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Abstract Tumor angiogenesis and receptor tyrosine kinases
(RTK) are major novel targets in anticancer molecular therapy.
Accordingly, we characterized the vascular network and the
expression pattern of angiogenic RTK in the most frequent
pediatric brain tumors. In a retrospective collection of 44 cases
(14 astrocytoma, 16 ependymoma and 14 medulloblastoma),
immunohistochemistry for VEGFR1, VEGFR2, PDGFRα,
PDGFRβ, and c-Kit as well as microvessel labeling with
CD34 and SMA were conducted on surgical specimens. We

found a significantly higher vascular density in ependymoma.
Glomeruloid formations were abundant in medulloblastoma
but rare or almost absent in astrocytoma and ependymoma,
respectively. C-Kit and VEGFR2 labeled blood vessels were
more abundant in ependymoma than in the other two types of
tumors. In contrast, medulloblastoma contained higher number
of PDGFRα expressing vessels. In tumor cells, we found no
VEGFR2 but VEGFR1 expression in all three tumor types.
PDGFRαwas strongly expressed on the tumor cells in all three
malignancies, while PDGFRβ tumor cell expression was
present in the majority of medulloblastoma cases. Interestingly,
small populations of c-Kit expressing cancer cells were found
in a number of medulloblastoma and ependymoma cases. Our
study suggests that different angiogenic mechanisms are
present in ependymoma and medulloblastoma. Furthermore
ependymoma patients may benefit from anti-angiogenic
therapies based on the high vascularization as well as the
endothelial expression of c-kit and VEGFR2. The expression
pattern of the receptors on tumor cells also suggests the
targeting of specific angiogenic tyrosine kinase receptors may
have direct antitumor activity. Further preclinical and biomarker
driven clinical investigations are needed to establish the
application of tyrosine kinase inhibitors in the treatment of
pediatric brain tumors.
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Introduction

The identification of receptor tyrosine kinases that provide
growth signals to tumor and endothelial cells as well as the
advent of drugs capable of specifically inhibit these receptors
has led to the new paradigm of molecularly targeted therapy.
With regards to malignancies of the central nervous system the
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role of angiogenesis in tumor progression and the underlying
molecular mechanisms are rather well described in adult
glioblastoma [1–9]. In contrast, there are only few studies
investigating angiogenesis in pediatric brain tumors [10–15].
The tumor tissue can acquire vascularization by several
distinct mechanisms including neoangiogenesis, postnatal
vasculogenesis, vessel cooption, intussusceptive growth or
vascular mimicry [16]. Furthermore brain tumors are
characterized by another unique form of vessels, the
glomeruloid tufts [17]. In glioblastoma vessel cooption was
found to be the primary form of vascularization [18] but there
is limited data in other brain tumor types concerning their
vascularization patterns. Importantly, each of these
vascularization mechanisms are associated with a unique
angiogenic RTK expression pattern on blood vessels:
neoangiogenesis is characterized by VEGFR2 expression,
postnatal vasculogenesis is driven by flt3, c-Kit and VEGFR2
expression, vessel cooption is associated with TIE receptors,
vascular mimicry can be identified by EphA and FAK
expression and glomeruloid vessels are characterized by
VEGFR2 and PDGFR expression [16]. Altogether, distinct
molecular pathways seem to drive these vascularization
mechanisms.

The importance of comprehensive analysis of pediatric
brain tumors is highlighted by a recent study that
demonstrated that distinct angiogenic patterns are present in
glioblastoma and in pediatric pilocytic astrocytoma [11]. Of
note, the vascularization and angiogenesis was found to be an
important prognostic factor in optic pathway glioma [12].
Furthermore, VEGF expression was found to be a prognostic
factor in an ependymoma patient cohort with adult and
pediatric cases [13].

