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ABSTRACT Pediatric brain tumors are most common cancers
in childhood and among the leading causes of death in children.
Chemotherapy has been used as adjuvant (i.e. after) or neoadju-
vant (i.e. before) therapy to surgery and radiotherapy for the
management of pediatric brain tumors for more than four de-
cades and gained more attention in the recent two decades.
Although chemotherapy has demonstrated its effectiveness in
the management of some pediatric brain tumors, failure or
inactiveness of chemotherapy is commonly met in the clinics
and clinical trials. Some of these failures might be attributed to
the blood-brain barrier (BBB), limiting the penetration of system-
ically administered chemotherapeutics into pediatric brain tumors.
Therefore, various strategies have been developed and used to
address this issue. Herein, we review different methods reported
in the literature to circumvent the BBB for enhancing the present
of chemotherapeutics in the brain to treat pediatric brain tumors.
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INTRODUCTION

Brain tumors are the third most common type of childhood
cancers and second leading cause of death in children exclud-
ing trauma (1). The brain tumors in pediatric patients are
generally quite different from those in adult patients in terms
of incidence, tumor type and treatment (2,3). Brain tumors
occur more often in the lower portion of the pediatric brain vs.
the upper portion of the adult brain (4). The most common

pediatric brain tumors are astrocytoma, medulloblastoma,
ependymoma and brain stem glioma (5,6). Gliomas account
for 75% of pediatric brain tumor while less than 50% of adult
brain tumors. On the other hand, metastatic lesions are rarely
seen in pediatric tumor patients but occur most frequently in
adult patients (3,6). In addition, about 50% of pediatric brain
tumors are benign (3). However, as the pediatric especially
infant brain grows with time, it becomes difficult to make
decisions for treating pediatric brain tumors (3). In general,
pediatric brain tumors are treated using the methods devel-
oped for adult tumors with approved efficacy with some mod-
ifications (5–7). Surgery, radiotherapy, and chemotherapy
have been used as standard treatments for pediatric brain
tumors in clinical trials and clinics (2,6,8). The prognosis for
these pediatric patients varies depending on many factors such
as type of tumor, child’s age, and whether the tumor has just
been diagnosed or has recurred. While the benefits of surgery
and radiotherapy for treating pediatric brain tumors have been
well-recognized for a long time, chemotherapy has recently
found its role in the management of pediatric brain tumors.

Existing chemotherapeutic agents such as vincristine,
carmustine, lomustine, carboplatin, cisplatin, procarbazine,
and temozolamide etc. for adult brain tumors have been
shown significant effects (5,9–11), and evaluated to a great
extent in myriad of different schedules, doses, and combina-
tions in treating pediatric brain tumors. These agents are
usually used at reduced adult dose in the management of
pediatric brain tumors (6), and pediatric malignancies are
more responsive to chemotherapy than malignancies in
adults. Apart from the traditional chemotherapeutic small
molecules, there are other few new agents in the development
that hold promise for pediatric brain tumor therapy known as
molecularly targeted agents (9). These agents inhibit tumor
growth by targeting immune response, signal transduction
pathways, angiogenicity, and gene expression in cancer cells.
The following is a list of potential molecularly targeted agents
that are in development: Bevacizumab (VEGF inhibitor)
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(12,13), Veliparib [poly(ADP-ribose) polymerase inhibitor]
(14,15), Gefitinib (EGFR tyrosine kinase inhibitor) (16,17),
Imatinib mesylate (PDGFaR tyrosine kinase inhibitor) (18),
Erlotinib (ERBB2 receptor tyrosine kinase inhibitor) (19),
Rapamycin and Everolimus (mTOR inhibitor) (19,20),
Tipifarnib and lonafarnib (Farnesyl transferase inhibitors)
(20,21), Cilenglitide (anti-angiogenic integrin receptor antag-
onist) (20), Sunitinib (PDGFRb/VEGFR/c-kit inhibitor) (11),
Vandetanib (VEGFR-2 inhibitor) (22), dasatinib (23) and
crenolanib (PDGFR inhibitor) (14). There is still an uncertain-
ty in the role of these agents and several clinical trials are
ongoing to better define the role of these emerging therapies
in pediatric brain tumors (9). Besides being used alone, che-
motherapy is more often used as adjuvant (after) or neoadju-
vant (before) therapy to surgery or radiotherapy in the man-
agement of pediatric brain tumors (6,24,25). In some cases,
especially for patients younger than 3 years old, chemotherapy
is used to prevent or postpone the onset of radiotherapy in
order to minimize the toxicity of radiotherapy on these pa-
tients (25–27). Chemotherapy can also be used as a radiation
“sensitizer” during the radiotherapy treatment in order to
enhance the treatment effectiveness in some brain tumors.
Clinically, chemotherapy has demonstrated its activeness in
the treatment and control of some pediatric brain tumors
while failed in other cases (5,25,27–33). The reasons for these
failures are complicated and varied, but some of these failures
might be attributed to the blood-brain barrier (BBB), which
limits chemotherapy response in certain pediatric brain tu-
mors by preventing the chemotherapeutics from entering the
tumor lesions in the brain (24,34). In this review, we will
discuss the BBB in children, and various strategies that have
been developed to circumvent the BBB for brain delivery of
chemotherapeutics to treat pediatric brain tumors.

