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Abstract Over time, the systematic evaluation of con-

ventional chemotherapy for the treatment of childhood

malignant brain tumors has revealed subtype-specific

effectiveness. While having a pivotal role in improving

survival for medulloblastoma patients, its activity against

other tumors, such as pediatric high-grade glioma, remains

disappointing. Today’s clinician faces a dilemma when

trying to improve patient outcomes further; escalating

traditional treatment is likely to produce only additional

morbidity without improving cure, particularly for the very

young. The current evolution of genetic and molecular

brain tumor research brings with it the hope of establishing

novel targeted agents that can either supplement or replace

standard chemotherapy to improve patient outcome and

minimize toxicity. This article reviews literature from the

past year evaluating both conventional chemotherapy and

molecular agents for the three most common tumor sub-

groups; medulloblastoma, glioma (low/high-grade) and

ependymoma. Future treatment strategies across North

America and Europe are also highlighted.

Keywords Pediatric brain tumor � Childhood brain

tumor � Chemotherapy � Novel agents, targeted therapy

Introduction

Brain tumors represent the most common solid malignancy

of childhood, accounting for over 20 % of all pediatric

cancers with an incidence of 2.5–4.0 per 100,000 in

industrialized society [1]. Comprising several distinct his-

tological entities, brain tumors collectively remain the

leading cause of cancer-related death and long-term mor-

bidity in this age group [2]. Current treatment strategies

therefore aim to maintain or improve survival outcomes,

while minimizing toxicity and subsequent long-term side

effects.

Over the past 3 decades, chemotherapy has helped to

improve cure rates for certain pediatric brain tumor groups,

notably medulloblastoma [3–6]. However, using chemo-

therapy and irradiation to achieve such survival success is

often achieved at a significant burden to the survivor, with

most experiencing neurocognitive and neuroendocrine

morbidities, leading to challenges with social reintegration

[7, 8].

By contrast, significant improvements in outcome for

other childhood brain tumors, such as high-grade gliomas

(HGGs), have not been observed despite a spectrum of

multimodal therapies including several conventional che-

motherapeutic agents [9]. Likewise, most refractory or

recurrent malignant brain tumors continue to have dismal

outcomes [10, 11]. Chemotherapy is also the primary

adjuvant treatment for many infant brain tumors, since

potentially effective irradiation is impractical because of its

overwhelming toxicity at this developmental stage [12]. A

paucity of alternative therapies undoubtedly contributes to

the generally poorer survival results observed for this age

group [13].

Clinicians now face a therapeutic impasse; intensifying

available treatment is unlikely to confer survival progress,
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instead only producing additional toxicity. To address this,

attention has now focused on the biological research of

childhood brain tumors, identifying critical genetic path-

ways responsible for neoplastic formation and mainte-

nance. In turn, this has generated novel targeted molecular

therapies that are hoped to improve efficacy while reducing

toxicity [14].

This article reviews the principal literature from the past

year evaluating both conventional chemotherapy and novel

targeted agents for the three most common tumor sub-

groups: medulloblastoma, glioma (low- and high-grade)

and ependymoma. Given the evolving landscape of bio-

logical research, current pharmacotherapeutic clinical trials

and future treatment strategies for these tumor groups

across North America and Europe are highlighted.

Medulloblastoma

Medulloblastomas are the most common malignant pedi-

atric brain tumor, comprising 15–20 % of all cases [15].

Over 80 % of children with average-risk disease can expect

cure with consequences from contemporary adjuvant

strategies [4, 16, 17•]. However, this percentage drops to

*50–70 % for high-risk, metastatic cases [18] and is lower

still for most infant disease and at recurrence [10, 13].

Recent publications in the field reflect the distinct dilem-

mas facing each risk group.

