Pediatr Drugs (2013) 15:29-42
DOI 10.1007/s40272-012-0002-4

REVIEW ARTICLE

Pharmacotherapeutic Management of Pediatric Gliomas

Current and Upcoming Strategies

Trent R. Hummel - Lionel M. Chow -
Maryam Fouladi - David Franz

Published online: 5 December 2012
© Springer International Publishing Switzerland 2012

Abstract Primary glial brain tumors account for the
majority of primary brain tumors in children. They are
classified as low-grade gliomas (LGG) or high-grade gli-
omas (HGG), based on specific pathologic characteristics
of the tumor, resulting in disparate clinical prognoses.
Surgery is a mainstay of treatment for HGG, although it is
not curative, and adjuvant therapy is required. Temozolo-
mide, an oral imidazotetrazine prodrug, while considered
standard of care for adult HGG, has not shown the same
degree of benefit in the treatment of pediatric HGG. There
are significant biologic differences that exist between adult
and pediatric HGG, and targets specifically aimed at the
biology in the pediatric population are required. Novel and
specific therapies currently being investigated for pediatric
HGG include small molecule inhibitors of epidermal
growth factor receptor, platelet-derived growth factor
receptor, histone deacetylase, the RAS/AKT pathway, tel-
omerase, integrin, insulin-like growth factor receptor, and
v-secretase. Surgery is also the mainstay for LGG. There
are defined front-line, multiagent chemotherapy regimens,
but there are few proven second-line chemotherapy options
for refractory patients. Approaches such as the inhibition of
the mammalian target of rapamycin pathway, inhibition of
MEKI1 and 2, as well as BRAF, are discussed. Further
research is required to understand the biology of pediatric

T. R. Hummel (B<) - L. M. Chow - M. Fouladi

Division of Oncology, Cancer and Blood Diseases Institute,
Cincinnati Children’s Hospital Medical Center,

3333 Burnet Ave, MLC 7015, Cincinnati, OH 45229, USA
e-mail: trent.hummel @cchmc.org

D. Franz

Department of Neurology,

Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH, USA

gliomas as well as the use of molecularly targeted agents,
especially in patients with surgically unresectable tumors.

1 Introduction

Primary brain tumors are the most common pediatric solid
tumors and the second most common form of cancer
occurring in children [1]. The overall incidence rate is
approximately 4.8 per 100,000 person-years for children
0-19 years of age (4.7 per 100,000 person-years for chil-
dren less than 15 years) [2]. The category of glioma
accounts for 55 and 39 % of brain tumors in children aged
0-14 years, and adolescents aged 15-19 years, respec-
tively [2]. In both age groups, gliomas account for over
70 % of malignant tumors [2]. Low-grade gliomas (LGG)
are categorized by the WHO as either grade 1, which tend
to have a low proliferative potential, or lesions designated
as grade 2, which are generally infiltrative in nature. High-
grade gliomas (HGG) are grade 3 or grade 4 and have
anaplastic features, high mitotic activity with or without
vascular proliferation, and necrosis [3]. Location, grade,
and genetic predisposition all influence treatment strategies
in managing gliomas. There is a large discrepancy in out-
come between LGG and HGG as 5-year survival rates are
94 % for pilocytic astrocytomas (grade 1 astrocytoma) but
less than 5 % for glioblastomas (grade 4 astrocytoma)
[2, 4].

By reviewing the published literature and the rationale
behind current trials (‘pediatric glioma’ used as a search
term on http://www.clinicaltrials.gov), this review article
will focus on the contemporary pharmacotherapeutic
interventions available for the management of newly
diagnosed and recurrent pediatric gliomas, as well as look
at future research strategies.
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2 High-Grade Gliomas

The cause of HGG in pediatrics is often unclear. Predis-
posing risk factors include previous exposure to ionizing
radiation [5, 6] and inherited genetic defects such as
Li-Fraumeni syndrome [7], neurofibromatosis type 1 (NF1)
[8, 9], and Turcot syndrome [10]. However, the etiology of
the majority of pediatric HGG cases is uncertain. A recent
report on the lack of association between cell phone usage
in children and the incidence of pediatric HGG was
somewhat controversial and this question will likely
require an appropriately powered prospective epidemiol-
ogic study to resolve [11]. Common presenting symptoms
include increased intracranial pressure, which manifests as
vomiting and headaches. Focal motor deficits, hemiplegia,
ataxia, seizures, and dysmetria are also presenting signs
depending on the location of the neoplasm.

2.1 Treatment Using Multiagent Chemotherapy

Treatment for HGG cases initially involves surgery. Surgical
resection has consistently been shown to be one the most
important prognostic factors in pediatric HGG in both North
American and European studies irrespective of age, location,
or histology [12-14]. However, surgery is not curative and
adjuvant therapy is required in all cases. A number of
treatment modalities, including radiotherapy (XRT) and
cytotoxic chemotherapeutic agents, have been studied. One
of the initial North American clinical trials that examined the
addition of standard chemotherapy agents to a backbone of
radiation was the Children’s Cancer Group (CCG)-943
study. Fifty-eight patients were randomized to receive either
5400 cGy alone or XRT combined with weekly vincristine
during XRT followed by maintenance chemotherapy cycles
consisting of prednisone, lomustine, and vincristine. After
central histology review, there was a statistical survival
benefit for patients with glioblastoma multiforme (GBM)
who received XRT plus chemotherapy. The 5-year event-
free survival (EFS) was 46 % for patients who received XRT
plus chemotherapy compared with 18 % for patients who
received XRT alone [15, 16].