THE BLOOD-BRAIN BARRIER

Although there is a widespread belief that the BBB in new-
borns is immature or even absent, evidences reported in the
literature strongly support that the BBB is formed before the
infant is born maturely suggesting that there is not much
difference between the BBB of adults and children including
infants in terms of its barrier functions (35–38). Anatomically,
the BBB is composed of endothelial cells which are lining the
cerebral microvessels and in the meantime buttressed by
astrocyte and pericyte cells (Fig. 1a) (39). The BBB functions
as a physical barrier due to tight junctions between the adja-
cent endothelial cells, a selective ‘transport barrier’ due to
specific transport systems on the luminal and abluminal mem-
branes of the endothelial cells, and a ‘metabolic barrier’ due to
the presence of intracellular and extracellular enzymes
(40–43). The tight junctions are composed of three integral
membrane proteins including claudin, occluding and junction

adhesion molecules, and a number of cytoplasmic accessory
proteins including ZO-1, ZO-2, ZO-3, cingulin, etc. (39,40).
Fully developed tight junctions serve as a gatekeeper to restrict
the paracellular transport across the BBB. The transport
systems are influx and efflux transporters. The influx trans-
porters include solute carrier superfamily facilitating brain
uptake of glucose, amino acids, ions, and other nutrients;
while the efflux transporters are ATP-binding cassette (ABC)
efflux transporters such as P-glycoproteins and multidrug
resistance associated proteins (44), which efflux lipophilic
toxins including many therapeutics away from the brain to
reduce the penetration of these molecules into the brain. The
intracellular and extracellular enzymes are monoamine oxi-
dase and cytochrome P450 (CYP1B1), and ectoenzymes,
respectively, responsible for inactivating many neuroactive
and toxic compounds in the BBB (39,43,45). While the three
physical, transport and metabolic barriers allow nutrients in
the blood stream and waste generated in the brain to cross the
intact BBB, they prevent or limit non-selected substances to
penetrate the intact BBB and get into the brain. It has been
well-known that 98% of small molecule drugs including many
chemotherapeutics such as carboplatin, vincristine, cyclophos-
phamide, cisplatin, methotrexate and etoposide cannot cross
the intact BBB to get into the brain. Almost 100% of large
molecule drugs also cannot penetrate the intact BBB by
themselves (41).

It has been known that the BBB in some lesions of brain
diseases/disorders such as Alzheimer and brain tumors does
break down, losing its integrity and barrier function to some
extent (46,47). The broken-down BBB can allow molecules to
enter into the brain from the blood. These observations led
researchers to conclude that the BBB was not a factor imped-
ing the success of brain tumor chemotherapy (48) and was not
important in brain tumor chemotherapy (49) before 1995.
Continuous research in this field (50–58) revealed that the
BBB in brain bearing tumors is more complicated than what
was thought previously. Schlageter et. al . (51) reported that
depending on the type of brain tumor, the capillaries in brain
bearing tumors might be continuous and nonfenestrated,
continuous and fenestrated, and/or discontinuous with or
without fenestrations (Fig. 1b). The continuous nonfenetrated
BBB is like the intact BBB, the continuous fenestrated BBB
has increased permeability to small but not to large molecules,
and the discontinuous BBB with/without fenestration has
increased permeability to both small and large molecules. It
has also been demonstrated that individual tumor cell or small
tumor clusters can penetrate into the normal brain tissues in
patients having infiltrative brain tumors (47). Moreover, the
BBB disruption in a particular brain tumor lesion might
exhibit heterogeneity and the BBB adjacent to brain tumors
might be even intact (34,57,59). Even for the BBB disrupted
by brain tumors, its permeability is just slight higher than that
for the normal BBB while still lower than that for capillaries in
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organs such as lung and liver (60). More paradoxical is that
efforts to normalize the tumor vasculature during chemother-
apy might repair the disrupted BBB back to normal BBB,
limiting further chemotherapy response from brain tumors.
These notions re-enforce the research devoted to searching for
strategies to circumvent the BBB (53,61–63).