Average-Risk Disease

Retrospective cohort analyses continue to raise concern

regarding the deleterious effects of adjuvant therapy,

including chemotherapy, for average-risk medulloblas-

toma. Long-term follow-up data for 379 such patients

treated with 23.4 Gy craniospinal radiotherapy (CSRT)

followed by vincristine, lomustine (CCNU) and either

cyclophosphamide or cisplatin, according to the Children’s

Oncology Group (COG) trial A9961, were recently pub-

lished [17•, 19]. Despite cure rates over 80 % with a rel-

atively lower CSRT dose, progressive intellectual and

academic decline over 5 years from therapy was observed

in 110 evaluated cases, and was significantly worse for

younger patients, those with higher initial IQ scores and

cases of posterior fossa mutism [17•]. The 10-year cumu-

lative incidence of secondary malignancy for the entire

cohort was 4.2 % [19]. Cisplatin-induced ototoxicity was

also highlighted in an analysis of 22 average-risk children

by the Toronto group, reporting high-frequency hearing

loss at a median cumulative dose of 412 mg/m2, necessi-

tating cisplatin reduction in over 80 % of the group and

hearing support for a third of patients [20]. These findings

advocate further therapeutic dose reduction, particularly of

CSRT, while aiming to maintain current survival rates, and

have provided the basis for the current COG ACNS0331

trial.

High-Risk Disease

The focus of high-risk medulloblastoma studies has been

to improve on current, unsatisfactory survival rates by

adjusting the chemotherapy agents, intensity and/or sched-

uling, together with CSRT dosing and fractionation.

A randomized North American study (POG9031) of 224

high-risk children compared pre-irradiation chemotherapy

(etoposide and cisplatin) to scheduling post-CSRT. No

survival advantage was conferred by pre-radiation che-

motherapy [5-year event-free survival (EFS) of 66 vs.

70 % (p = 0.54) and 5-year overall survival (OS) of 73 vs.

76 % (p = 0.47)] [21•]. This result is in keeping with other

studies where no difference or indeed worse cure rates

were observed with pre-irradiation chemotherapy [22–24].

Survival results for M2-3 patients on POG9031 are favor-

able when compared to other high-risk medulloblastoma

trials [22, 24, 25]. This may reflect a higher dose of CSRT

(40 Gy with 4.8 Gy boosts to disease sites) given to M2-3

cases. However, the long-term toxicity of this approach

remains unclear.

To avoid these higher radiation doses, Korean col-

leagues have reported their experience using high-dose

chemotherapy (carboplatin/thiotepa, cyclophosphamide/

melphalan) in 20 high-risk patients (17 M? cases) with

autologous stem cell rescue after reduced dose CSRT (23.4

or 30.6 Gy with disease boosts) and induction chemother-

apy [26]. The estimated 5-year EFS for metastatic patients

was 70 %. However, the study’s limited size and follow-up

period, together with a relatively high incidence of post-

transplant veno-occlusive disease, prohibit definitive con-

clusions on its comparative benefit.

Chemotherapeutic radiosensitizers have emerged as

another feasible alternative to high-dose irradiation in this

setting. A phase I/II COG trial (COG99701) of concurrent

carboplatin alongside vincristine and conventional CSRT

(36 Gy with disease boosts) followed by maintenance

chemotherapy for 81 high-risk children has reported

promising results [27••]. Five-year EFS and OS rates

(71 and 76 %) for M? disease compared favorably with

regimens that have used either higher doses of radiation or

more intensive chemotherapy [4,21•,28]. This approach is

now being assessed in a prospective, randomized COG trial

(ACNS0332). Concomitant cyclophosphamide with CSRT

has also been described, although reports are less encour-

aging with 5-year OS results of 40 % in five metastatic

cases [29].
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Infant Medulloblastoma

Survival for this age group remains hindered by the

inability to administer effective CSRT because of its

unacceptable neurocognitive toxicity. Since the 1980s,

protocols have relied on chemotherapy-only regimens to

delay or avoid irradiation [30–32], although outcomes

remain poorer than for older counterparts, and neurocog-

nitive concerns persist.

Recent published studies have evaluated the use of

chemotherapeutic strategies incorporating focal radiother-

apy [33, 34]. The COG trial P9934 analyzed 74 M0

patients treated with adjuvant posterior fossa/tumor bed

radiotherapy, sandwiched between induction and mainte-

nance chemotherapy cycles (vincristine, etoposide, cis-

platin, cyclophosphamide) [33]. Survival data appeared

encouraging (4-year EFS and OS rates of 50 and 69 %) and

improved when compared to a historical chemotherapy-

only cohort (POG9921; EFS 25 %, OS 46 %). However,

the number of complete resections was considerably higher

in the COG P9934 trial, as was the proportion of desmo-

plastic/nodular tumors, an established favorable prognostic

marker in infant medulloblastoma [35]. Indeed, when

stratifying patients according to desmoplastic/nodular his-

tology, no outcome difference was appreciated between

either strategy. Other chemotherapy-only trials have also

shown excellent survival rates for this patient subgroup that

are comparable with average-risk older children [36•],

bringing into question radiotherapy’s value in this context.

