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Targeting VEGF-A in an Immunocompetent Orthotopic
Mouse Model of Mesenchymal Glioblastoma Improves
Antitumorigenicity and Decreases Proinflammatory
Response in Normal Brain Tissue after Fractionated
Radiotherapy

Alexander Edward Nieto, Daniel Felix Fleischmann, Kristian Unger, Valerie Albrecht,
Jessica Maas, Horst Zitzelsberger, Claus Belka, Martin Proescholdt, Kirsten Lauber,
Maximilian Niyazi, and Michael Orth*

Glioblastoma is the most aggressive primary brain tumor characterized by a
dismal prognosis and a profound therapy resistance that is most evident for
the mesenchymal molecular subtype of glioblastoma. Targeting vascular
endothelial growth factor (VEGF)-A by the monoclonal antibody bevacizumab,
despite failing to improve survival in randomized trials, yields relevant
benefits in glioblastoma patients such as reduction of radionecrosis, an
adverse event associated with radiotherapy. This demands for continued
research to identify optimal combinations of anti-VEGF-A and standard
therapies for glioblastoma treatment. We show here that blocking VEGF-A in
an immune competent orthotopic glioblastoma mouse model resembling the
adverse mesenchymal molecular subtype increases the tumoricidal effect of
computed tomography (CT)-based fractionated radiotherapy and also rectifies
irradiation-induced expression of genes with known association to
mesenchymal subtype enrichment as revealed by microarray-based
transcriptome analyses of explanted tumors. VEGF-A blockade also decreases
the expression of myeloid-cell-related gene patterns in irradiated tumors and
lowers inflammatory response in normal brain tissue after tumor irradiation.
Hence, these data both provide a hint how blockade of VEGF-A increases the
effect of radiotherapy in mesenchymal glioblastoma and a mechanistic base
for clinical observations reporting reduced incidences of radionecrosis in
glioblastoma patients treated with radiotherapy upon concurrent
administration of bevacizumab.
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1. Introduction

Glioblastoma is the most common ma-
lignant primary brain tumor in adults
with a highly dismal prognosis.[1] Standard-
of-care comprises resection (when pos-
sible) followed by a fractionated radio-
chemotherapy implementing the alkylating
drug temozolomide (TMZ) and a mainte-
nance therapy again implementing TMZ.[2]

Based on cytogenetic and transcriptomic
profilings, glioblastoma has been divided
into three distinct molecular subtypes: a
proneural, a classical, and a mesenchymal
subtype,[3,4] the latter of which exhibiting
the highest resistance to therapy.[5,6]

Since glioblastoma represents a hyper-
emic type of tumor characterized by a
strong upregulation and hyperactivation of
vascular endothelial growth factor (VEGF)
and hypoxia-inducible factor (HIF) signal-
ing, the VEGF-A-targeting antibody beva-
cizumab (e.g., Avastin)[7] was originally
considered a promising candidate for im-
prove of glioblastoma treatment efficacy.[8]

However, bevacizumab, despite improving
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progression-free survival (PFS) of glioblastoma patients,[9–13]

failed to enhance overall survival (OS) in randomized trials, both
in conjunction with radio(chemo)therapy and lomustine,[9–11,13]

precluding its approval for both, first- and second-line treat-
ment of glioblastoma.[14] However, these trials demonstrated
several beneficial effects for bevacizumab besides prolonga-
tion of PFS such as reduced corticosteroid dependence, re-
lieved edema, and reduced incidence of adverse events associ-
ated with standard therapies such as radiation-induced necrosis
(radionecrosis).[9,10,15] Further studies, however, swiftly showed
that only subsets of glioblastoma patients benefitted from be-
vacizumab and the reasons for that remained unclear so far.[16]

Stratification of glioblastoma patients to molecular subtypes of
their tumors yielded conflicting or negative results,[12,17,18] and
biomarkers for VEGF-A-targeting therapy in glioblastoma are
still far from clinical maturity.[19] Nevertheless, the benefit of be-
vacizumab, e.g., when combined with radiotherapy, are unques-
tioned, both in the primary and the recurrent setting.[9,10,20,21]

This demands for continued research, both on the preclinical as
on the clinical level to identify patient populations that benefit
from bevacizumab as well as biomarkers that are of predictive
value for responses to VEGF-A-targeting therapy in glioblastoma
patients.
Using an immunocompetent orthotopically implanted

glioblastoma mouse model based on the widely used mouse
glioblastoma cell line GL261[22] and assigned to the adverse
mesenchymal subtype of glioblastoma, we show that targeting
VEGF-A cannot only improve the tumoricidal effect of frac-
tionated irradiation in mesenchymal glioblastoma, but also
prevent the enrichment of mesenchymal subtype-associated
gene expression patterns in response to irradiation thereby,
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most likely, interfering with proneural–mesenchymal transi-
tion, a well-known complication of fractionated radiotherapy in
glioblastoma.[5] By comparing transcriptomes of irradiated tu-
mors with curated gene sets of different myeloid cell entities, we
also can show that radiation-induced enhancement of myeloid
cell infiltration into glioblastoma tumors is largely diminished
by VEGF-A targeting. Finally, we show that targeting VEGF-A
reduces inflammatory signaling and thus high levels of myeloid
cell infiltration into nontumorigenic brain tissue upon exposure
to irradiation, providing a potential mechanism for how concur-
rent clinical targeting of VEGF-A, e.g. by bevacizumab, lowers
the incidences of radionecrosis in glioblastoma patients treated
with radiotherapy.[20,23–25]