In the subsequent CCG-945 study, 172 patients were
randomized to receive a combination of eight agents in
1 day (vincristine, lomustine, procarbazine, hydroxyurea,
cisplatin, cytosine arabinoside, cyclophosphamide, and
methylprednisolone) versus prednisone, lomustine, and
vincristine chemotherapy (the superior treatment regimen
from CCG-943). XRT was given to all patients older than
2 years of age. There was no statistical difference between
the two treatment regimens as the 5-year overall survival
(OS) and PFS were 36 and 33 %, respectively [13]. The
extent of resection was established as an important prog-
nostic factor in this study in addition to the importance of
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central pathology review as many LGG were seen upon
second review in this CCG-945 cohort [17, 18].

CCG-9933 evaluated the efficacy of three different
chemotherapy regimens prior to XRT. Seventy-six evalu-
able patients were randomized to receive four courses of
high-dose chemotherapy prior to XRT. The chemotherapy
regimens included etoposide with carboplatin or ifosfamide
or cyclophosphamide. Patients went on to receive XRT
followed by lomustine and vincristine. Objective responses
to the chemotherapy regimens ranged from 8 to 27 %;
5-year EFS was 8 &+ 3 % with an OS of 24 + 5 %. There
was no difference among the response rates of the high-
dose chemotherapy regimens; the relapse rate during high-
dose chemotherapy was 30 %. Twenty-nine percent of
patients experienced severe non-hematologic toxicities
[19]. Tt was concluded that high-dose chemotherapy did not
offer a survival benefit to pediatric HGG patients compared
with radiation and standard-dose chemotherapy.

The experience of utilizing chemotherapy for pediatric
HGG in Europe has been similar. Wolff et al. [20] recently
reviewed data from the first three HIT-GBM (Hirntumor-
Glioblastoma multiforme) protocols. The HIT-GBM con-
cept was the first to start a cancer registry and to perform
protocols with coherent inclusion criteria and then to
compare the cohorts. The first protocol (HIT-GBM-A)
treated 22 pediatric patients with GBM. Therapy consisted
of either daily oral trofosfamide and etoposide or 21-day
cycles of both agents interrupted by a 1-week rest. (Stan-
dard fractionated XRT was started with the first cycle.) The
median OS was 12 months [21]. HIT-GBM-B treated 40
patients with XRT and concurrent chemotherapy (two
cycles of chemotherapy consisting of cisplatin and etopo-
side in the first cycle, and cisplatin, etoposide, and ifosfa-
mide in the second cycle). After induction therapy, immune
stimulation therapy was initiated with interferon-y given
once daily. The median OS of 1 year was not significantly
different from a historical control group [22].

The third protocol, HIT-GBM-C, consisted of newly
diagnosed HGG patients treated with standard XRT,
simultaneous chemotherapy (cisplatin, etoposide, vincris-
tine, and ifosfamide) followed by maintenance chemo-
therapy, with further cycles of cisplatin, etoposide, and
ifosfamide followed by oral valproic acid. When compared
with previous protocols, there was no significant benefit for
patients with residual tumor, but the 5-year OS rate for
patients with complete resection treated on HIT-GBM-C
was 63 % compared with 17 % for the historical control
group (p = 0.003) [23]. The most recent protocol from this
cooperative group (HIT-GBM-D) was a phase II study to
evaluate the efficacy of methotrexate given as a single
agent prior to XRT and chemotherapy for pediatric HGG.
Patients received 24-h infusions of methotrexate on
days 1 and 15. Subsequent XRT was administered with
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chemotherapy (cisplatin, etoposide, vincristine, and
ifosfamide) followed by maintenance chemotherapy
(vincristine, lomustine, and prednisone). Both response and
EFS in the 30 patients treated were superior to the histor-
ical control group of 330 patients treated in various pro-
tocols of the same cooperative group [24]. The approach of
giving two cycles of high-dose methotrexate prior to
radiochemotherapy will be assessed in a randomized phase
I trial.

2.2 Temozolomide

Progress in adult HGG treatment was made with the addition
of adjuvant temozolomide. Temozolomide is an oral imi-
dazotetrazine prodrug that undergoes spontaneous hydrolysis
to the active metabolite 5-(3-methyltriazen-1-yl)-imidazole-
4-carboxamide (MTIC), which methylates DNA at
06-guanine and other sites. Temozolomide has been shown to
be effective against xenograft models of GBM and other
aggressive central nervous system neoplasms [25]. In a
randomized controlled clinical trial for adults with newly
diagnosed GBM which evaluated radiation versus radiation
with the addition of temozolomide, there was a statistically
significant survival benefit when temozolomide was given
with XRT (the 2-year survival rate was 26.5 % with XRT and
temozolomide compared with 10.4 % with XRT alone). This
is currently considered the standard of care for adult GBM
[26]. Additional investigations have shown that patients with
an unmethylated methylguanine methyltransferase (MGMT)
promoter are resistant to temozolomide and subsequently have
a worse prognosis [27, 28]. MGMT activity in neoplastic cells
contributes to a resistant phenotype by blunting the therapeutic
effect of alkylating agents such as temozolomide [28].