STRATEGIES FOR CIRCUMVENTING THE BBB
IN PEDIATRIC BRAIN TUMORS

The strategies to circumvent the limitation of the BBB could
be categorized into: 1) by-passing the BBB by directly admin-
istrating chemotherapeutics into the brain, 2) disrupting the
BBB by temporarily opening the tight junctions in the BBB,
and 3) active transport across the BBB by exploiting transport
mechanisms associated with the BBB (64–68).

Bypassing the BBB

Chemotherapeutics could be directly administrated into the
central nerve system (i.e. brain and spine), thus bypassing the
BBB and blood-cerebrospinal fluid (CSF) which are formida-
ble obstacles faced by systemic administrated (e.g. oral and
intravenous) drugs. Intrathecal administration and
convection-enhanced delivery are mainstays of such adminis-
tration methods. For intrathecal administration, drugs are
injected into the fluid-filled space in spine via a needle or
under the scalp via an outlet catheter connected to the ven-
tricles (Fig. 2a) (69–71). Compared to systemic administration
in which the whole body acts as a sink for the administrated
drugs, intrathecal administration needs much lower drug dose

to achieve higher drug concentrations in the brain due to the
small volume of CSF (about 150 ml). Moreover, the chemo-
therapeutics are administrated behind the BBB and thus the
BBB is not a concern or obstacle for such chemotherapeutics
administration. Intrathecal drug administration has been used
in the management of pediatric brain tumors for several
decades (70,72). Success of application of intrathecal chemo-
therapy has been observed in the treatment of acute lympho-
blastic leukemia, neoplastic meningitis, cerebral lymphoma,
atypical teratoid rhabdoid tumor, and neuroectodermal tu-
mors such as medulloblastoma and pineoblastoma, germ cell
tumors and ependymomas in children (53,72–75). One disad-
vantage for intrathecal administration is that intrathecal drug
administration can result in non-targeted drug distribution,
inhomogeneous dispersion, and ineffective volume of drug
distribution due to drug molecular weights and infuscate
diffusivities. It has also been recognized that intrathecal ad-
ministration is not practical and efficient for the treatment of
intraparenchymal tumors.

Convection-enhanced delivery (CED) is another regional
drug administration method introduced by Oldfield and his
associates to overcome the limitations for intrathecal admin-
istration (76). In CED, intracranial catheters are connected to
target sites (e.g. brain tumor or nearby) to deliver chemother-
apeutics under a continuous pressure gradient over periods of
hours to days and thus enhance the distribution of chemo-
therapeutics by convection rather than diffusion (Fig. 2b) (77).
This method allows delivery of high concentration of chemo-
therapeutics directly into brain tumors and the adjacent pa-
renchyma, thus eluding the BBB and limiting systemic toxic-
ity. Small chemotherapeutics, macromolecules, and even
nanocarriers (to be discussed in the section “Active Transport

Fig. 1 (a ) Intact BBB; (b ) BBB disrupted by brain tumors (34,39,51,60).
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Across the BBB”) have been successful delivered into brain
tumors using CED (76–80). CED has been used in the clinic
and clinical trials to manage brain tumors such as recurrent/
progressive glioblastoma, and high grade glioma
(77–79,81–83). Positive response and tumor regression have
been observed in the clinical studies using CED to adminis-
trate chemotherapeutics (83,84). In particular, regression in
recurrent glioblastoma infiltrating the brainstem was observed
in a 13-year-old boy who received convection-enhanced de-
livery of nimustine hydrochloride (84). Even though CED as
well as intrathecal injection is effective in delivering drugs into
the brain, these two administration methods are invasive in
general.