2. Results

2.1. Orthotopically Implanted GL261 Tumors Recapitulate the
Mesenchymal Subtype of Human Glioblastoma

To investigate the effects of pharmacologically targeting VEGF-A
on glioblastoma response to fractionated radiotherapy, we took
advantage of the GL261 glioblastoma mouse model system.[22]

Immunocompetent C57BL/6mice were intracranially inoculated
with 90 000 GL261 cells as previously described,[26] and tumors
were allowed to grow for time intervals of 7–12 days. To de-
cipher the molecular subtype of these tumors, tumor-carrying
control mice were sacrificed at day 12 after inoculation and tu-
mors as well as nontumorigenic brain tissue from contralateral
hemispheres were explanted. Total RNA was extracted both from
tumors and from normal brain tissue and subjected to tran-
scriptomic analyses (Table S1, Supporting Information). As ex-
pected, significant differences were found in global mRNA ex-
pression of tumors when compared to normal brain tissues as
revealed by both, unsupervised hierarchical clustering analysis
depicting the 100 most upregulated and downregulated genes in
tumors and principal component analysis (PCA, Figure S1A,B,
Supporting Information). To identify the molecular subtype of
human glioblastoma GL261 tumors mostly corresponded to, we
used transcriptome data from glioblastoma patients provided
by The Cancer Genome Atlas (TCGA).[27] We first compared
the transcriptomes from patient tumors corresponding to each
molecular subtype[3,4] (Figure S2A, Supporting Information) and
found that indeed transcriptomes from different molecular sub-
types clustered apart from each other when analyzed by PCA
(Figure S2B, Supporting Information), yielding 35.5% of vari-
ance in the first dimension (PC1) and 24.7% in the second (PC2).
We next performed Kyoto encyclopedia of genes and genomes
(KEGG) pathway[28] and gene set enrichment analysis (GSEA)[29]

followed by manual assignment of the pathways we identified
as upregulated or downregulated to cellular processes/networks
such as cell cycle regulation, DNA replication or immune sig-
naling (Figure 1A; Table S2, Supporting Information). For each
subtype, we used the five most representative patients within
the TCGA cohort which were identified by PCA (Figure S1B,
Supporting Information). This approach yielded highest percent-
ages for cell cycle regulation, DNA damage repair, and cell death,
and this was most evident for tumors of the classical and the
proneural subtype. Tumors of themesenchymal subtype, in addi-
tion, also showed a strong upregulation of pathways involved in

Adv. Therap. 2025, 8, 2400374 2400374 (2 of 11) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 2025, 2, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400374 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [26/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 1. The syngeneic orthotopic GL261 glioblastomamousemodel mostly recapitulates themesenchymal subtype of glioblastoma. A) KEGG pathway
analysis followed by GSEA of upregulated gene sets in human glioblastoma samples of eachmolecular subtype as deposited in the TCGA database (top).
Proportions of perturbed genes per set (bars with percentages) and corresponding q-values (indicated by dots, cutoff ≤ 0.1) are shown. Percentages of
cellular processes encompassing identified pathways with portions of upregulation in the five most representative patients of each subtype are shown
at the bottom. B) KEGG pathway analysis followed by GSEA of upregulated (left) and downregulated (right) gene sets in GL261 tumors explanted from
control mice (n = 4) at day 12 after inoculation when compared to normal brain tissue isolated from contralateral hemispheres (n = 4) (top) and
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immunogenic signaling and the innate immune response which
was quite expected since high infiltration by myeloid cells is a
documented hallmark of mesenchymal brain tumors.[30,31] We
then performed similar analyses using the transcriptome data we
obtained for GL261 tumors and normal mouse brain (Figure 1B;
Figure S1C and Table S3, Supporting Information). The percent-
ages of processes/networks encompassing upregulated KEGG
pathways in GL261 tumors showed a high similarity to those we
obtained for human mesenchymal tumors (Figure 1A,B) so far
implying that GL261 tumors might indeed resemble this specific
subtype of glioblastoma.
To further substantiate that GL261 tumors indeed resem-

bled mesenchymal glioblastoma, we performed GSEA calculat-
ing gene set enrichment scores (ESs) for each subtype and nor-
malized these to the differences in size of the gene sets (nor-
malized enrichment scores (NESs). Again, we found highest
enrichments for gene sets with association to the mesenchy-
mal subtype while gene sets associated with the proneural and
the classical subtype were deriched (Figure 1C; Table S5, Sup-
porting Information) confirming that orthotopic GL261 tumors,
when implanted into immunocompetent C57BL/6 mice, indeed
resembled human mesenchymal glioblastoma, at least on the
transcriptional level. In addition, we detected a strong upregu-
lation of pathways associated with immune response in GL261
tumors (Figure 1B) which was consistent with reports for mes-
enchymal human glioblastoma showing a strong infiltration of
these tumors by different, mostly immunosuppressive popu-
lations of myeloid cells.[30,31] To gain insight into the popula-
tions of immune cells that infiltrated GL261 tumors, we curated
customized gene sets for different leukocyte entities (Table S4,
Supporting Information),[32,33] calculated NESs, and compared
those with the values obtained for GL261 tumors (Figure 1D).
Interestingly, GL261 tumors showed a similar pattern of NESs
as M1-polarized macrophages, bone marrow-derived monocytes
(BMDMs),microglia, and neutrophils, as well as to lesser extents,
as those found for dendritic cells and CD4+ or CD8+ T cells.
This fitted with previously published data on human mesenchy-
mal glioblastoma showing increased infiltration of this type of
tumor bymyeloid cell populations similar to those showing high-
est correspondence in NESs identified in our GL261 tumors[30,31]