The Children’s Oncology Group (COG) study
ACNSO0126 treated newly diagnosed children with HGG
with involved field XRT and concurrent temozolomide fol-
lowed by temozolomide 200 mg/m?” daily for 5 days every
28 days for ten cycles. The 3-year EFS and OS rates were
11 &+ 3 and 22 £ 5 %, respectively. There was no evidence
that temozolomide given during XRT and as adjuvant ther-
apy resulted in improved EFS compared with that found in
CCG-945. The 3-year EFS rate for GBM was 7 £ 4 %
compared with 15 £ 5 % in CCG-945 [29]. Although sin-
gle-agent temozolomide has had modest activity at best in
pediatric HGG [30-32], the chemoradiation therapy of XRT
with concomitant and adjuvant temozolomide has been
adopted by most pediatric neuro-oncology groups as the
standard of care based on data in adults.

2.3 Angiogenesis Inhibitors

Bevacizumab, a monoclonal antibody against vascular
endothelial growth factor (VEGF), has been used in

combination with irinotecan, a topoisomerase 1 inhibitor,
for treating HGG. Vredenburgh et al. [33] first published
phase II data using bevacizumab and irinotecan in adult
patients with recurrent GBM. Additional studies have
shown promising response rates in adults with recurrent
GBM [34, 35]. Unfortunately, the response rates seen in
adults with this combination have not been replicated in
pediatric studies to date [36, 37]. These discrepancies may
be due, in part, to the fact that VEGF is not the only
mediator of angiogenesis, and other growth factors such as
fibroblast growth factor (FGF) and platelet-derived growth
factor (PDGF) may play a more prominent role in the
pediatric setting [38]. Another hypothesis is that although
bevacizumab may not be effective in the setting of
recurrent HGG, it may prove more effective in the front-
line setting, given the ability of antiangiogenics to
normalize blood vessels and allow better delivery of
cytotoxic therapy as well as enhancing XRT effectiveness
[39-41]. Results from ongoing front-line studies are eagerly
anticipated.

2.4 Molecularly Targeted Agents

Increasing evidence indicates that while the histology of
adult and pediatric HGG is similar, significant biologic
differences may exist between these tumors. This suggests
that therapies found to be effective in adult patients may
not be of benefit to children with HGG, as noted in the
cases of temozolomide and bevacizumab. Therefore, cur-
rent efforts to develop therapies for pediatric HGG will
likely require an understanding of the biology involved and
clinical trials designed specifically for this population.
Multiple cell signaling pathways have been elucidated in
HGG biology and multiple investigators have demonstrated
differences between HGG in adult patients and HGG in
pediatric patients. Comprehensive studies utilizing copy
number, gene expression and mutation analyses have
reported that the majority of adult GBM have disrupted
P53, receptor tyrosine kinase/phosphatidylinositol-3-kinase
(PI3K), and retinoblastoma (RB) pathways [42, 43]. By
comparison, pediatric HGG has not been as well studied
and genetic alterations for the most part have been defined
by directed analyses of genes that are mutated in adult
HGG. TP53, CDKN2A, and PIK3CA mutations are com-
mon in both adult and pediatric HGG, while phosphatase
and tensin homolog (PTEN) mutations and epidermal
growth factor receptor (EGFR) amplifications, which are
seen in adult HGG, are less common in pediatric HGG
[44—47]. Potential molecular targets that lie within dys-
regulated cellular pathways in pediatric HGG have led to
the investigation of a number of novel and specific thera-
pies. These agents include small molecule inhibitors, which
are discussed below and listed in Table 1.
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Table 1 Targeted agents and corresponding pathways

Agent Targeted pathway
Bevacizumab VEGF

Erlotinib EGFR

Gefitinib EGFR
Nimotuzumab EGFR

MK2206 AKT

Enzastaurin Protein kinase C
Imatinib PDGFR
Dasatinib PDGFR, SRC
Crenolanib PDGFR

Valproic acid HDAC
Suberoylanilide hydroxamic acid HDAC

Imetelstat Telomerase
Cilengitide a,bs and a,bs integrins

Cixutumumab

IGFR

MK-0752 v-Secretase (NOTCH)
R04929097 v-Secretase (NOTCH)
Capecitabine Anti-metabolite
Vandetanib VEGFR/EGFR
Lenalidomide Anti-angiogenic
Cetuximab EGFR

Selumetinib MEK]I1 and 2
Sorafenib BRAF, multi-kinase inhibitor
Rapamycin mTOR

Everolimus mTOR

Temsirolimus mTOR

EGFR epidermal growth factor receptor, HDAC histone deacetylases,
IGFR insulin-like growth factor receptor, mTOR mammalian target
of rapamycin, PDGFR platelet-derived growth factor receptor,
VEGFR vascular endothelial growth factor receptor