Disrupting the BBB

The BBB can be disrupted by osmotic means, vasoactive sub-
stances, and focused ultrasound (50,52,55,59,62,63,85–88). The
disruption induced transiently opens the BBB and thus allows
therapeutics, which are normally prevented from entering the
brain, to pass this barrier and get into the brain tissues. In the
osmotic BBB disruption approach, a hypertonic solution is in-
fused into arterial blood to cause brain microvascular endothelial
cells in the BBB transiently and reversibly shrink so that the tight
junctions in the BBB is transiently opened to allow the entrance
of hydrophilic therapeutics into the brain (59). Mannitol is the
most widely used hyperosmotic agent for this osmotic BBB
disruption. In clinic, osmotic BBB disruption has been used to
deliver chemotherapeutics into the brain for decades (89–92).
Chemotherapeutics such as methotrexate and carboplatin have
be delivered into brain via this osmotic BBB disruption method
to manage pediatric patients having nonglial primary brain
tumors, primary central nervous system lymphoma, or embryo-
nal and certain germ cell tumors (86,91,93). However, this
osmotic BBB disruption is global, non-selective disruption cover-
ing both normal brains region and brain tumors. This

nonselective opening of the BBBmay allow the entrance of other
substances which might lead to adverse effects as seizures and
chronic neurological changes (94). A delayed recovery of the
BBB also increases the risk of neurotoxicity (94). These stimulated
researchers and clinicians to seek methods to selectively open the
BBB at the brain tumor lesions.

Vasoactive substances were found to be capable of stimu-
lating receptors preferentially expressed in the brain tumor
vascular vessels over normal brain vessels and thus initiate
second messenger systems that induce reversible opening of
the tight junctions in the brain tumor vascular vessels (94).
This unique property was exploited by researchers and clini-
cians to selectively open the BBB at the brain tumor sites.
Bradykinmin and its analogue lobradimil (i.e. Cereport®,
RMP-7) are two major vasoactive substances used to selec-
tively open the BBB at pediatric brain tumor sites without
disturbing the tumor free sites (50,94–97). Hydrophilic
chemotheracpeutics such as carboplatin have been delivered
into brain tumors such as ependymoma, PNET, malignant
glioma, high-grade gliomas and brainstem gliomas in combi-
nation of infused bradykimin or RMP-7 (30,52,95,98). Posi-
tive responses including tumor shrinkage, and stable disease
were observed in these phase I clinical trials (52,98). However,
further study in phase II clinical trial showed that the combi-
nation of lobradimil and carboplatin was inactive in childhood
high-grade and brainstem gliomas (30). The reason for this
unsuccessful combinatorial therapy is not clear at this time
point.

Active Transport Across the BBB

It has recently been recognized that therapeutics could be
successfully delivered into the brain after intravenous injection
by crossing the BBB without the need of disrupting the BBB.
The methods that have been developed are to utilize the
transport mechanisms found in the BBB to rationally design

Fig. 2 (a ) Intrathecal administration; (b ) Convection-enhanced delivery (71,76,80).
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drugs and/or drug delivery systems to enhance drug perme-
ability across the BBB. The transport mechanisms exploited
include the transcellular lipophilic pathway responsible for the
uptake of some lipid-soluble agents, carrier-mediated
transcytosis for the transport of glucose, amino acids, purine
bases, nucleosides, choline and other substances, receptor-
mediated transcytosis for certain proteins such as insulin and
transferrin, and adsorptive-mediated transcytosis for native
plasma proteins such as albumin (39). Especially, in the recent
15 years nanocarriers such as polymeric micelles (99),
dendrimers (100), polymer-drug conjugates (101,102), poly-
meric nanoparticles (58), liposomes (103–105), and inorganic
nanoparticles including gold (106), mesoporous silica
(107–109) and superparamagnetic iron oxide (SPIO)
(110,111) with their structures illustrated in Fig. 3 have been
actively investigated for enhancing drug delivery across the
BBB to treat brain tumors (64–68,100,102,105,112–118). In
some cases, cell penetrating peptides such as TAT (trans-
activator of transcription) or receptor targetingmolecules such
as transferrin, OX26 (anti-transferrin receptor IgG2a anti-
body) have also been conjugated to the nanocarriers to en-
hance drug penetration through the BBB after intravenous
injection as transferrin receptor is expressed on the BBB and
also overexpressed on brain tumor cells (119–121).