(Figure 1D). Therefore, we concluded that GL261-derived tumors
generated by intracranial implantation into immunocompetent
C57BL/6 mice resembled the mesenchymal subtype of human
glioblastoma providing an excellent model to preclinically study
this highly refractory glioblastoma subtype.[5,34]

2.2. Targeting VEGF-A Ameliorates Fractionated Radiotherapy in
the Mesenchymal Subtype-Resembling GL261 Glioblastoma
Mouse Model

Having established that orthotopic GL261 tumors in immuno-
competent mice mostly resembled the mesenchymal subtype of

human glioblastoma, we next assessed what impact the blockade
of VEGF-A would exhibit on response to fractionated radiother-
apy in this resistant preclinical glioblastoma mouse model. Mice
carrying GL261 tumors were treated by cone beam computed to-
mography (CBCT)-based fractionated radiotherapy (10 × 2 Gy)
and concurrent administration of the murine VEGF-A-specific
antibody G6-31[35] (3 × 0.1 mg) over 2 weeks (Figure 2A–C).
A positive effect for abrogating VEGF signaling in concurrence
with radiotherapy has been shown in preclinical glioblastoma
models before,[36–38] yet not with regard to glioblastoma subtypes,
and not in a near-clinical irradiation setting as it was used here.
Co-administration of G6-31 resulted in a delay of tumor pro-
gression (Figure 2C,E; Table S6, Supporting Information), and
also in significantly longer survival when compared to each treat-
ment modality for its own (Figure 2D). G6-31 administered as
monotherapy elongated the median survival from 14 days for
control mice to 21 days, while sole radiotherapy yielded a pro-
longation till day 23 (Figure 2D). However, the combination of
both treatment modalities prolonged the median survival up to
32 days which was significantly longer when compared to con-
trols and single treatments suggesting that VEGF-A blockade can
compromise the intrinsically high levels of treatment resistance
in mesenchymal glioblastoma,[5,6] at least to some extent. This is
also remarkable with respect to other reports showing that the
mesenchymal subtype exhibits resistance to both, radiotherapy
and VEGF-A-targeting therapy,[5,39,40] implying that combinato-
rial effects between these two modalities should rather be mild
or even absent when tested in a preclinical glioblastoma model
resembling this subtype.

2.3. Targeting VEGF-A Reduces the Expression of Mesenchymal
Subtype-Related Gene Sets Both in Monotherapy Setting and in
Combination with Radiotherapy

The unexpectedly strong effect on the outcome of the mesenchy-
mal glioblastoma-resembling GL261mousemodel after fraction-
ated radiotherapy (Figure 2) elicited by the co-administration
of G6-31 prompted us to examine whether blockade of VEGF-
A signaling affects the molecular subtype composition in tu-
mors exposed to fractionated irradiation (Figure 3). In glioblas-
toma patients, fractionated radiotherapy was shown to induce
a transition from the proneural to the mesenchymal subtype,
and this transition coincided with a strong increase in radiore-
sistance of their tumors.[5,39] We therefore tested whether ex-
posure of orthotopic GL261 tumors to fractionated radiother-
apy results in an enrichment ofmesenchymal subtype-associated
gene set expression when compared to vehicle-treated tumors
(Figure 3A). Intriguingly, this proved to be true confirming that
mesenchymal transition in glioblastoma tumors upon treatment
with fractionated irradiation could indeed be reconstituted in our
model. We calculated the respective proportions of normalized
subtype-specific gene expression (NESs) in explanted tumors

percentages of processes encompassing these pathways with portions of upregulation. C) Normalized enrichment scores (NESs) for gene sets related
to all three molecular subtypes[4] as revealed by GSEA and expressed in GL261 tumors explanted at day 12 after inoculation. D) NESs of GL261 tumors
and different entities of myeloid cells as calculated on the basis of customized gene sets (Table S4, Supporting Information) curated from microarray
data of the ImmGen project (GSE15907 and GSE37448).[32] M1/M2-polarized macrophages were discriminated on the basis of curated gene sets with
maximal distance between M1/M2 polarization,[33] generated by non-negative matrix factorization (NMF).
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Figure 2. VEGF-A targeting by G6-31 improves the effect of fractionated radiotherapy in the GL261 glioblastomamousemodel. A) Photographs depicting
positioning of mice using laser-guidance. B) Monitoring of tumors and treatment planning. Axial, sagittal, and coronary CBCTs with GTV delineation
(top) and beam geometry (bottom) are shown. C) Tumor growth over time. Mice were irradiated at 2 Gy of dose at days 7–11 and 14–18, and 0.1 mg
G6-31 was administered intraperitoneally at days 7, 11, and 14 (shown on top). Growth curves are depicted as spline regressions from top to bottom for
control mice (vehicle, black, n= 4), G6-31-treatedmice (red, n= 4), radiotherapy (RTX)Wingless/Integrated-treatedmice (green, n= 5), and combinedly
treated mice (blue, n = 7). Tumor growth was measured twice weekly by contrast-enhanced CBCT starting at day 7 after inoculation. Tumor volumes
were calculated by measuring the lengths, widths, and heights along orthogonal axes[26] (see panel (B)) and group comparisons were performed by
two-way analysis of variance (ANOVA). Time points of tumor explantation are depicted by gray dotted lines. D) Kaplan–Meier survival curve analysis for
all treatment groups (vehicle n = 8, G6-31 n = 8, RTX n = 9, RTX + G6-31 n = 9). Significances were calculated by log-rank test with Bonferroni–Holm
correction. E) CBCT scans with isocenters and explanted brains from mice of the vehicle group (left, day 12), the RTX group (day 18), the G6-31 group
(day 18), and the RTX + G6-31 group (right, day 32). Tumors and associated edema are marked by arrowheads. The schematic illustrates the geometry
of surgical sample collection.