2.4.1 Epidermal Growth Factor Receptor Inhibitors

Deletions of the gene encoding PTEN and amplification
with or without mutation of the EGFR gene are commonly
detected in adult malignant gliomas [48, 49]. Analysis of
62 pediatric glioma samples showed that mutation at both
the PTEN and EGFR loci occur infrequently [47]. This was
confirmed by Wong et al. [50] in 2006 who used single
nucleotide polymorphism (SNP) analysis to map chromo-
somal aberrations in 14 pediatric HGG samples. They
noted that only 2 of the 13 pediatric GBMs studied showed
amplification of EGFR. Liang et al. [51] noted differences
in protein expression in pediatric HGG when they exam-
ined tumor samples by immunohistochemistry. While
HGG from children and adults exhibited a similar degree of
immunopositivity for wild-type EGFR, pediatric samples
had a low rate of expression of the constitutively activated
mutant, EGFRvVIII. Additionally, pediatric HGG were
noted to have overexpression of EGFR when compared
with pediatric LGG [52].
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While there are differences between pediatric and adult
HGG with regard to expression of EGFR, and the precise
role of EGFR in pediatric HGG remains to be defined,
multiple clinical trials of EGFR inhibition have been
undertaken. Erlotinib and gefitinib, two small molecule
EGFR inhibitors, have yielded different results in single-
agent trials. Erlotinib plus XRT was examined in a pedi-
atric phase I study and no relationship was observed
between dose and exposure to the drug [53]. However,
gefitinib was also studied in combination with XRT and
activity was found in proportion to EGFR expression, and
gefitinib is now being advanced to phase II trials [54].
Nimotuzumab is a monoclonal anti-EGFR antibody that
was studied in a phase II trial in 47 patients with refractory
or relapsed pediatric HGG. A partial response in four
patients and stable disease in ten patients was observed
with the median OS being extended for responders
(10 months) compared with non-responders (4 months)
[55].

2.4.2 RAS and AKT Pathways

The Cancer Genome Atlas Project’s genomic analysis of
206 adult glioblastomas found frequent genetic alterations
in PI3K/AKT/PTEN network with AKT amplification in
2 %, PI3K mutations in 15 %, NFI mutations or homo-
zygous deletions in 18 %, and PTEN mutations or homo-
zygous deletions in 36 %. Based on data from human
studies as well as from animal models of GBM that
activation of the RAS and AKT pathways play a role in
controlling cell growth, differentiation, and survival
[56-59], Faury et al. [60] compared pediatric and adult
GBM samples for activation of these pathways. Pathway
activation was assessed through the phosphorylation of
downstream effectors, and gene expression profiles were
generated using the University Health Network Human
19K cDNA array platform. One subset of pediatric GBM
was associated with RAS and AKT pathway activation and
had a very poor prognosis, exhibiting increased expression
of genes related to proliferation and the adoption of a
neural stem-cell phenotype, similar to findings in aggres-
sive adult GBM. However, this subset was still molecularly
distinguishable from adult GBM using either unsupervised
or supervised analyses of expression profiles. There was
also a clear distinction between the RAS/AKT activated
tumors and a second subset that conferred a better prog-
nosis for patients and was not associated with activation of
RAS/AKT pathways. Both subsets of pediatric GBM in this
study showed overexpression of Y-box-protein-1 that may
assist in driving oncogenesis in these tumors [60]. The
study by Faury et al. provided valuable insight into active
pathways of pediatric GBM, reinforces that pediatric GBM
cannot be understood exclusively through studies of adult
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GBM, and suggests new targetable pathways in a cancer
with poor survival.

Numerous small molecule candidates that target the
RAS/AKT pathways are in the clinical pipeline but relatively
few have been tested in pediatric HGG patients. MK2206 is a
highly selective non-adenosine triphosphate competitive
allosteric AKT inhibitor that is currently being studied in a
phase I trial by the COG [61]. Enzastaurin is a selective
inhibitor of protein kinase C (PKC)-B. PKC- mediates
VEGEF receptor 2 (VEGFR?2) signaling through MEK and
MAP kinase activation [62]. PKC-f also interacts with the
PTEN/PI3K/AKT pathway. The Pediatric Brain Tumor
Consortium (PBTC) has recently completed a phase I trial of
enzastaurin in refractory pediatric HGG [63].

An additional downstream target in the RAS/AKT path-
way is the mammalian target of rapamycin (mTOR). mTOR
is a signaling protein that regulates cell growth, angiogene-
sis, proliferation, and cellular survival pathways [64, 65].
mTOR inhibitors have significant anti-tumor activity in
pediatric cancer xenograft models [66]. In malignant glioma
cells, silencing mTOR with small interfering ribonucleic
acid increases autophagy, which mediates the growth
inhibitory effect of rapamycin [67]. mTOR inhibition has
also led to growth inhibition of xenografts derived from
malignant glioma cells [66]. These effects have led to
investigators evaluating mTOR inhibitors in pediatric HGG.
A study of temsirolimus (an ester of sirolimus and an
inhibitor of mTOR) administered weekly showed disease
stabilization in children with HGG although the study did not
meet the primary objective efficacy threshold [68].

The insulin-like growth factor (IGF) receptors are cell-
surface tyrosine kinase signaling molecules that, when
bound by the ligands IGF-1 or IGF-2, lead to activation of
intracellular proliferation and survival signaling pathways
such as PI3K, AKT, and mTOR [69]. Overexpression of
the IGF-1 receptor (IGF-1R) has been reported in GBM
cells [70] and inhibition of IGF-1R suppressed glioma
proliferation in vitro and in vivo [71]. Clinical evidence
that IGF-1R may play a role in HGG biology was provided
by Andrews et al. [72], who treated 12 patients with
recurrent HGG using an antisense oligonucleotide directed
against IGF-1R. Two complete responses and four partial
responses were seen (overall objective response rate of
50 %), although treatment was associated with venous
thrombosis (noted in 33 % of patients). Currently, a phase I
study of cixutumumab, a recombinant monoclonal anti-
body to IGF-1R, in combination with temsirolimus, an
mTOR inhibitor, is under investigation by the COG [73].

