belperio, J.A. Cancer CXC chemokine networks and tumour
angiogenesis. Eur. J. Cancer 2006, 42, 768–778. [CrossRef]

65. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al. The
cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2, 401–404.
[CrossRef] [PubMed]

66. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal 2013, 6, pl1. [CrossRef]

67. Kiselak, E.A.; Shen, X.; Song, J.; Gude, D.R.; Wang, J.; Brody, S.L.; Strauss, J.F., 3rd; Zhang, Z. Transcriptional regulation of an
axonemal central apparatus gene, sperm-associated antigen 6, by a SRY-related high mobility group transcription factor, S-SOX5.
J. Biol. Chem. 2010, 285, 30496–30505. [CrossRef]

68. Arganda-Carreras, I.; Kaynig, V.; Rueden, C.; Eliceiri, K.W.; Schindelin, J.; Cardona, A.; Sebastian Seung, H. Trainable Weka
Segmentation: A machine learning tool for microscopy pixel classification. Bioinformatics 2017, 33, 2424–2426. [CrossRef]
[PubMed]

http://doi.org/10.1186/1748-717X-7-25
http://doi.org/10.1159/000163891
http://doi.org/10.1096/fj.99-0963com
http://doi.org/10.1096/fj.04-3458fje
http://www.ncbi.nlm.nih.gov/pubmed/16141364
http://doi.org/10.1016/S1537-1891(02)00200-8
http://doi.org/10.1016/S0169-409X(98)00085-4
http://doi.org/10.1186/2045-8118-10-33
http://www.ncbi.nlm.nih.gov/pubmed/24262108
http://doi.org/10.1371/journal.pone.0045562
http://www.ncbi.nlm.nih.gov/pubmed/23029099
http://doi.org/10.1074/jbc.M001847200
http://doi.org/10.1023/B:NEON.0000013495.08168.8f
http://www.ncbi.nlm.nih.gov/pubmed/15015778
http://doi.org/10.1016/j.febslet.2013.05.038
http://doi.org/10.1371/journal.pone.0134783
http://doi.org/10.1016/j.bcp.2013.04.011
http://doi.org/10.1091/mbc.e07-01-0004
http://www.ncbi.nlm.nih.gov/pubmed/11280784
http://doi.org/10.1038/sj.cdd.4402174
http://doi.org/10.1016/j.ejca.2006.01.006
http://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://doi.org/10.1126/scisignal.2004088
http://doi.org/10.1074/jbc.M110.121590
http://doi.org/10.1093/bioinformatics/btx180
http://www.ncbi.nlm.nih.gov/pubmed/28369169

	Introduction 
	Results 
	Human GBM Tissues Showed Expression of VEGF as well as CXCL2 and IL8 
	Gene Expression of Proangiogenic Factors Correlates with Survival of Human GBM Patients 
	RNA Expression Profiles of Proangiogenic Pathway Receptors in Human Endothelial Cells Do Not Differ after Stimulation with Respective Ligands In Vitro 
	Mobilization of Endothelial Cells by the Classical Proangiogenic Factor VEGF in Comparison to the Alternative Molecules CXCL2 and IL8 
	CXCL2 and IL8 Show Enhanced Angiogenic Capacity on Brain Endothelial Cells Compared to VEGF 
	Blockade of CXCR2 Reduces Chemokinesis and Angiogenesis In Vitro 

	Discussion 
	Materials and Methods 
	Human Specimens 
	Analyses of TCGA Database 
	Immunofluorescence Staining 
	Cultivation of Human Endothelial Cells 
	RNA Isolation and Quantitative Real-Time-PCR 
	Cell Proliferation Assay 
	Boyden Chamber Cell Migration Assay 
	Angiogenesis Assay 
	-Slide-Chemotaxis Assay 
	Statistics 

	Conclusions 
	References