either treated by sole radiotherapy, sole VEGF-A blockade or the
combination thereof, and compared those NESs to the respective
expression levels we obtained for vehicle-treated controls. Sole
irradiation, again, resulted in a strong induction of mesenchy-
mal subtype-associated signature gene expression while decreas-
ing those expression patterns with relations to the proneural
and the classical subtype (Figure 3A). G6-31, however, largely de-
creased the expression of mesenchymal subtype-associated gene
sets, both when applied in monotherapy setting as upon com-
bination with radiotherapy (Figure 3B), implying that concur-
rent blockade of VEGF-A can indeed interfere with mesenchy-
mal enrichment during course of a fractionated radiotherapy. To
substantiate this, we also looked for immune cell-specific gene
set expression patterns in GL261 tumors either exposed to ra-
diotherapy, G6-31, or their combination. Sole irradiation, as ex-
pected, resulted in a strong increase of myeloid cell-specific gene
expression patterns (Figure 3C) with patterns resembling those
of BMDMs, M1-polarized macrophages, microglia, neutrophils,
natural killer (NK), cells and dendritic cells being most promi-
nent. Single G6-31 treatment, to the contrary, yielded a strong
suppression in expression of most of these gene sets, and this
was also evident for gene sets corresponding to immune cell
entities of immunosuppressive function such as M2-polarized
macrophages[41] (Figure 3C; Table S7, Supporting Information).

Cells involved in the adaptive immune response, to the contrary,
particularly CD4+ and CD8+ T cells, were mostly unaffected by
G6-31 treatment and this pattern was also seen when G6-31 was
combined with irradiation (Figure 3C; Table S7, Supporting In-
formation). From these data we concluded that targeting VEGF-
A in mesenchymal glioblastoma might be a promising strat-
egy to accelerate the tumoricidal effect of fractionated irradia-
tion in this refractory subtype and also provides an opportunity to
interfere with both treatment-induced proneural–mesenchymal
transition[5] and enhanced infiltration of tumors by immunosup-
pressive myeloid cells.

2.4. Blocking VEGF-A Reduces Proinflammatory Signaling in
Irradiated Normal Brain Tissue

A repeatedly documented benefit of bevacizumab when co-
administered in concurrence with radiotherapy in glioblas-
toma patients is the reduction in incidence of necrosis
of non-neoplastic parenchyma receiving dose exposures
(radionecrosis).[20,23–25] The reason for this effect is still un-
clear which is why we decided to ask how blocking VEGF-A
signaling by G6-31 affects non-neoplastic mouse brain tissue
upon similar treatment as GL261 tumors (Figure 4).We therefore
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Figure 3. VEGF-A targeting by G6-31 reduces the propensity of mesenchymal subtype-specific gene set expression in GL261 tumors and alters the
immunogenic tumor microenvironment. A) Functional interaction networks of leading-edge genes in GL261 tumors upon treatment with radiotherapy
(RTX, n = 3) when compared to control-treated tumors (“vehicle,” n = 4). Networks depicting genes with positive enrichment in mesenchymal tumors
and negative enrichments in proneural and classical tumors (from left to right) are shown. Importance (“betweenness”) is shown by circle sizes and
“closeness” is depicted by color. B) NESs corresponding to mesenchymal (M), proneural (P), and classical (C) tumors calculated for GL261 tumors
that were treated by sole RTX (left, n = 3), G6-31 (middle, n = 4), and RTX + G6-31 (right, n = 3) when compared to control-treated tumors (“vehicle,”
n = 4). C) Hierarchical clustering of NESs obtained for different immune cell populations in RTX-treated, G6-31-treated, and RTX + G6-31-treated GL261
tumors. q-values with a cut-off ≤ 0.1 are indicated by asterisks.