A similar approach, incorporating focal radiotherapy with

adjuvant chemotherapy and intrathecal mafosfamide for 71

infants with embryonal brain tumors, was recently reported

by the Pediatric Brain Tumor Consortium (PBTC) [34].

Survival results were not significantly improved compared to

historical studies, once more bringing into question the

beneficial role of irradiation (5-year EFS and OS rates of 33

and 51 %). However, the ability to administer IT therapy at

least appeared a feasible future strategy. Across the cohort, a

nodular histology conferred a favorable prognosis and a

subset of infant medulloblastoma cases achieved excellent

survival outcomes, reinforcing the likelihood that histolog-

ical and biological stratification will guide future treatment

protocols for this age and tumor group.

Recurrent/Refractory Disease

Studies continue to address the dismal prognosis of

recurrent/refractory medulloblastoma. A European phase II

study of irinotecan and temozolomide in combination

failed to meet its primary efficacy endpoint [37]; never-

theless, it was well tolerated, and its objective response rate

(32 %) after four cycles compared favorably with contex-

tual chemotherapy studies (discussed in [37]), suggesting

its suitability as a ‘backbone’ regime for supplemental

targeted therapy. Indeed, the addition of bevacizumab to

this regime has been reported in nine children by American

colleagues [38]. After 6 months, the objective response

rate was 55 %, and two children were disease free at 15

and 55 months from treatment. The current COG

ACNS0821 trial is now evaluating this combination in a

prospective, randomized manner.

Other studies have assessed multi-agent chemotherapy

in this context [39, 40], although the longer-term toxicity of

this strategy in already heavily pre-treated children remains

uncertain and thereby warrants caution. Nevertheless,

encouraging results have been observed with a novel

metronomic anti-angiogenic multi-drug combination

(bevacizumab, thalidomide, celecoxib, fenofibrate, etopo-

side and cyclophosphamide), producing 2-year EFS and

OS rates of almost 70 % across seven medulloblastoma

cases. An Austrian phase II investigation of this regime is

now in progress (Table 1).

Future Strategies

As stated above, the immediate aim of studies will be to

maintain cure but reduce morbidity in good prognostic

groups via therapeutic de-escalation, whilst continuing to

improve prognosis for high-risk groups and recurrent dis-

ease. Eventually, medulloblastoma trial designs are likely

to stratify patients according to both clinical risk factors

and the molecular subgroups now established from tran-

scriptional profiling (SHH, Wnt, group 3, group 4) [41••],

targeting subgroups with appropriate therapy. Indeed, the

identification of these molecular subsets has triggered great

interest in the identification of subgroup-specific novel

agents. Efforts to date have focused on the development of

SHH inhibitors, with two agents (GDC-0449 and LDE225)

currently being evaluated in phase II and III trials

(Table 1).

Low-Grade Gliomas

Low-grade gliomas (LGGs) account for most brain tumors

in the pediatric population. Surgery is typically curative for

accessible lesions, but is often not feasible for enlarging or

symptomatic midline LGGs of the hypothalamus/optic

pathway. For such cases, chemotherapy has now become

the therapy of choice in children aged below 10 years or

any patient with neurofibromatosis-type 1 (NF1), in order

to delay or avoid radiotherapy and its sequelae. While

response rates of up to 60 % have been reported [42], the

current challenge is to control tumor recurrence or pro-

gression, observed in up to two-thirds of cases [2].
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Table 1 Molecular targeted agents currently being evaluated in childhood malignant brain tumor trials