Up to date most nanocarriers are still at experimental and
preclinical investigation stages for delivering chemotherapy to
the brain (58,122). Most of these investigations focus on the

toxicity and delivery of therapeutics into the brain. Less is
carried out to investigate the fate of the nanocarriers after
entering the brain. There are a few liposome and polymer-
drug conjugate based nanocarrrers that have gone into clini-
cal trials and Table I summarizes the development status of
these nanocarriers including Marqibo, CT2103, NLCPT-11,
2B3-101, and ANG1005/GRN1005. Marqibo is a vincristine
sulfate-encapsulated liposome made by Talon Therapeutics
and has just been approved by FDA to treat rare leukemia and
is in clinic trial for the management of pediatric brain tumors
(104). CT2103 is a conjugate of paclitaxel and poly-L-
glutamate and was developed to resolve the issues of poor
water solubility and hypertensensivity reaction related with
Taxol® (102). CT-2103 have been studied in clinical trials to
manage different cancers including esophageal and gastric
cancer, advanced ovarian cancer, metastatic breast cancer,
and brain tumor (101). The mechanisms for CT2103 and
Marqibo to enter the brain after intravenous injection have
not been reported yet. NLCPT-11 is an irinotecan-
encapsulated liposome which is delivered into the brain via
convection-enhanced method by-passing the BBB. 2B3-101 is
doxorubicin-encapsulated PEGylated liposome developed by
to-BBB Company. Targeting moiety endogenous antioxidant
glutathione is incorporated at the tips of polyethylene glycol
(PEG) to enhance brain delivery of doxorubicin (117).
ANG1005 (GRN1005) is a paclitaxel-Angiopep-2 conjugate
that can enhance the delivery of paclitaxel across the BBB via

Fig. 3 Nanocarriers for brain drug delivery to treat brain tumors (123). (a ) Polymeric micelles: core-shell nanosized structures formed by a spontaneous self-
assembly of polymers as a result of ionic or hydrophobic interactions between polymer chain segments (99); (b ) dendrimers: macromolecules with highly
branched 3D structure offering a high degree of surface functionality and versatility (100); (c ) polymer-drug conjugates: nano-sized and multi-component
constructs with therapeutics and targeting ligands covalently attached to the polymer chains (101,102); (d) polymeric nanoparticles: submicron sized particles
prepared from pre-synthesized polymers or through in-situ polymerization from monomers/macromers directly (58); (e ) liposomes: spherical and self-closed
lipoidal vesicles (unilamellar or multilamellar) of colloidal dimensions formed as result of self-assembly of phospholipids in an aqueous media into closed bilayered
structures (103–105); and (f) inorganic nanoparticles: nanosized inorganic core including gold (106), mesoporous silica (107–109) and SPIO (110,111), coated
with polymers and conjugated with targeting and imaging agents on the surface (124,125).
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receptor LRP (i.e. low density lipoprotein receptor-related
proteins) mediated transcytosis as angiopep-2 binds the LRP
receptors (113). The nanocarriers CT2103, NLCPT-11, 2B3-
101, and ANG1005/GRN1005 are currently studied in clin-
ical trials for only adults who are 18 years or older. If these
clinical trials will be successful, the further development of the
related nanocarrier-chemotherapy for treating pediatric brain
tumors is expected in the near future.

SUMMARYAND FUTURE DIRECTION

In summary, intrathecal and convection-enhanced delivery
methods that bypass the BBB to deliver chemotherapeutics
into the brain have demonstrated effectiveness in treating
pediatric brain tumors. However, these two methods are
invasive. The BBB disruption method using osmotic pressure
or vasoactive substances can transiently open the BBB and
also show some effectiveness in treating pediatric brain tu-
mors. However, the osmotic disruption method can cause side
effects due to its global and non-selective disruption in the
BBB. The vasoactive substances can selectively disrupt the
BBB, but are ineffective in treating high-grade and brainstem
gliomas. Focused ultrasound has been reported as an alterna-
tive approach to transiently and reversibly disrupt the BBB in
animal studies, thus allowing the delivery of chemotherapeu-
tics into the brain. One unique advantage of this technology
over the other two BBB disruption methods mentioned above
is that it is capable of selectively disrupting the BBB at the
targeted sites. However, this focused ultrasound approach has
not been used clinically to disrupt the BBB for chemotherapy
yet and is still under extensive investigation at experimental
and pre-clinical stages. Clinical trials in adults and children

are expected along the maturity of the technology in the
future. Nanocarriers are new technology that can actively
transport chemotherapeutics across the BBB with some stud-
ies under clinical trials for treating adult brain tumors. The
application of nanocarriers for treating pediatric tumors is just
beginning with few studies.