treated mice with right-striatal GL261 tumors by CT-based frac-
tionated radiotherapy (2 × 5 × 2 Gy) with two opposing fields
adopting a contralateral beam geometry that yields equal dose
distributions between both hemispheres (Figure 2B, right)
resulting in a 2 Gy exposure per fraction of both, the tumor
and 10% of the left hemisphere. We then analyzed symmetri-
cally explanted left striatal brain tissue (Figure 2E, schematic)
by microarray followed by GSEA and calculation of NESs as
before (Figure 3). Irradiation alone, as expected, resulted in
strong enrichment of pathways associated with inflammatory
responses such as interleukin-2 (IL-2)-signal transducer and
activator of transcription 5 (STAT5) signaling, allograft rejection,
coagulation, complement activation, tumor necrosis factor alpha
(TNFa) signaling, interleukin-6 (IL-6)-Janus kinase (JAK) signal
transducer and activator of transcription 3 (STAT3) as well as
interferon (IFN) alpha (IFNa) and gamma (IFNg) signaling
(Figure 4A,B; Table S8, Supporting Information). Notably, most
of these gene sets were much less expressed when mice were

additionally treated with G6-31 indicating that inflammatory
responses to fractionated irradiation and thus, presumably,
radiation-induced necrotic events in normal brain tissues can
indeed be diminished by VEGF-A blockade, providing a strong
hint to the immunological basis of mitigation of radionecro-
sis in radiotherapy-treated glioblastoma patients treated with
bevacizumab.[20,23–25] However, several proinflammatory path-
ways also remained unaltered in brains from mice treated by
radiotherapy and G6-31 when compared to mice treated by sole
irradiation (Figure 4A). We therefore performed a signaling
pathway enrichment using experimental datasets 2 (SPEED2)
analysis[42] to compare the activation of inflammatory signaling
cascades in brains from mice solely treated with radiotherapy
with those from mice receiving radiotherapy and VEGF-A block-
ade (Figure 4C). This analysis confirmed a higher upregulation
of inflammatory signaling pathways such as interleukin-1 (IL-1),
JAK-STAT, Toll-like receptor (TLR), and TNFa in mice receiving
sole radiotherapy when compared to doubly treated mice, but
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Figure 4. VEGF-A targeting reduces radiation-induced inflammatory signaling in normal brain tissue. A) Hierarchical clustering of NESs derived from
GSEA performed on normal tissue from mouse brains treated with RTX (n = 3), G6-31 (n = 5), and RTX+G6-31 (n = 3) and compared to control-
treated brains (“vehicle,” n = 4). q-values with a cutoff of ≤ 0.1 are indicated by asterisks. B) Functional interaction network of the leading edge intersect
HALLMARK_IL6_JAK_STAT3_SIGNALING pathway gene set as identified by GSEA comparing MSigDB hallmarks[49] between RTX and RTX+G6-31-
treated brains. C) SPEED2 analysis of inflammatory human genes homologous to respective mouse genes in RTX (n = 3) and RTX+G6-31-treated brains
(n = 3), and ranked by the levels of upregulation and downregulation. q-values with a cutoff of ≤ 0.1 are indicated by asterisks and fold change threshold
is >2.

also showed a downregulation of other immune response-
related pathways such as Hippo and Wingless and Int-1 (WNT)
(Figure 4C). Since astrocytes are known to secrete numerous cy-
tokines involved in radiation-induced inflammation of neuronal
tissue as well as high levels of VEGF-A upon irradiation[43,44]

resulting in various downstream events that can all contribute to
necrosis formation,[45–47] we assume that most of the effects ob-
served here are mediated via sequestration of VEGF-A secreted
by astrocytes in response to irradiation. Similarly, astrocytes were
also shown to actively contribute to mesenchymal transition
and consequent acceleration of therapy resistance by regulating
neuroinflammatory processes in response to different insults
including therapy.[48] Thus, we suggest that pharmacological
VEGF-A targeting indeed mostly acts by affecting gene pat-
tern expression in astrocytes, rather than in other cell entities,
although this has to be shown by future studies.

3. Discussion

Glioblastoma, despite all efforts, remains a devastating disease
with poor prognosis urging for rapid improvement of currently
available treatment options. Radiotherapy is a cornerstone in
glioblastoma treatment,[50] yet its efficacy is limited, both as a
monotherapy as in combination with TMZ.[51,52] In addition, cra-
nial radiotherapy is frequently associated with adverse events
such as radionecrosis, a condition that can cause brain edema
and even progress to sensorimotor and other neurological de-
terioration reducing patient life quality and limiting adminis-
tration of full doses as well.[53] The clinical impact of VEGF-
targeting therapy, particularly of the VEGF-A-specific antibody
bevacizumab on glioblastoma treatment is still unclear.[54] On
the one hand, bevacizumab failed to prolong OS in randomized
trials and upon combination with different treatment modali-
ties including radiotherapy,[9–11,20] on the other hand, multiple
studies showed a clear benefit for addition of bevacizumab to ra-

diotherapy when analyzing treatment-related adverse events, ra-
dionecrosis in particular.[20,23–25]