2.4.3 Platelet-Derived Growth Factor Receptor Inhibitors

The first report of analyses of genomic imbalances and
gene expression signatures in a large collection of pediatric

HGG was performed by Paugh et al. [74] in 2010. They
conducted a high-resolution analysis of genomic imbal-
ances in 78 pediatric HGG using SNP microarrays. Gene
expression was analyzed with gene expression microarrays
on a subset of 53 tumors. They found significant differ-
ences in copy number alterations that distinguished pedi-
atric and adult GBM. The gene encoding PDGF receptor-a
(PDGFRA) was the predominant target of focal amplifi-
cation in pediatric HGG, and gene expression analyses
supported a critical role for deregulated PDGFR-a signal-
ing. Contrary to adult GBM studies, no isocitrate dehy-
drogenase 1 (IDHI) mutations were found in pediatric
tumors, further highlighting the molecular differences with
adult secondary GBM. Pediatric and adult GBM were also
distinguished by the frequency of chromosome 1q gains
(30 vs 9 %, respectively), chromosome 7 gains (13 vs
74 %, respectively) and chromosome 10q losses (35 vs
80 %, respectively). PDGFRA amplification and 1q gain
occurred at significantly higher frequency in irradiation-
induced tumors, suggesting that these are initiating events
in childhood glioma formation. This study showed sub-
stantial differences between pediatric and adult GBM at the
molecular level and suggested that PDGFR-o0 may be a
useful target for pediatric HGG. Imatinib targets PDGFR-o
and was investigated in a phase I trial as a molecular agent
for pediatric malignant gliomas. A phase II dose was
determined; however, efficacy studies have yet to be
reported [75]. Several other small molecule inhibitors (e.g.
dasatinib, crenolanib) target PDGFR-a and clinical trials
are underway (see Sect. 3.2 below).

2.4.4 Histone Deacetylase Inhibitors

Epigenetic alterations, including changes in structure of
chromatin by histone modification, play an important role
in tumorigenesis by altering gene expression and subse-
quently effecting viability and growth of neoplastic cells
[76]. Enzymes that modify the core histones, H3 and H4,
by phosphorylation, methylation, or acetylation are there-
fore potential targets for cancer therapy. Excessive
deacetylation by histone deacetylases (HDAC) and the
subsequent silencing of gene expression can be seen in
malignancies [77-79]. HDAC inhibitors have been shown
to induce cell-cycle arrest in glioma cells with an associ-
ated increase in p21 and reduced Cyclin B1 levels, and can
inhibit the growth of glioblastoma cell lines [80, 81].
Multiple oral HDAC inhibitors, including valproic acid and
suberoylanilide hydroxamic acid, have been studied in
single-agent, phase I trials in pediatric patients, and have
been shown to be well tolerated [82, 83]. Combination
trials using HDAC inhibitors with either radiation [84] or
other agents are being investigated. A phase I trial of
suberoylanilide hydroxamic acid in combination with
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temozolomide for recurrent CNS malignancies has just
been completed by the COG and the combination was well
tolerated [85].

2.4.5 Other Agents

The role of telomerase in the development of pediatric
CNS tumors has been the subject of recent research. Tel-
omerase iS a specialized reverse transcriptase that adds
nucleotide repeats to telomeres, and compensates for the
progressive DNA loss that occurs as a result of cell division
[86, 87]. Because telomerase is expressed in the vast
majority of malignant gliomas but not in normal brain
tissues, it is a potential target for glioma-specific therapy
[88-90]. Imetelstat, a telomerase inhibitor, is now being
investigated within the confines of a pediatric phase I trial
through the COG [91].

Integrins are cellular adhesion receptors that link the
cytoskeleton to the extraceullar matrix and are regulators of
tissue structure and cell motility [92]. Cilengitide is an
inhibitor of a,b; and a,bs integrins [93], and demonstrated
antitumor activity when used in combination with standard
chemotherapy in adults with newly diagnosed GBM [93].
In the pediatric phase I trial of cilengitide, one patient with
GBM had a complete response, and two patients with HGG
had stable disease [94]. Future trials within the COG and
within Europe will utilize cilengitide with XRT and are
currently being developed [95, 96].

NOTCH signaling plays a major role in tissue devel-
opment, proliferation, and survival [97]. Ligand binding
activates proteolytic cleavage mediated by vy-secretase.
Cleavage of the NOTCH receptor releases the receptor
intracellular domain, allowing it to pass to the nucleus
where it binds to the transcriptional regulator CSL and
activates gene transcription [98]. NOTCH signaling has
been described as crucial for GBM cell survival [99].
MK-0752 is a y-secretase inhibitor that was investigated in
a phase I trial by the PBTC where it was found to be well
tolerated but no objective responses were seen [100].
R0O4929097, another vy-secretase inhibitor, is currently
under investigation in a phase I trial by the COG [101].