Future direction will be further development of currently
existing technologies that can overcome the BBB to first
successfully treat adult brain tumors and then apply the sim-
ilar technologies to treat pediatric brain tumors. Nanocarriers
functionalized with targeting, sensoring and reporting moie-
ties for targeted and sustained delivery of one or more drugs
across the BBB will hold promising future. Factors such as
drug properties, interaction between drugs and nanocarriers,
dose and duration of drugs, and biocompatibility and fate of
nanocarriers and their degradable components, need to be
taken into account while designing a nanocarrier for deliver-
ing drugs across the BBB to treat adult as well as pediatric
brain tumors. Furthermore, the toxicology associated with
long term exposure of these nanocarriers in the human and
environment needs to be fully evaluated. The future of
this field is intimately tied to and relies on a better
understanding and identification of biologically relevant
targets, the cellular mechanisms, and the molecular bi-
ology of pediatric brain tumors. Better knowledge of all
these will ultimately lead to personalized medicine for
treating pediatric brain tumors.
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Table I Development Status of Nanocariers for Brain Tumors (58)

Product Marqibo CT2103 NLCPT-11 2B3-101 ANG1005/GRN1005*

Nanocarrier Liposomes Polymer-drug conjugate Liposomes Liposomes Polymer-drug conjugate

Main component Lipids Polyaminoacids Lipids Lipids Polyaminoacids

Targeting moiety n/a n/a n/a (by-passing the BBB) Glutathione Angiopep-2 peptide
(LRP-1)

Drug Vincristine sulfate Paclitaxel Irinotecan Doxorubicin Paclitaxel

Clinical phase Phase I Phase II Phase I Phase I/II Phase II

http://clinicaltrials.gov,
NCT01222780

http://clinicaltrials.gov,
NCT00763750,
NCT01402063

http://clinicaltrials.gov,
NCT00734682

http://clinicaltrials.gov,
NCT01386580

http://clinicaltrials.gov,
NCT01480583,
NCT01497665

Patients Children and adolescents 18 Years and older 18 Years and older 18 Years and older 18 Years and older

Tumor targeted Primary brain tumors Newly diagnosed
brain tumors/glioblastoma

Recurrent high-grade
gliomas

Brain metastases
or recurrent
malignant glioma

Malignant gliomas
and brain metastases

Company Talon Therapeutics Cell therapeutics University of California To-BBB AngioChem/Geron
Corporation

*http://angiochem.com/grn1005

536 Wu, Li, Janagam and Lowe



REFERENCES

1. Grondin RT, Scott RM, Smith ER. Pediatric brain tumors. Adv
Pediatr. 2009;56:249–69.

2. Ullrichand NJ, Pomeroy SL. Pediatric brain tumors. Neurol Clin.
2003;21:897–913.

3. R. Packer. Differences between adult and pediactri brain tumors.
http://wwwkidsvcancerorg/wp-content/uploads/2011/10/Packer-
Differences-Between-Adult-and-Pediatric-Brain-Tumourspdf (2013).

4. Maibiand Z, Mashrabi O. Pediatric brain tumor. Res J Biol Sci.
2009;6:647–50.

5. Muellerand S, Chang S. Pediatric brain tumors: current treatment
strategies and future therapeutic approaches. Neurotherapeutics.
2009;6:570–86.

6. Flemingand AJ, Chi SN. Brain tumors in children. Curr Probl
Pediatr Adolesc Health Care. 2012;42:80–103.

7. Karajannis M, Allen JC, Newcomb EW. Treatment of pediatric
brain tumors. J Cell Physiol. 2008;217:584–9.

8. Pizerand B,May P. 8 - Central nervous system tumours in children.
Eur J Surg Oncol. 1997;23:559–64.

9. Bouffet E, Tabori U, Huang A, Bartels U. Possibilities of new
therapeutic strategies in brain tumors. Cancer Treat Rev. 2010;36:
335–41.