We preclinically investigated the effect of concurrent VEGF-
A blockade on the outcome after fractionated radiotherapy
(2 × 5 × 2 Gy) in an immunocompetent orthotopic glioblastoma
mouse model based on the GL261 cell line.[22] By comparing the
transcriptomes of tumors with those obtained for normal brain
tissue explanted from contralateral hemispheres of respective
tumor-carrying mice and also with TCGA data from patients
suffering from glioblastoma tumors of all three molecular
glioblastoma subtypes,[3,4] we could assign this syngeneic mouse
model to the highly adverse mesenchymal subtype of human
glioblastoma (Figure 1). Using this model system, we could then
show that blockade of VEGF-A signaling by a mouse VEGF-A-
specific antibody increases the effect of fractionated radiotherapy
in mesenchymal glioblastoma (Figure 2) which is in line with
previous reports showing similar findings for VEGF-A blockade
and radiotherapy in glioblastoma mouse models.[36–38] However,
since these studies employed mice that were immune compro-
mised no further comparison between these data and ours is
possible, particularly when coming to inflammatory signaling
and myeloid cell infiltration, two signature hallmarks of high-
grade mesenchymal brain tumors.[30,31] By transcriptome-based
assignment of GL261 tumors to the mesenchymal subtype of hu-
man glioblastoma (Figure 1) we can show not only a superiority
for fractionated radiotherapy and concomitant VEGF-A blockade
in this treatment-refractory subtype (Figure 2), but also that
targeting VEGF-A can interfere with both, mesenchymal enrich-
ment and myeloid cell infiltration upon irradiation thereby, most
likely, abrogating the intrinsically high levels of radioresistance
of this subtype (Figure 3).[5,6] Despite preclinical data indicating
that the combination of VEGF-A blockade and radiotherapy can
improve the prognosis of glioblastoma in general and, more
specifically, of mesenchymal glioblastoma, clinical evidence
shows clearly the opposite negating beneficial effects in terms of
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OS both for this molecular subtype[12,18] as for the others.[17,18]

Elucidating the reasons for this discrepancy between preclinical
and clinical data clearly requires further research. One possible
explanation could be the artificial character of stereotactically
inoculated glioblastoma mouse models as deployed here since
these models not only are known for their dependence on high
angiogenesis levels and, thus, on high levels of VEGF-A,[55,56] but
also for their limitations, in our case, e.g., resulting in sacrificial
and explantation of tumors at different time points when related
to therapy as a consequence of differences in tumor progression
(Figure 2C).
Some studies, however, clearly showed clinical benefit for beva-

cizumab when administered in patients suffering from recurrent
glioblastoma,[15,57] which, at first sight, would fit in terms that
recurrent tumors are mostly mesenchymal.[58,59] Yet these stud-
ies either tested bevacizumab as monotherapy or in combination
with irinotecan,[15,57] rather than with radiotherapy. Recently, first
studies were published which tested bevacizumab together with
re-irradiation in recurrent glioblastoma patients.[20,21,60,61] How-
ever, several aspects in study design such as selection of patients
primarily treated with bevacizumab in a monotherapy setting
while showing recurrent progress[61] as well as the failure of the
RTOG1205 trial in proving prolonged OS in recurrent patients
treated with bevacizumab or bevacizumab and radiation[20] argue
against a synergistic or additive tumoricidal effect between these
two modalities. Instead, the beneficial effects, most presumably,
are merely due to the mitigation of adverse events elicited by re-
irradiation in those patients such as radionecrosis and this, in
fact, was shown by recently published reports.[24,60] In addition,
the reduction of radionecrosis upon bevacizumab addition was
also observed in the first-line setting[23,25] implying a radioprotec-
tive role for bevacizumab in patients experiencing radionecrosis
as an adverse effect of radiotherapeutic attendance. However, the
mechanism(s) underlying this benefit are still unknown, both ag-
gravating patient stratification and improve of current treatment
regimens, for example, in terms of dose escalation. By transcrip-
tome analysis and subsequent GSEA and SPEED2 analyses ex-
amining the inflammatory gene set expression in non-neoplastic
murine brain tissue treated with fractionated radiotherapy, we
can show that inflammatory signaling, especially the expression
of immunostimulatory cytokines such as IL-1, TLR, and TNFa is
strongly increased in normal brain tissue upon irradiation and
this effect was significantly mitigated when the VEGF-A-specific
antibody G6-31 was co-administered. Our data therefore provide
a preclinical hint of how the addition of bevacizumab to radiother-
apy in glioblastoma patients modulates the immunogenic tumor
microenvironment in response to radiation, both by diminish-
ing the expression of cytokines, most likely by astrocytes,[62,63]

thus avoiding enhanced infiltration of irradiated normal brain
tissue by inflammatory cells (Figure 4) resulting in inflammation
and, most presumably, radionecrosis. However, further evidence
is needed in order to fully confirm this assumption such as im-
munohistochemistry staining of myeloid cell populations reveal-
ing in fact reduced infiltration of normal brain tissues upon G6-
31 treatment by those cells. Yet our data nonetheless should pro-
vide a valuable input for further development of clinical regimens
implementing VEGF-A-targeting therapies in the radiotherapeu-
tic attendance of primary and recurrent glioblastoma and prob-
ably also of brain metastases derived from other malignancies

as recently published studies revealed similar benefits in those
patients.[64–67]

4. Conclusion

Incorporation of the VEGF-A-specific humanized antibody beva-
cizumab into standard therapy of glioblastoma yields clear clini-
cal benefit, particularly when combined with radiation therapy,
demanding for further research to identify synergies between
VEGF-A blockade and standard-of-care glioblastoma therapy. We
here provide preclinical evidence that targeting VEGF-A is a ver-
satile approach to yield improved outcome after fractionated ra-
diotherapy in mesenchymal glioblastoma, and also to reduce in-
flammatory signaling and myeloid cell infiltration of tumors and
non-neoplastic brain tissue upon irradiation, the latter provid-
ing a rationale for the reduced incidence of radionecrosis seen
in glioblastoma patients concurrently treated with radiotherapy
and bevacizumab.