Inhibitors of angiogenic receptor tyrosine kinases can be
potent antitumor drugs since tumor growth requires the
acquisition of appropriate tumor vasculature. Both the binding
of active VEGF by therapeutic antibodies and the inhibition of
VEGFR by small molecule tyrosine kinase inhibitors are
currently approved antitumor treatment options in various
malignancies. Bevacizumab is used in combination therapies
against adult brain tumors [19, 20]. However, its application in
pediatric neuro-oncology is still rather limited [21–24].
Nevertheless, preclinical studies suggest that targeting VEGF
and VEGFR is a promising therapeutic option in pediatric
brain tumors [25, 26].

Both VEGFR and other angiogenic receptor tyrosine
kinases may also be expressed by the tumor cells suggesting
that their inhibition may have direct antitumor effects by
interfering with tumor cell proliferation and survival. In
adult glioblastoma, expression - and amplification - of c-
Kit, PDGFRα and VEGFR2 by glioma cells has been
described and they represent potential targets [8, 27, 28].
VEGFR2 expression by tumor cells has been studied in
medulloblastoma, however the findings are controversial

whether the protein is expressed by medulloblastoma tumor
cells [29, 30].

The stem cell factor receptor c-Kit (also called CD117) is
also often expressed in certain types of tumors. C-Kit
expression by endothelial cells has been demonstrated in adult
glioblastoma [8] and in a number of pediatric brain tumors
[15]. Besides its proangiogenic activity by virtue of its
expression on endothelial progenitor cells it is often present
in the tumor cells. Currently, imatinib based targeted therapy
is approved for certain malignancies such as chronic
myelogenous leukemia (CML) and gastrointestinal stromal
tumors [31]. However, increased c-Kit expression has been
described in other malignant cells including adult glioma cells
[32, 33] and pediatric medulloblastoma cells [30, 34, 35].
Thus clinical trials are under way for other malignancies
including adult high-grade glioma [36].

Inhibitors of PDGF receptors are also potent anti-
angiogenic and anti-tumor agents in certain malignancies.
The expression – and often the amplification – of PDGFRα
by brain tumor cells was described in certain cases of
astrocytoma and glioblastoma [37]. In pediatric glioma, high
tumor cell PDGFR expression correlated with lower degree of
differentiation of the tumor [38]. In a preclinical study
PDGFR targeting has emerged as an effective treatment
option in pediatric glioblastoma [39]. A PDGFRA mutation
has been identified in a small fraction of pediatric
medulloblastoma [40]. In metastatic medulloblastoma an
increased expression of PDGFRβ by cancer cells was found
when compared to non-metastatic cases [41]. The c-Kit/
PDGFR inhibitor imatinib and the VEGFR/PDGFR inhibitor
sunitinib were able to inhibit medulloblastoma cell migration
and invasion in a PDGFR activation-dependent manner [42,
43]. However, there is only a limited number of studied
investigating the potential of these inhibitors in pediatric brain
tumors [44, 45]. Nevertheless, some of these inhibitors—often
on a compassionate basis—had been employed in pediatric
neuro-oncology [21–24].

Accordingly, we studied the microvascular pattern and
the expression of the most important and currently
druggable angiogenic receptor tyrosine kinases in a panel
of pediatric brain tumors. Our findings suggest that targeting
angiogenesis and angiogenic receptor tyrosine kinases is a
potential therapeutic option that should be further explored
in preclinical and clinical studies.

Materials and Methods

Patients

Formalin-fixed paraffin embedded histopathological samples
were collected from 44 pediatric patients with ependymoma,
astrocytoma or medulloblastoma. Surgical removal of tumors
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was performed at the National Institute Neurosurgery,
Budapest between 1997 and 2006. Tissue specimen was
obtained from the initial surgery. No patients received
radiation or chemotherapy prior to the surgery. The average
age of the patients was 8.2 year (Table 1). Significant
gender bias was only found in the astrocytoma group.
Except three ependymoma cases all other tumors were
intracranial. Most astrocytoma cases were low-grade
astrocytoma except four pediatric glioblastoma. All
ependymomas were anaplastic. Among the medulloblastoma
cases there were 7 undifferentiated, 4 desmoplastic, and 3
with glial or neuronal differentiation. Altogether this patient
population provides a representative cohort for these
pediatric brain tumors. This retrospective analysis was
approved by the Hungarian Medical Science Council (ETT
#84-192/2008).