Recently, two groups have reported the presence of
highly recurrent point mutations in the gene encoding
Histone H3.3 and, to a lesser extent, in a related histone
gene (encoding Histone H3.1) in one-third of pediatric
HGG [102, 103]. While the functional mechanism of these
alterations is currently not understood, their relevance to
pediatric HGG biology is underscored by the finding that
the Histone H3.3 associated proteins, ATRX and DAXX,
are also mutated in a subset of pediatric HGG. Further-
more, these mutations were nearly absent in adult gliomas
and in all other pediatric malignancies. Therefore, these
mutations may regulate a pathway that is highly specific for
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pediatric HGG, and elucidation of its mechanism may lead
to novel therapeutic opportunities.

3 Diffuse Intrinsic Pontine Gliomas

Gliomas located within the brainstem represent approxi-
mately 10-15 % of pediatric brain tumors [104] and the
majority are diffusely infiltrating lesions called diffuse
intrinsic pontine gliomas (DIPG). DIPG are aggressive
lesions that are not amenable to surgical resection and are
diagnosed based on magnetic resonance imaging (MRI)
characteristics and clinical presentation, including cranial
nerve deficits, long tract signs, and/or ataxia [105]. Given
the characteristic appearance on MRI combined with
classic signs, most neurooncologists agree that a biopsy is
not warranted to establish a diagnosis. When the diagnosis
has been less certain, most biopsies reveal that these
lesions are glial in nature.

Prognosis for these tumors has remained dismal with a
median survival of less than 1 year and less than 20 %
surviving to 2 years after diagnosis [106]. The current
standard of care is focal XRT. Indeed, XRT has been the
only treatment thus far that has led to clinical improve-
ment, albeit temporary, in a large percentage of patients
[107].

3.1 Multiagent Chemotherapy

Chemotherapeutic interventions in this population have not
been well defined and multiple trials involving various
regimens given with radiation therapy have not demon-
strated any improvement in outcome [108]. The CCG
conducted a trial between 1977 and 1980 to assess the
potential benefit of adding chemotherapy to XRT for
children with newly diagnosed brainstem gliomas. Patients
were randomized to receive either involved field XRT or
XRT with concomitant vincristine followed by cycles of
procarbazine, vincristine, and lomustine. No difference
between the two arms was observed and 5-year survival
was about 20 % [16]. The follow-up CCG-9941 study
randomized patients between the pre-XRT use of cyclo-
phosphamide and cisplatin versus ifosfamide and carbo-
platin. Both regimens led to few objective responses and
high progression rates prior to XRT with no improvement
in OS [109].

Korones et al. [110] reported the results of the Pediatric
Oncology Group (POG) 9836 study using a combination of
XRT at 54 Gy with two 28-day cycles of vincristine and
oral etoposide starting concurrently with XRT and then
continuing post-XRT for ten cycles. OS at 1 and 2 years
was approximately 27 and 3 %, respectively, with a med-
ian survival of 9 months. Other studies that have similarly
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demonstrated no survival benefit over XRT alone for
patients with DIPG include marrow ablative chemotherapy
consisting of thiotepa and busulfan, thiotepa and etoposide
with carmustine or carboplatin, or thiotepa and cyclo-
phosphamide [111-113].

3.2 Molecularly Targeted Agents

Most newly diagnosed patients are treated with focal XRT
combined with a biologic or novel chemotherapeutic agent,
usually within the confines of a phase I or II clinical trial.
One such example is Geoerger et al. [53], using erlotinib in
addition to XRT in a European multicenter, phase I trial
which treated 26 patients with DIPG but with limited
efficacy. Current trials by the COG and the PBTC include
suberoylanilide hydroxamic acid (HDAC inhibitor) given
during and after XRT [84], capecitabine (anti-metabolite)
in combination with XRT [114], bevacizumab (anti-VEGF)
with XRT followed by bevacizumab/irinotecan mainte-
nance chemotherapy [115], a combination of vandetanib
(VEGFR/EGFR inhibitor) and dasatinib (BCR-ABL/
PDGFR-o/SRC inhibitor) given during and after XRT
[116], as well as lenalidomide (angiogenesis inhibitor) with
concurrent XRT [117].

Postmortem DIPG tissue has been analyzed in multiple
studies and the results have led to targeted agents in clinical
trials. A study at St Jude Children’s Research Hospital
looked at 28 DIPG tumor samples taken either by biopsy or
autopsy and found increasing expression of EGFR that cor-
related with increasing WHO tumor grade, suggesting that
the EGFR signaling pathway could be a therapeutic target for
DIPG [118]. A trial studying radiation therapy combined
with cetuximab (an EGFR monoclonal antibody) followed
by irinotecan and cetuximab is ongoing [119]. Zarghooni
et al. [120] described the genomic analysis of 11 pediatric
DIPG samples and found involvement of the PDGFR-o
pathway as well as gain of poly [ADP-Ribose] polyermase-1
(PARP-1), highlighting two potential therapeutic targets. A
phase I trial is underway evaluating the oral PDGF receptor
inhibitor crenolanib (CP-868596) in children with DIPG and
HGG [121]. Additional genomic analysis of DIPG using
single-nucleotide polymorphism arrays suggested that
targeted inhibition of receptor tyrosine kinases and RB
regulatory proteins may be useful therapies for DIPG [122].
Monje et al. [123] utilized postmortem DIPG tumor tissue
and established in vitro cell culture and xenograft models.
They found that the Hedgehog signaling pathway (impli-
cated in many developmental and oncogenic processes) is
active in DIPG tumor cells and could represent a potential
therapeutic target in DIPG. Additionally, investigators have
identified highly recurrent mutations of the genes encoding
Histone H3.3 or Histone H3.1 affecting 78 % of DIPG
tumors [103]. This points to a novel and specific mechanism