5. Experimental Section
Cell Lines and Reagents: The mouse glioblastoma cell line GL261[22]

was purchased from the National Cancer Institute (NCI, Bethesda, MD,
USA) and cultured in Dulbecco’s modified Eagle medium (D-MEM) sup-
plemented with 10% fetal calf serum (FCS), 100 U mL−1 penicillin and
0.1 mg mL−1 streptomycin (all from ThermoScientific, Schwerte, Ger-
many) at 37 °C and 7.5%CO2 as previously described.

[68] Cells were tested
for mycoplasma infection on a regular basis using the MycoAlert test kit
(Lonza, Cologne, Germany). Themouse VEGF-A-specificmonoclonal anti-
body G6-31[35] was obtained from Roche Pharmaceuticals (Penzberg, Ger-
many). It recognizes a VEGF-A epitope that is conserved between human
and mouse and overlaps with the receptor binding surface.

Orthotopic Glioblastoma Mouse Model: All animal experiments were
performed in accordance to the Federation of European Laboratory Ani-
mal Science Associations (FELASA) guidelines and upon approval by the
“Regierung vonOberbayern” (Munich, Germany, approval number 55.2-1-
54-2532-80-14). Briefly, female C57BL/6 mice were obtained from Charles
River (Sulzfeld, Germany) and housed in groups of four animals in in-
dividually ventilated cages (IVC, Tecniplast, Hohenpeißenberg, Germany)
placed inside a specified pathogen-free animal facility with a 12 h day/night
cycle. Standard rodent feed (from Sniff, Soest, Germany) and water were
provided ad libitum. Inspection of animals was performed on a daily basis
and sacrificial was performed when predefined health scores including al-
teration in hygiene behavior, ≥20% body weight loss, ulcerating wounds,
flattened breathing, epileptic seizures or spasms, paralysis of extremities,
bloody diarrhea, apathy, hunchbacked posture or self-mutilation weremet.
To generate orthotopic glioblastoma tumors, mice were intracranially in-
oculated with 90 000 GL261 cells as previously reported.[68] Mice were
anesthetized by intraperitoneal injection of 100 μg g−1 ketamine and 10 μg
g−1 xylazine and additionally medicated with 200 μg g−1 metamizole (all
from “Wirtschaftsgenossenschaft deutscher Tierärzte eG” (WDT), Garb-
sen, Germany). Mouse heads were fixed with a stereotactic frame (David
Instruments, Tujanga, CA, USA) skulls were exposed by longitudinal skin
incision and a hole was drilled 1.5 mm laterally and 1 mm anteriorly of the
bregma using two microlances (BD Biosciences, Heidelberg, Germany).
Cells suspended in 1.0 μL phosphate buffered saline (PBS) were injected
into the right striatum using a stereotactically guided Hamilton syringe
(Hamilton, Bonaduz, Switzerland), skin was sutured, and mice were mon-
itored till regaining consciousness. Tumor progression was monitored
twice weekly by CBCT, starting at day 7 after inoculation as described.[26]

For contrast enhancement, 300 μL Imeron-300 (Bracco, Konstanz, Ger-
many) was intravenously injected 3 min prior to CBCT. Tumor growth was
assessed with measuring lengths, widths, and heights of tumors followed
by spline regression. Irradiation was performed on a daily fractionation
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regime over 2 weeks (2 × 5 × 2 Gy) based on CBCT as described before.[26]

The mouse VEGF-A-specific monoclonal antibody G6-31[35] was diluted to
1 mg mL−1 in PBS and was intraperitoneally injected at 0.1 mg of dose
(0.1 mL of 1.0 mg mL−1 dilution) at days 7, 11, and 14 after tumor in-
oculation. Vehicle controls received 0.1 mL PBS accordingly. Sacrificial of
mice was performed by intraperitoneal injection of 50 μg g−1 pentobar-
bital (WDT) and subsequent intracardial perfusion with cold PBS as de-
scribed before.[26] Brains were explanted; tumors and contralateral sam-
ples of normal brain tissue were excised, snap-frozen in liquid nitrogen,
and stored at −80 °C till further processing.

Gene Expression Profiling of GL261 Tumors and Normal Mouse Brain Tis-
sue: Global mRNA expression profiling of GL261 tumors and normal
brain tissue was performed by microarray analysis. Total RNA was ex-
tracted from excised tumors and normal brain tissue by NucleoSpin RNA
II extraction kit (Macherey & Nagel, Dueren, Germany) and RNA quality
was assessed by total RNA 6000 nano chip assay performed with an Agi-
lent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA
was labeled with Cy3 and hybridized for 16 h at 68 °C onto a 4× 44 Kmouse
gene expressionmicroarray according the standard protocol (Agilent Tech-
nologies). Scanning ofmicroarrays, data extraction, and preprocessing, in-
cluding quality assessment and control were performed as described.[69]