Immunohistochemistry

Representative paraffin blocks—defined as those with the
largest amount of viable tumor cells—for each tumor were
selected. The immunohistochemical reactions were performed
on 3 μm sections obtained from the FFPE blocks. After the
deparaffinization steps, the slides were treated in a microwave
oven in Target Retrieval Solution (S1699 from DAKO,
Carpenteria, CA, USA) for 30 min for heat-induced epitope
retrieval. The immunohistochemical reactions were performed
in a Ventana ES immunostainer system (Ventana Medical
Systems Inc., Tucson, AZ, USA) with the solutions and steps
according to the manufacturer. The list of antibodies and
conditions are listed in Supplemental Table 1. Positive controls
and negative control tissues (with the omission of the primary
antibodies) were included in every run. Scoring for semi-
quantitative analysis was evaluated by a pathologist. Three
randomly selected areas of each slide were analysed using
middle-power field objective (×10). Positive vascular structures
(glomeruloid and normal capillaries) on CD34 and SMA

stained sections were counted. Glomeruloid vessel counts
included small microglomeruloid clusters as described by
Goldbrunner et al. previously [46]. For microvascular density
or glomeruloid vessels the three fields of viewwere averaged or
summarized, respectively. For the tumor cell specific
expression the percentage of labelled malignant cells was
estimated.

Statistics

The patient cohorts were statistically analyzed by χ2-test. The
significance of differences between tumor types was
determined by Mann–Whitney test. The percentage of
positive tumor cells were compared between the tumor types
by Kruskal-Wallis test followed by Dunn’s multiple
comparison test. Statistical significance (P< 0.05) was
determined using GraphPad Prism 5.0 software (GraphPad
Inc., San Diego, CA).

Results

Microvascular Density and Glomeruloid Vessels in Pediatric
Brain Tumors

The vasculature of the brain tumor tissue was identified by
CD34 immunohistochemistry. Representative images shown
in Fig. 1a demonstrate the endothelial lining specific staining
of blood vessels. We found a significantly higher density of
blood vessels in pediatric ependymoma when compared to
pediatric astrocytoma and medulloblastoma (Fig. 1b). While
there was no difference in vessel density between the pilocytic
astrocytoma and pediatric glioblastoma cases (data not
shown). In order to visualise the more mature and stabilized
blood vessels, pericytes of tumor-associated vessels were
labelled with smooth muscle actin (SMA) (Fig. 1a). In all
tumor types CD34 labelled vessels were more frequent than

Table 1 Patient characteristic
including age, localization,
histological subtype and grade

Asrocytoma (N= 14) Ependymoma (N= 16) Medulloblastoma (N= 14)

Age (year, range) 6.2 (1–14) 8 (1–16) 8.4 (1–20)

Female 2 (14 %) 9 (56 %) 7 (50 %)

Male 12 (86 %) 7 (44 %) 7 (50 %)

Supratentorial 11 7 −
Infratentorial 3 6 14

Spinal 0 3 −
Histology glioblastoma (4) − non-differentiated (7)

pilocytic (10) − differentiated (3)

− desmoplastic (4)

Grade I (10) II (1) −
IV (4) III (15) −
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Fig. 2 Glomeruloid formations
in pediatric brain tumors. a The
glomeruloid morphology of
blood vessels can readily be
identified after CD34 labelling. b
While medulloblastoma tumors
contain a large number of CD34
positive glomeruloid vessels they
are almost absent in ependymoma
and significantly less frequent in
astrocytoma. c SMA labelled
glomeruloid structures are less
frequent than CD34 positive ones.
(Scale bar is 100 μm, MPF –
medium power field of view)