Agent Mechanism/

pathway

Brain tumor Phase Trial ID code Trial overview

Bevacizumab Anti-VEGF mAb HGG/DIPG II NCT00890786b RT with bevacizumab ± temozolomide,

followed by bevacizumab,

irinotecan ± temozolomide

HGG II/III COG ACNS0822a/

NCT01236560b
RT with temozolomide, bevacizumab or SAHA,

followed by bevacizumab and temozolomide

ST HGG II ITCC-019c RT with temozolomide ± bevacizumab,

followed by temozolomide ± bevacizumab

HGG II NCT00879437b RT with valproic acid, followed by valproic acid

and bevacizumab

MBL (r) II NCT01356290a With thalidomide, celecoxib, fenofibric acid,

etoposide, cyclophosphamide, etoposide,

cytarabine

MBL (r) II COG ACNS0821a/

NCT01217437b
Randomized addition to temozolomide and

irinotecan

Vandetanib VEGFR/EGFR

inhibitor

DIPG I NCT00996723b RT with vandetanib and dasatinib, followed by

vandetanib and dasatinib

Cediranib VEGFR inhibitor Non-specific (r) I NCT00326664b Cediranib only

Sunitinib VEGF inhibitor HGG/

ependymoma

(r)

II NCT01462695b Sunitinib only

Pazopanib VEGF inhibitor Non-specific (r) I COG ADVL0815a/

NCT00929903b
Pazopanib only

Nimotuzumab Anti-EGFR mAb DIPG II NCT01145170b RT with nimotuzumab

Cetuximab Anti-EGFR mAb HGG/DIPG II NCT01012609b RT with cetuximab, followed by cetuximab and

irinotecan

Dasatinib PDGFR inhibitor DIPG I NCT00996723b RT with vandetanib and dasatinib, followed by

vandetanib and dasatinib

Crenolanib PDGFR inhibitor HGG (r)/DIPG I NCT01393912b RT with crenolanib, followed by crenolanib

Cixutumumab IGFR mAb Non-specific (r) I COG ADVL0813a/

NCT00880282b
Cixutumumab and temsirolimus

Cilengitide Integrin inhibitor DIPG I NCT01165333b RT with cilengitide

HGG (r)/DIPG

(r)

II NCT01517776b Cilengitide with temozolomide

MK2206 AKT inhibitor Non-specific (r) I COG ADVL1013a/

NCT01231919b
MK2206 only

AZD6244 MEK inhibitor LGG (r) I/II NCT01089101b AZD6244 only

Temsirolimus mTOR inhibitor Non-specific (r) I COG ADVL0813a/

NCT00880282b
Cixutumumab and temsirolimus

Non-specific (r) I COG ADVL0918a/

NCT01141244b
Temsirolimus with temozolomide and irinotecan

SAHA HDAC inhibitor DIPG I/II COG ACNS0927a/

NCT01189266b
RT with SAHA, followed by SAHA

HGG II/III COG ACNS0822a/

NCT01236560b
RT with temozolomide, bevacizumab or SAHA,

then bevacizumab and temozolomide

Valproic acid HDAC inhibitor HGG II NCT00879437b RT with valproic acid, then valproic acid and

bevacizumab

ABT-888 PARP inhibitor Non-specific (r) I NCT00994071b ABT-888 with temozolomide

Lenalidomide Anti-angiogenic HGG/DIPG I NCT01222754b RT with lenalidomide

Capecitabine Anti-metabolite HGG/DIPG I NCT00357253b RT with capecitabine

5-FU Anti-metabolite Ependymoma

(r)

I NCT01498783b 5-FU only

Tivantinib c-Met inhibitor Non-specific (r) I COG ADVL1111a/

NCT01725191b
Tivantinib only
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Recently published factors for progression from the HIT-

LGG group include patient age, disseminated disease, non-

pilocytic histology and concurrent diencephalic syndrome

[43]. Both conventional chemotherapy and molecular tar-

geted therapy continue to be evaluated in this context for

efficacy at minimal toxicity.

Conventional Agents

The COG has published the first randomized evaluation

of two chemotherapy regimens for 274 patients with

progressive or symptomatic pediatric LGGs (trial ACNS

9952): vincristine/carboplatin (VC) versus thioguanine/

procarbazine/lomustine/vincristine (TPCV). While the

5-year EFS rates were not significantly different between

groups (VC 39 %, TPCV 52 %, p = 0.10), TPCV

appeared to confer a longer-term advantage [44••]. Objec-

tive tumor response was reported in *50 % of both

cohorts. While the results were potentially superior to

preceding chemotherapy trials [45, 46], significant grade

III/IV toxicities were reported, including allergy with VC

(7 %), seizures/weakness with TPCV (18 %) and myelo-

suppression or peripheral neuropathy in both strategies.