of gliomagenesis for DIPG which may ultimately lead to
novel therapeutic options. The need for future innovative
therapies in DIPG is apparent; however, their development is
hampered by the paucity of our understanding of the genetic
and molecular biology of this disease due to the lack of tumor
tissue from newly diagnosed patients. Biopsies of the
brainstem had previously been thought to be dangerous and
unnecessary. This paradigm is being challenged and proven
inaccurate, as evidenced in studies by Geoerger et al. [53]
and Roujeau et al. [124]. Overall, 26 and 24 patients,
respectively, safely underwent a stereotactic biopsy of their
DIPG. The concept of biopsy at diagnosis is further rein-
forced by the recent publication of Grill et al. [125] in which
20 patients newly diagnosed with DIPG were biopsied and
were then analyzed for mutations in oncogenes and tumor
suppressor genes. Oncogenic mutations in TP53, PI3KCA,
and ATM/MPL were identified. Routine biopsies in newly
diagnosed patients can potentially lead to a better under-
standing of the biology of DIPG, and the development of
newly targeted agents and innovative therapies for patients
with this poor prognosis tumor.

4 Low-Grade Gliomas

Pediatric LGG account for approximately 30-50 % of
central nervous system tumors in children and comprise a
heterogeneous set of tumors encompassing multiple histo-
logic variants. The etiology of pediatric LGG remains
unknown although there are syndromes such as NF1 and
tuberous sclerosis that predispose an individual to LGG
[126]. The majority of pediatric LGG do not exhibit
aggressive clinical behavior nor undergo malignant trans-
formation [127, 128]. Surgery, specifically a gross total
resection, is the most consistent prognostic factor for pro-
longed PFS and OS in pediatric LGG [129-131]. When
LGG are not amenable to resection, adjuvant therapy is
usually recommended. XRT has been used for older
patients with doses from 45 to 54 Gy [132-134], and
subsequent studies have revealed improved survival asso-
ciated with administration of conventional XRT [132, 135,
136]. A major concern in adult LGG is the possibility of
malignant transformation, which can occur in 50-90 % of
these cases [137, 138]. Broniscer et al. [139] noted that the
long-term risk of malignant transformation in histologi-
cally comparable pediatric LGG is less than 10 % under-
scoring the differences in the biology between LGG in
children and adults.

4.1 Multiagent Chemotherapy

In infants and young children with progressive/refractory
LGG, chemotherapy is usually the front-line adjuvant
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therapy offered. Carboplatin-containing regimens with
vincristine are typically the first regimen offered; one study
demonstrated a decrease in tumor burden or stable disease
with a 3-year PFS of 68 % [140]. However, nearly 40 % of
patients can experience hypersensitivity reactions to car-
boplatin, particularly with an increasing number of doses
[141, 142]. An alternative regimen utilizing tioguanine,
procarbazine, lomustine (CCNU), and vincristine was also
shown to be effective in LGG with a median time to
treatment failure of 132 weeks [143]. The COG protocol,
A9952, then directly compared the combination of carbo-
platin and vincristine with the tioguanine/procarbazine/
CCNU/vincristine (TPCV) regimen. Preliminary results
presented at the 2008 International Symposium on
Pediatric Neuro-Oncology showed a non-significant trend
toward improved EFS for the TPCV regimen [144].

There are few proven second-line chemotherapy options
for refractory pediatric LGG patients. Cisplatin plus eto-
poside has been evaluated in unresectable pediatric LGG
with a 3-year progression-free survival (PFS) of 78 %,
although 28 % of patients did exhibit high frequency oto-
toxicity [145]. Vinblastine, a vinca alkaloid that binds
tubulin and inhibits the assembly of microtubules, given
weekly has shown promise in initial studies in pediatric
LGG [146]. Temozolomide has also shown to be active in
pediatric LGG. Gururangan et al. [147] observed that the
2-year PFS and OS in 32 patients with progressive LGG
who received temozolomide was 49 %. Additionally,
Khaw et al. [148] evaluated 13 patients with progressive
LGG and noted the EFS rate at 3 years was 57 %. Finally,
the COG phase I trial of temozolomide noted that 41 % of
patients with LGG had stable disease after 12 courses of
therapy [149]. Additionally, bevacizumab and irinotecan, a
regimen described in Sect. 2.3 in the treatment of HGG,
has been shown by Packer et al. [150] to yield durable
responses in seven of ten children with multiple recurrent
LGG (nine of whom had progressed after three or more
chemotherapy regimens).