Fig. 1 Microvascular density in pediatric brain tumors. a CD34 and
smooth muscle actin (SMA) immunohistochemistry readily displays the
microvascular network. b-c Both CD34 and SMA positive blood vessels
are significantly more abundant in ependymoma than in glioma or

medulloblastoma. Note that in all tumor types CD34 labelled vessels
are more frequent than SMA positive structures. d The ratio of SMA
and CD34 labelled vessels was significantly higher in medulloblastoma
than in glioma. (Scale bar is 100μm,MPF –medium power field of view)
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SMA positive ones (Fig. 1b and c). Nevertheless, the SMA
positive blood vessels were also significantly more abundant in
ependymoma than in astrocytoma or medulloblastoma (Fig. 1c).
The ratio of SMA and CD34 labelled blood vessels was
significantly lower in astrocytoma then in medulloblastoma
(Fig. 1d). Importantly, glomeruloid blood vessels were found
in each of the CD34 labelled medulloblastoma specimens
(Fig. 2a and b) while significantly lower number of astrocytoma
cases contained glomeruloid structures and they were almost
absent in ependymoma cases (Fig. 2b). Of note, three out of
the four pediatric glioblastoma cases contained glomeruloid
capillaries. SMA labelled glomeruloid structures, were observed
almost exclusively in medulloblastoma. Only 5 of the 14
medulloblastoma cases contained SMA positive glomeruloid

structures and they were less frequent then the CD34 positive
glomeruloid vessels (Fig. 2b and c).

Fig. 3 Immunohistochemical
labelling of tyrosine kinase
receptors in blood vessels of
pediatric brain tumors. The
strongest PDGFRα expression is
present in medulloblastoma.
PDGFRβ demonstrated only low
expression in blood vessels.
VEGFR1 is expressed on blood
vessels irrespective of tumor type.
Strong VEGFR2 and c-Kit
expression characterizes blood
vessels of ependymoma. (Scale
bars are 100 μm)

Table 2 Number of cases with angiogenic receptor-positive blood
vessels in pediatric brain tumors

Receptor Astrocytoma
N= 14

Ependymoma
N= 16

Medulloblastoma
N= 14

PDGFRα 1 4 13

PDGFRβ 2 6 3

c-Kit 3 10 5

VEGFR1 12 14 13

VEGFR2 3 4 0
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Tyrosine Kinase Receptor Expression in Tumor Associated
Blood Vessels

In order to investigate whether the different vascular density and
the distinct pattern of glomeruloid formations in the pediatric
brain tumors are related to the angiogenic receptor tyrosine
kinase expression we performed immunohistochemical labelling
of these receptors. Images—taken at areas where low tumor cell
derived staining is present—clearly indicate the blood vessel
specific staining for each type of the tyrosine kinase receptors
(Fig. 3). Almost all medulloblastoma specimens contained
PDGFRα expressing blood vessels (Table 2). Both the strongest
labelling and the highest number of PDGFRα-positive vessels

were present in medulloblastoma (Figs. 3 and 4). PDGFRβ
demonstrated only weak staining and thus low vascular
expression in either type of brain tumors (Fig. 3). VEGFR1
was strongly expressed on blood vessels in most of the
specimens irrespective of the pediatric brain tumor type (Table 2).
Strong VEGFR2 and c-Kit expression was found only on blood
vessels of certain ependymoma cases (Figs. 3 and 4) while we
found no VEGFR2 positive blood vessels in medulloblastoma.

Tyrosine Kinase Receptor Expression of Pediatric Brain
Tumor Cells

The tumor cell specific angiogenic RTK expression was also
analyzed in a semi-quantitative manner. Strong tumor cell
PDGFRα expression was found in all three pediatric brain
tumor types (Fig. 5, Table 3). PDGFRβ was expressed by
tumor cells in the majority of medulloblastoma cases (10 out
of 14) but it was less frequent in astrocytoma and significantly
less abundant in ependymoma (Table 3, Figs. 5 and 6). Low
intensity tumor cell specific c-Kit expression was found in
only two astrocytoma and five ependymoma cases. In contrast
we found three cases of medulloblastoma with intense c-Kit
staining on the plasma membrane of tumor cells (Fig. 5).
VEGFR1 positivity was observed in all three types of tumors
while there was no VEGFR2 expression present on the
pediatric brain tumor cells (Table 3).