Certain late effects, including subfertility from TPCV,

were not reported.

To reduce this toxicity burden, the Toronto group also

published their experience of single-agent vinblastine in 50

evaluable children with recurrent LGG [47•]. Tumor

response was observed in 36 % of patients, with a 5-year

EFS of 42 %, similar to the COG study. In contrast, tox-

icity was primarily only hematological.

This metronomic vinblastine regime additionally pro-

duced sustained tumor response in two infants with dien-

cephalic syndrome caused by optic pathway pilomyxoid

astrocytomas, together with resolution of emaciation [48].

Italian colleagues also reported the successful treatment of

diencephalic syndrome in eight infants with optic pathway

LGGs using a combination of cisplatin/etoposide [49].

After a median follow-up of 3 years, all patients were alive

with tumor response reported for 75 % of the group.

However, cisplatin-induced ototoxicity in developing

infants already at risk of visual impairment represents a

significant concern. Nevertheless, these results imply a role

for chemotherapy in managing this rare but potentially fatal

co-morbid condition that has historically been treated

aggressively with radiotherapy [50].

Targeted Agents

The most common biological alterations so far identified in

LGGs involve aberrations in BRAF, a downstream gene in

the RAS/REF/MEK/MAPK pathway. Pilocytic astrocyto-

mas frequently demonstrate chromosome 7q34 duplication,

resulting from a tandem duplication of BRAF and

KIAA1549, producing a fusion oncogene [51]. This fusion

appears to confer a less aggressive clinical phenotype and

is associated with better outcome [52•]. However, whether

it represents a potential target remains unclear. A phase II

Table 1 continued

Agent Mechanism/

pathway

Brain tumor Phase Trial ID code Trial overview

Imetelstat Telomerase

inhibitor

Non-specific (r) II NCT01836549b Imetelstat only

Crizotinib ALK/ROS1

inhibitor

Non-specific (r) I/II COG ADVL0912a/

NCT00939770b
Crizotinib only

Dendritic cell

vaccine

Immunotherapy HGG I NCRN code pending With temozolomide post RT

GDC-0449 SHH inhibitor SHH MBL (r) II NCT01239316b GDC-0449 only

LDE225 SHH inhibitor SHH MBL (r) III NCT01708174b LDE225 versus temozolomide. Two subgroup

analysis: Children B6 years not treated with

RT ± temozolomide and older patients who

may have been treated with

RT ± temozolomide

VEGFR vascular endothelial growth factor receptor, mAb monoclonal antibody, SAHA suberoylanilide hydroxamic acid (SAHA), HDAC histone

deacetylase inhibitor, COG Children’s Oncology Group, 5-FU fluorouracil, VEGFR vascular endothelial growth factor receptor, EGFR endo-

thelial growth factor receptor, PDGFR platelet-derived growth factor receptor, ST supratentorial, HGG high-grade glioma, DIPG diffuse intrinsic

pontine glioma, LGG low-grade glioma, SHH Sonic hedgehog pathway, MBL medulloblastoma, (r) recurrence/refractory cases only, IGFR

insulin-like growth factor receptor, RT radiotherapy
a As per the Children’s Oncology Group
b As per ClinicalTrial.gov (US National Institutes of Health, ClinicalTrials.gov; http://www.clinicaltrials.gov. Accessed August 2013)
c As per the Innovative Therapies in Children with Cancer group, NCRN National Cancer Research Network
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study of sorafenib (a multi-kinase BRAF inhibitor) in

children with refractory LGGs actually reported frequent

early progression, potentially due to paradoxical ERK

activation inducing tumor growth [53]. Other BRAF alter-

ations are observed in pediatric LGG histological subtypes,

albeit less frequently. A recent report on the successful

management of a ganglioglioma patient harboring the

BRAFV600E mutation illustrates the importance of iden-

tifying those likely to benefit from BRAF inhibitors

promptly [54•].