4.2 Molecularly Targeted Agents

Discovering targeted agents in LGG has been difficult as
tumorigenesis of pediatric LGG is not well understood.
Common molecular abnormalities in tumor specimens are
difficult to identify and karyotype analysis has been unre-
vealing in multiple studies [151, 152]. However, recently
there has been evidence of a small non-random duplication in
the 7q34 region in the majority of pilocytic astrocytomas
[151, 153-155]. This duplication involves a known onco-
gene, BRAF, and appears to result in upregulation of the
RAS/RAF/MEK pathway (Fig. 1). Many agents are under
development to target this pathway. One such agent, selu-
metinib, is an oral small molecule inhibitor of MEK1 and 2
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that is currently being studied in a multicenter, phase I and
pharmacokinetic trial by the PBTC for pediatric LGG [156].
Sorafenib, an inhibitor of the BRAF kinase, is also being
studied for recurrent or progressive pediatric LGG [157].

One pathway that may lead to targeted therapies for
pediatric LGG is the mTOR pathway. TSCI, located on
chromosome 9q34, encodes the protein hamartin; 7SC2,
located on chromosome 16p13.3, encodes tuberin. The
tuberous sclerosis complex (TSC)-1 and TSC2 proteins
form a complex in cells that functions as a GTPase acti-
vating protein towards Rheb (Ras homolog enriched in
brain) [158-160]. Through Rheb, this TSC1/TSC2 protein
complex, also known as the hamartin-tuberin complex,
limits the activation of mTOR. The intracellular serine-
threonine kinase mTOR is a central regulator that senses
changes in growth factors, nutrients, and fuel/energy, and
also regulates angiogenesis, cell growth, nutrient uptake
and utilization, and metabolism [161, 162]. mTOR has
many functions, but its primary activity is to regulate
protein synthesis and influence cell growth, proliferation,
and angiogenesis [163]. Therefore, patients with TSC
(TSC1/TSC2-deficient genes) have a constitutive activation
of mTOR, which leads to hyperactive mTOR signaling and
abnormal cell division. In the central nervous system, these
events can lead to the development of subependymal giant
cell astrocytomas (SEGAS).

No large, prospective studies have been conducted but
individual case reports have demonstrated activity of rap-
amycin, an mTOR inhibitor, in reducing tumor volume in
TSC patients with bilateral SEGAs [164, 165]. In four
patients aged 3-21 years, three with SEGAs and one with
pilocytic astrocytoma, oral rapamycin resulted in a reduc-
tion in tumor volume by 50-75 %, but did not result in
elimination of the tumors [166]. In another small series of
three pediatric patients from the Hospital for Sick Children
(Toronto, ON, Canada), SEGA volume was reduced by
50-65 % after 3 months of rapamycin therapy [167]. A
phase II, prospective, single-center, open-label trial eval-
uated the efficacy and safety of a related orally adminis-
trated mTOR inhibitor, everolimus, in 28 pediatric patients
with TSC-related SEGAs [168]. This study demonstrated a
clinically meaningful and statistically significant median
reduction in primary SEGA volume (p < 0.001) at a pri-
mary endpoint of 6 months. Of 28 evaluable patients, 21
(75 %) experienced a volume reduction of at least 30 %
and 9 (32 %) experienced a volume reduction of at least
50 %. None required surgical resection or other treatment.
The median duration of treatment for everolimus was
21.5 months (range 4.7-34.4 months) and the majority of
these patients (25/28; 89.3 %) are still on treatment [168].
This demonstration of mTOR inhibition by everolimus led
to the recent approval of the drug by the US FDA for this
indication.



Pharmacologic Treatment of Pediatric Gliomas

37

Lenalidomide

Angiogenesis

<
| &
(_.ul')_l ©
— m
ol T
o N ~| -
afé m| m
g 3 [0} No)
PRPTTITTTTT TTTTITTTY = m | m ey o | o
= = |5 WU GGl T O | O bihbliAliddddddldddabsd
[0] G) G) )000000000000000000000000000000000000008 m m DO0OO0OC O G)
= 3 E Gefitini . % w e
5 efitinib Bevacizumab 2| I3 [—
y-Secretase @ Erlotinib Vandetanib - }— Dasatinib
Nimotuzumab Cetuximab :
\ Crenolanib
PLC
MKO752 Cilengitide @ RAS/RAF Sorafenib

RO4929097

Enzastaurin

Y

Thymidine
phosphorylase

v
FU
FdUMP

FTUP

HDAC inhibitors

Valproic acid,
Suberoylanilide hydroxamic acid

Fig. 1 Multiple targeted pathways currently being studied in
pediatric glioma. EGFR epithelial growth factor receptor, FdUMP
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growth factor receptor, mTOR mammalian target of rapamycin,

Similarly, children who have NF1 have upregulation of
the RAS family of proteins due to the inactivation of
neurofibromin. This upregulation leads to abnormalities in
multiple oncogenic signal transduction pathways in glial
cells [169, 170]. NF1-associated tumors have also been
shown to have increased mTOR activity [171]. Trials uti-
lizing mTOR inhibitors are currently being considered for
refractory LGG in patients with NF1.

5 Conclusions

The biology that is understood to play a crucial role in
pediatric gliomas differs considerably from gliomas seen in
adults. Clearly, more research is required to elucidate fur-
ther targets in pediatric HGG and to define the use of
combining molecular targeted agents. Obtaining tissue for
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molecular and genetic analysis, especially in DIPG, will be
crucial for the development and success of future novel
pharmacotherapeutic interventions in pediatric HGG and
DIPG. Recent clarifications of the molecular pathology of
pediatric LGG may lead to improved treatment options for
surgically unresectable patients.
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