Discussion

In the past decade molecularly targeted drugs had been
developed against various angiogenic tyrosine kinase
receptors including growth factor receptors that play
pivotal role in tumor induced angiogenesis. However, their
application in pediatric neuro-oncology is still rather
limited. On one hand our understanding of tumor induced
angiogenesis in these cancers is still insufficient to be able
to predict the potential efficacy of these modalities. On the
other hand, since these agents may have direct anti-tumor
activity, it is necessary to the tumor cell tyrosine kinase
receptor expression pattern in these rather frequent
pediatric brain tumors. One of the major findings of the
present study is that pediatric ependymoma have the
highest microvascular density and that these vessels are
covered by pericytes indicating either a full-fledged
neoangiogenesis process or efficient vessel cooption that
seems to be very efficient as compared to the pediatric
astrocytoma and medulloblastoma. Similar to previous
studies we have shown that ependymoma-associated blood
vessels expressed three types of angiogenic TKs
(VEGFR1>VEGFR2, c-kit) on endothelial cells [9, 15].

Fig. 4 Angiogenic tyrosine kinase receptor expression in blood vessels
of pediatric brain tumors. a PDGFRα labelled blood vessels are
significantly more abundant in medulloblastoma than in glioma or in
ependymoma. b The majority of ependymoma cases contain high
number c-Kit expressing blood vessels. In contrast, blood vessels from
glioma and medulloblastoma only occasionally expressed c-Kit.
PDGFRβ demonstrated only low expression in blood vessels. c
VEGFR1 is expressed on blood vessels irrespective of tumor type
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In the light of these observations, the subset of pediatric
ependymomas with high vascular density and with an
angiogenic vessel expression profile is a promising
candidate for anti-angiogenic therapies. Supporting this
notion, Wagemakers et al. demonstrated that pediatric
ependymomas have the same microvascular density and

VEGF-A expression level as adult glioblastoma where anti-
angiogenic therapy is becoming a standard modality [14]. On
the other hand, we have demonstrated that medulloblastoma
rely on other mechanism since glomeruloid vessels were more
abundant in this tumor. Our observation is in line with a
previous study [46]. These glomeruloid structures have been
described in glioblastoma as an early step in VEGF induced
neoangiogenesis [47]. Another important finding of our
investigation is the abundant expression of VEGFR1 on tumor
associated microvessels of the pediatric brain tumors. It
suggests that VEGFR1may be a primary anti-angiogenic drug
target. While VEGFR2 is the primary mitogen receptor for
endothelial cells the role of VEGFR1 is more complex. This
later VEGF receptor has a weak kinase activity and is
expressed as a membrane receptor as well as in a soluble form
serving as VEGF-eliminator [48].

There is very limited information about the alternative
vascularization mechanisms in the malignancies of the
central nervous system and pediatric forms in particular

Fig. 5 PDGFR, c-Kit and
VEGFR expression on tumor
cells in pediatric brain tumors.
Note the abundant staining of
PDGFRα in all three types of
tumor cells. PDGFRβ is only
expressed by ependymoma and
medulloblastoma cells. Robust c-
Kit expression was only found in
medulloblastoma cells. The c-Kit
positive cells in the sections of
astrocytoma and ependymoma
are endothelial cells of the
capillary network. (Scale bars are
100 μm)

Table 3 Number of cases with angiogenic receptor-positive tumor cells
in pediatric brain tumors

Receptor Astrocytoma
N= 14

Ependymoma
N= 16

Medulloblastoma
N= 14

PDGFRα 13 16 16

PDGFRβ 6 4 10

c-Kit 0 3 3

VEGFR1 7 10 12

VEGFR2 0 0 0
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[16]. Intussusceptive angiogenesis and vasculogenic mimicry
have been demonstrated in adult glioblastoma [49–52]. In the
present study the large number of glomeruloid vessel formations
in medulloblastoma suggests that this tumor type may acquire
the blood supply through alternative vascularizationmechanisms
and thus may be less sensitive to therapeutic approaches
targeting primarily tumor induced neoangiogenesis.