Two recent studies have evaluated bevacizumab, a

monoclonal antibody targeting the vascular endothelial

growth factor (VEGF) receptor, for refractory pediatric

LGG disease either alone for a median duration of 12 months

or in combination with irinotecan [55, 56]. Sustained tumor

reduction was recorded in over 85 % of all patients, with

manageable toxicity, primarily hypertension and protein-

uria. While promising, progression occurred rapidly for

13/14 children on discontinuation of therapy, although re-

treatment proved feasible and effective [55].

The non-surgical treatment of subependymal giant cell

astrocytomas (SEGAs), ventricular-associated LGGs that

arise in *15 % of patients with the genetic disorder

tuberous sclerosis complex (TSC), represents a recent tri-

umph for targeted therapy in pediatric brain tumors.

Characteristic TSC lesions arise from overactivity of the

mammalian target of the rapamycin (mTOR) pathway,

which can be targeted by mTOR inhibitors [57, 58].

Indeed, a double-blind, placebo-controlled randomized

study has been published, comparing the oral mTOR

inhibitor everolimus to placebo. The trial enrolled 117

patients (78 in the everolimus stratum and 39 in the pla-

cebo). Patients in the everolimus arm (n = 27) demon-

strated a reduction in the total volume of the target SEGA

of 50 % or more versus none in the placebo group [59••].

Again, tumor re-growth occurred on stopping therapy, but

re-treatment was successful. However, the benefit of

mTOR inhibitors appears restricted to TSC-associated

SEGA; current evidence of activity in other LGGs remains

elusive [60].

Future Strategies

It is likely that future clinical trials will incorporate novel

agents, such as bevacizumab, with conventional chemo-

therapy in an attempt to overcome the persisting difficulty

of refractory disease in pediatric LGGs. Recent work has

suggested significant biological differences among LGGs,

including new targetable alterations in several different

signaling pathways [61•]. In the meantime, other inhibitors

of the RAS/RAF/MEK/MAP kinase signaling cascade are

also in LGG clinical trials (Table 1), including a phase I

study of the MEK inhibitor AZD6244 in children with

recurrent or refractory disease. Chemotherapy as first-line

therapy in refractory adolescent optic pathway/hypotha-

lamic LGGs, historically treated with irradiation, may also

be evaluated further following promising data from Can-

ada, where 11 LGG patients treated with chemotherapy had

a progression-free survival comparable with a matched

cohort aged below 10 years [62].

High-Grade Glioma

High-grade gliomas (HGGs) [primarily anaplastic astro-

cytoma (AA), glioblastoma multiforme (GBM) and diffuse

intrinsic pontine glioma (DIPG)] account for *10 % of

pediatric brain tumors. Despite recent therapeutic advan-

ces, the outcome for children with HGGs remains extre-

mely poor, with fewer than 20 % of patients achieving

long-term cure [63]. While gross excision confers a sur-

vival advantage [64], no prognostic or therapeutic stratifi-

cation currently exists for this group, and the role of

chemotherapy remains ill-defined. The current standard of

care for pediatric HGGs is postoperative focal radiotherapy

combined with concomitant and adjuvant temozolomide as

a result of encouraging adult work [65]. Unfortunately, this

regime has not translated into significantly improved sur-

vival for affected children when compared to historical

strategies [63, 66], but continues to be used because of its

favorable toxicity profile and, more importantly, a lack of

alternative effective strategies.

HGG Studies

The most recent published phase II pediatric HGG studies,

assessing novel therapies for activity in refractory disease

to identify those warranting inclusion in a primary setting,

continue to generate disappointing results.

In a PBTC evaluation of lapitinib [an inhibitor of epi-

dermal growth factor receptor (EGFR) and ERBB2] in ten

recurrent HGGs, patients failed to show anti-tumor activity

[67]. This may not be unsurprising as recent molecular

classification work has shown EGFR overexpression to

predominate in adult HGGs, whereas pediatric counterparts

often demonstrate high platelet-derived growth factor

(PDGFR alpha) expression [68•]. Likewise, poor results

were found by a retrospective institutional evaluation of

combining irinotecan and bevacizumab (a monoclonal

antibody against VEGF) in 12 children with refractory

HGG, with progression on therapy observed in all cases

[56]. This reinforces the disappointing findings of a pre-

ceding PBTC HGG study using both agents [69], yet

contradicts promising response rates observed in adults

[70, 71], again implying biological diversity between

HGGs from different age groups and suggesting other
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growth factors may be more important in childhood HGG

pathogenesis. Phase II evaluations of PDGFR inhibitors in

pediatric HGGs are now being planned following feasible

phase I results (Table 1) [72].