Molecular Subtyping of Orthotopically Implanted GL261 Tumors: To as-
sign GL261 tumors onto their respective molecular subtype, refined gene
sets representing the transcriptomic profiles of each molecular subtype
of human glioblastoma as published by Wang et al.[4] were adopted:
for the mesenchymal subtype, the curated gene profile comprised the
genes RPC1B, S100A11, CTSC, GLIPR1, NNMT, VDR, RGS2, CTSB, TGFBI,
PLAUR, LY96, BCL3, TNFAIP8, IER3, PRSS23, IL7R, RAB27A, RUNX1,
P4HA2, CYP1B1, BACE2, ACPP, FTL, SLPI, RAC2, RARRES1, SYNGR2,
THBS1, IL6, CAV1, PI3, CDCP1, ITGB1, LOX, COL1A1, COL1A2, COL3A1,
COL5A1, CD72, ANPEP, MMP7, SPAG4, BNC2, NDRG1, CNN2, LUM,
PTGS2, SDC1, GPRC5A, and COL15A1. For the proneural subtype, the
profile comprised genes JPT1, RAB33A, HDAC2, MYT1, MTSS1, HOXD3,
GPR17, PTTG1, KLRC3, PLAAT1, TCP1, NPPA, PFDN2, CA10, EPHB1,
UGT8, PAK5, SLC1A1, NARF, DCTN3, SMPD3, ZNF804A, RASL11B, MYB,
PDGFRA, ERBB3, CLGN, SOX10, BCL11A, NMU, ZNF643, CDKN1C,
JPH3, PCDHA9, IL1RAPL1, MAST1, VIPR2, SIM2, BAMBI, PKMYT1,
PLCB4, SLC17A6, KLRK1, CENPJ, NHLH1, GABRB3, KLRC4, KCNK3,
GRID2, and DACH1; and for classical subtype the profile comprised PT-
PRA, ELOVL2, MLC1, SOX9, BMAL1, DENND2A, BBS1, ABLIM1, PAX6,
ZHX3, USP8, PLCG1, CDH4, RASGRP1, ACSBG1, CST3, BCKDHB, LHFP,
VAV3, ACSL3, EYA2, SEPT11, SLC4A4, SLC20A2, C14orf159, CTNND1,
ZFHX4, SPRY2, ZNF45, NCOA1, PLCE1, DTNA, POLRMT, SALL1, TYK2,
TJP1, MEOX2, FGFR3, STXBP3, GRIK1, GATM, UPF1, NPEPL1, EFCAB14,
RBCK1, PNPLA6, PPARGC1A, SLC3A2, PHKB, and MYO5C. Translation of
the human genes into homologous mouse (mus musculus) genes was per-
formed with homologene (https://www.ncbi.nlm.nih.gov/homologene).
NESs and enrichment plots comparing explanted GL261 tumors to nor-
mal murine brain tissue were calculated for each subtype-specific gene
set using the fast GSEA (FGSEA) algorithm of the FGSEA package (ver-
sion 1.22.0).[70] NESs of differently treated non-neoplastic brain tissues
from the 50 hallmark genes encompassing MSigBD set[49] were derived
in a similar fashion. To determine the expression of myeloid cell-specific
gene signatures, custom gene sets for BMDMs, neutrophils, microglia,
dendritic cells, CD4+ and CD8+ T cells, B cells, and NK cells were de-
signed on the basis of microarray data from mouse leukocyte subsets
obtained by the Immunological Genome (ImmGen) project (GSE15907
and GSE37448)[32] and using a non-negative matrix factorization (NMF)
algorithm.[71] For discrimination between M1 and M2 polarization of
macrophages, the gene sets published by Jablonski et al. were used.[33]

NESs for all gene sets were calculated by FGSEA as described above and
visualized by heat map clustering (Figure 3C).

Analysis of TCGA-Derived Patient Data: Transcriptomic data of 174
glioblastoma patients were obtained from the Broad institute of the Mas-
sachusetts Institute of Technology (MIT) and the Harvard Firehose Initia-
tive (https://gdac.broadinstitute.org/) and annotated to their respective
molecular subtypes. PCA comparing transcriptomes in tumor samples
with those in normal brain tissue was performed and paragon samples

corresponding to each molecular subtype were identified by FactoMineR
(version 2. 8).[72] KEGG[28] and GSEA[29] were performed with R (version
4.2.1) and RStudio (RStudio, PBC, Boston, MA, USA) and combined with
gene set enrichment for pathway analysis (GAGE, version 2.48.0)[73] in
case of KEGG, and FGSEA (version 1.22.0)[70] in case of GSEA. Single-
sample gene set enrichment analyses (ssGSEAs) were performed using
the gene set variation analysis (GSVA) package (version 1.44.5).[74] Sta-
tistical analyses, visualization of heatmaps, hierarchical clustering, as well
as PCA, pie charts, and bar plots were performed with OriginPro (version
2021, OriginLab corporation, Northampton, MA, USA). Generation of an-
notated and clustered heatmaps was performed with complexHeatmap
(version 2.12.1),[75] while functional interaction networks from preranked
differential gene expression analyses (DEGs) were generated with Cy-
toscape (version 3.8.2).[76] Harmonization of human and mouse gene
nomenclature was performed as described above.

Statistical Analyses: Tumor progression between treatment groups
was compared by two-way analysis of variance (ANOVA) and mouse sur-
vival was analyzed by Kaplan–Meier curve analysis followed by log-rank
test, both with Bonferroni–Holm correction.
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