In our study we found that all medulloblastoma cases
displayed abundant tumor cell expression of PDGFR. This
finding confirms previous studies that indicated the
importance of PDGFR signaling [30, 41, 42] and found
oncogenic mutations in the PDGFRA gene in pediatric
medulloblastoma [40]. Furthermore, we found PDGFR
expression by ependymoma tumor cells similar to a very
recent study by Moreno et al. Importantly, in their
investigation the angiogenic characteristics of the tumors were
independent of tumor cell PDGFR expression [53].
Altogether, these findings support the notion that targeting
PDGFR may be a promising approach in the PDGFR
overexpressing subset of medulloblastoma and ependymoma.

Tumor cell expression of the c-Kit has been previously
described in pediatric brain tumors mostly in medulloblastoma
[30, 34, 35] and in ependymoma [54]. In line with our
observations, Enguita-German et al. found that transcription
level overexpression of c-Kit was present in 25 % (3 out of
12 cases) of medulloblastoma tumors [35]. Importantly,
Zahalvia et al. found an incidence (25 %) similar to our study
(19 %) in c-Kit positive ependymoma. These findings together
strongly suggest that c-Kit may be an oncogenic factor in a
subset of pediatric ependymoma and medulloblastoma and
these patients may eventually benefit from a therapy with
selective inhibitors of c-Kit.

While VEGFR2 is the major receptor that mediates the
angiogenic functions of VEGF-A, VEGFR1 - by virtue of its
tyrosine kinase activity—can function as a proto-oncogene
[55, 56]. Tumor cell expression of VEGFR1 has not been
previously demonstrated in ependymoma. Importantly, we

found a significant number of ependymoma cases (10 out of
16) that expressed VEGFR1. In preclinical studies, antibodies
capable of inhibiting VEGFR1 activation can interfere with
tumor cell growth in vitro and in vivo [55]. These observations
together suggest that this subset of ependymoma may respond
to anti-VEGFR1 therapy. In a previous study VEGFR2
expression by medulloblastoma tumor cells was found to be
almost absent—one single positive case—in a study with a
rather large cohort of 41 medulloblastoma cases [30]. In
contrast, Slongo et al. found that all 13 medulloblastoma cases
from their cohort contained with VEGFR2 bearing tumor cells
[29]. In our study there was no tumor cell specific VEGFR2
expression in any of the 14 medulloblastoma cases.

Despite the relatively small number of cases in our
series of pediatric brain tumors, subsets of these tumors
were identified with a distinct receptor tyrosine kinase
expression pattern suggesting that there are subgroups that
may carry different sensitivity to specific TKI drugs.
Whether the receptor tyrosine kinase expression pattern is
related to the molecular subgroups of ependymoma and
medulloblastoma remains to be explored. Altogether, our
study indicates that certain pediatric malignancies may
display angiogenic activity and thus identifying them as
potential targets for anti-angiogenic therapy. Furthermore,
the targeting of specific angiogenic tyrosine kinase
receptors in distinct subsets of pediatric malignancies
may have direct antitumor activity and thus potential
therapeutic role. Nevertheless, further preclinical and
biomarker driven clinical investigations are urgently
needed to investigate the application of tyrosine kinase
inhibitors in the treatment of common pediatric brain
tumors.
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Fig. 6 The frequency of PDGFRα (a) and PDGFRβ (b) expressing
tumor cells in all three types of pediatric brain tumors. Almost all cases
displayed abundant expression of PDGFRα. In contrast, there was a

significant difference in PDGFRβ expression. Medulloblastoma had
significantly higher proportion of PDGFRβ labelled tumor cells then
ependymoma
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