Drug analyses in pediatric DIPGs published in the past

year have also failed to yield effective candidates. A COG

evaluation of combining metoxafin and gadolinium, a

potent radiosensitizer, to standard fractionated radiotherapy

in 60 eligible DIPG patients failed to improve survival

compared to historical controls [73], while another study of

subcutaneous pegylated interferon alpha-2b in 32 DIPG

children reported no improvement in patient survival [74].

Other than age-related biological diversity, another

explanation for the lack of current pharmacotherapy in

pediatric HGGs reflects an inability to penetrate the blood-

brain barrier, with chemotherapy efflux occurring second-

ary to inherent drug transporter molecules, thereby con-

ferring apparent resistance [75, 76]. The feasibility of

convection-enhanced drug delivery to bypass the blood-

brain barrier has recently been reported in two cases of

childhood DIPG [77] and could offer exciting opportunities

for chemotherapeutic success in pediatric HGG.

Future Strategies

Due to advancing knowledge of pediatric HGG biology

from molecular and pre-clinical research, several targeted

therapies are being evaluated across this childhood tumor

group.

A multi-center international randomized study of addi-

tional bevacizumab therapy to standard postoperative

radiotherapy and temozolomide in children with supraten-

torial HGG is now open (Table 1). The present HGG COG

trial (ACNS0822) is analyzing three agents for radiosen-

sitivity (vorinostat, temozolomide, bevacizumab) before

proceeding to a bevacizumab/temozolomide adjuvant

chemotherapy regime. In Europe, the next HIT-GBM trial

will evaluate high-dose methotrexate prior to radioche-

motherapy, building on previous experience with this

approach [75]. For DIPG, the current COG ACNS0927

trial is also adopting a combined modality strategy, using a

histone deacetylase (HDAC) inhibitor to replace temozol-

omide both during and post-radiotherapy (Table 1).

Several other molecular therapeutic agents are under

evaluation in early phase trials, often in refractory or

recurrent disease settings (Table 1). These include inhibi-

tors of telomerase, PARP inhibitors, integrins, c-MET,

ALK and the RAS/AKT pathway, agents targeting a range

of tyrosine kinases and growth factor receptors, anti-

metabolites, proteosome inhibitors, angiogenic agents and

immunotherapy.

Clearly, research elucidating innovative drug targets

remains paramount for improving outcome in pediatric

HGG and DIPG. This can only be achieved by obtaining

tumor tissue for biological analysis, a controversial topic in

DIPG. Brainstem biopsies have historically been deemed

dangerous and redundant for such a dismal condition, yet

recent publications have disputed this view, reporting

success in 90 children with DIPG using a stereotactic

approach [78–80]. Indeed, recent biological DIPG studies

from tissue obtained by diagnostic biopsy or on post-

mortem cases have identified potential targetable biological

mutations in DIPG [80, 81], generating hope for future

therapies.

Ependymoma

Intracranial ependymomas account for *10 % of child-

hood brain tumors [2]. Thought to arise from the neuro-

epithelial lining of the ventricular system, most occur in

children aged below 5 years [82]. The extent of tumor

excision is accepted as a critical prognostic factor [82, 83].

Postoperative survival rates have improved with the

introduction of irradiation such that, with the exception of

infants and localized, lower-grade supratentorial lesions

[84], the current therapeutic standard of care is maximal

surgical resection followed by conformal involved-field

radiotherapy, a strategy with reported cure rates of up to

70 % [83]. While the efficacy of adjuvant chemotherapy in

this tumor group has generally proven disappointing, there

are reports at least one-quarter of very young children with

intracranial ependymomas can achieve cure with surgery

and chemotherapy alone [85, 86], thereby avoiding radio-

therapy, although this remains to be validated in random-

ized cohorts.

Primary Tumor

Although the precise role of chemotherapy in pediatric

intracranial ependymoma remains controversial, recent

evidence from the COG’s phase II CCG-9942 trial suggests

a benefit of administering pre-irradiation chemotherapy in

cases of postoperative residual disease [87•]. In the study,

35 evaluable children with residual disease were treated

with four, month-long cycles of cisplatin, vincristine,

cyclophosphamide and etoposide. Of these, 20 (57 %)

responded to treatment. The 5-year EFS for the chemo-

therapy group was comparable with 43 enrolled patients

without residuum who received irradiation only (55 ± 8

vs. 58 ± 9 %, p = 0.45). However, any overall sur-

vival benefit appeared limited to those with an initial near-

total resection, as cases of significant subtotal resection

continued to demonstrate inferior outcome. Moreover,

15 % of patients progressed on chemotherapy, suggesting

that the scheduled duration of chemotherapy may need to
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be curtailed to prevent radiation delay. This finding is

supported by preliminary data from the first SIOP trial of

multimodality therapy in pediatric intracranial ependy-

moma [88]. Here, 30 children with incomplete resection

also underwent a 4-month schedule of vincristine, etopo-

side and cyclophosphamide prior to involved-field radio-

therapy. While 60 % demonstrated an objective treatment

response, the 5-year OS rate (53.5, 95 % CI 37.5–67.1 %)

remained inferior to that for 33 children treated with

radiation alone following gross total resection (76.2, 95 %

CI 56.1–88.0 %).

Recurrent Disease

In most series, recurrent ependymoma still has a dismal

outcome [11, 89]. However, the course of progression is

often protracted, enabling the study of multiple approaches.

Radiotherapy for those not previously irradiated has the

potential to be curative alongside surgery [85, 89], while

re-irradiation has also been shown to be safe and effective

at improving outcome [90]. Due to its indolent course,

several chemotherapeutic regimens and novel agents have

also been assessed in recurrent childhood ependymoma

[91], including two recent PBTC phase II studies of la-

pitinib and the combination of bevacizumab and irinotecan

[67, 92]. Unfortunately neither strategy resulted in signif-

icant tumor control or change in patient outcome.

Future Strategies

Based on infant data reporting long-term response in cer-

tain ependymomas with adjuvant chemotherapy [85, 86],

the current COG ACNS0831 trial aims to definitively

address the survival impact of conventional chemotherapy

through its randomized administration to children with

localized ependymoma already treated with postoperative

focal radiotherapy. The next European/SIOP strategy will

be to assess several adjuvant approaches depending on

tumor location, resection status and patient age. Three

randomized studies will assess the role of chemotherapy

for residual disease, post-irradiation maintenance chemo-

therapy for completely resected ependymomas and the

addition of HDAC inhibition to conventional postoperative

chemotherapy in infants.

Additional targeted therapies that have shown promise in

pre-clinical research are now being evaluated in early-phase

clinical trials (Table 1). These include a PBTC study of the

telomerase inhibitor imetelstat [93] and an institutional phase

II study of 5-fluorouracil (5-FU), which has shown in vitro

and in vivo efficacy against supratentorial ependymoma

following molecular characterization and drug screening

work [94••]. Likewise, the HDAC inhibitor suberoylanilide

hydroxamic acid (SAHA) has also shown in vitro activity

against subgroup-specific ependymoma [95], and dose

escalation studies have now been published [96].

As current patient-risk stratification systems are inac-

curate, future trial work must also prospectively assess new

staging systems that incorporate recent molecular sub-

grouping advances [97•, 98•, 99•] in order to tailor therapy

more appropriately.

Conclusion

Conventional chemotherapy has played a key role in the

improved survival of certain childhood brain tumors, but

ongoing progress is hampered by a lack of alternatives.

While novel methods of administration and scheduling

remain under investigation, much hope rests with the

evolving, biologically driven era of targeting specific brain

tumor pathways and mutations to improve efficacy with a

reduced toxicity. Eventually, the ‘one drug fits all’ para-

digm could be replaced by individualized therapy packages

for specific brain tumors, a concept already under devel-

opment [100].

While the future of tumor management is undoubtedly

exciting, it is unlikely that these novel, cytostatic agents

will be able to completely replace conventional cytotoxic

therapy. Additional matters to consider include the as yet

unknown long-term toxicity profiles and impact on normal

development of these agents, the consequential increased

demand for tumor tissue diagnoses for previously surgi-

cally naı̈ve tumors (DIPG and optic pathway gliomas) and

the cost implications of these therapies in today’s economic

climate.
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