10. Khatua S, Sadighi ZS, Pearlman ML, Bochare S, Vats TS. Brain
tumors in children-current therapies and newer directions. Indian J
Pediatr. 2012;79:922–7.

11. Minturnand JE, Fisher MJ. Gliomas in children. Current Treat
Options Neurol. 2013;15:316–27.

12. Parekh C, Jubran R, Erdreich-Epstein A, Panigrahy A, Bluml S,
Finlay J, et al . Treatment of children with recurrent high grade
gliomas with a bevacizumab containing regimen. J Neurooncol.
2011;103:673–80.

13. Couec ML, André N, Thebaud E, Minckes O, Rialland X,
Corradini N, et al. Bevacizumab and irinotecan in children with
recurrent or refractory brain tumors: toxicity and efficacy trends.
Pediatr Blood Cancer. 2012;59:34–8.

14. Zarghooni M, Bartels U, Lee E, Buczkowicz P, Morrison A, Huang
A, et al. Whole-genome profiling of pediatric diffuse intrinsic pon-
tine gliomas highlights platelet-derived growth factor receptor α and
poly (ADP-ribose) polymerase as potential therapeutic targets. J
Clin Oncol. 2010;28:1337–44.

15. van Vuurden DG, Hulleman E, Meijer OL, Wedekind LE, Kool
M, Witt H, et al. PARP inhibition sensitizes childhood high grade
glioma, medulloblastoma and ependymoma to radiation.
Oncotarget. 2011;2:984–96.

16. Geyer JR, Stewart CF, Kocak M, Broniscer A, Phillips P, Douglas
JG, et al. A phase I and biology study of gefitinib and radiation in
children with newly diagnosed brain stem gliomas or supratentorial
malignant gliomas. Eur J Cancer. 2010;46:3287–93.

17. Pollack IF, Stewart CF,KocakM, Poussaint TY, Broniscer A, Banerjee
A, et al. A phase II study of gefitinib and irradiation in children with
newly diagnosed brainstem gliomas: a report from the Pediatric Brain
Tumor Consortium. Neuro-Oncology. 2011;13:290–7.

18. Pollack IF, Jakacki RI, Blaney SM, Hancock ML, Kieran MW,
Phillips P, et al . Phase I trial of imatinib in children with newly
diagnosed brainstem and recurrent malignant gliomas: a Pediatric
Brain Tumor Consortium report. Neuro-Oncology. 2007;9:145–60.

19. Yalon M, Rood B, MacDonald TJ, McCowage G, Kane R,
Constantini S, et al. A feasibility and efficacy study of rapamycin
and erlotinib for recurrent pediatric low–grade glioma (LGG).
Pediatr Blood Cancer. 2013;60:71–6.

20. Tremont-Lukatsand IW, Gilbert MR. Advances in molecular thera-
pies in patients with brain tumors. Cancer Control. 2003;10:125–37.

21. Haas-Kogan DA, Banerjee A, Kocak M, Prados MD, Geyer JR,
Fouladi M, et al . Phase I trial of tipifarnib in children with newly

diagnosed intrinsic diffuse brainstem glioma. Neuro-Oncology.
2008;10:341–7.

22. Broniscer A, Baker JN, Tagen M, Onar-Thomas A, Gilbertson RJ,
Davidoff AM, et al . Phase I study of vandetanib during and after
radiotherapy in children with diffuse intrinsic pontine glioma. J Clin
Oncol. 2010;28:4762–8.

23. Reardon DA, Vredenburgh JJ, Desjardins A, Peters KB,
Sathornsumetee S, Threatt S, et al . Phase 1 trial of dasatinib plus
erlotinib in adults with recurrent malignant glioma. J Neurooncol.
2012;108:499–506.

24. Vats TS. Adjuvant chemotherapy of pediatric brain tumors. Ann
NY Acad Sci. 1997;824:156–66.

25. Pollackand IF, Jakacki RI. Childhood brain tumors: epidemiology,
current management and future directions. Nat Rev Neurol.
2011;7:495–506.

26. Duffner PK, Horowitz ME, Krischer JP, Friedman HS, Burger PC,
Cohen ME, et al. Postoperative chemotherapy and delayed radia-
tion in children less than three years of age with malignant brain
tumors. N Engl J Med. 1993;328:1725–31.

27. Dufour C, Grill J, Lellouch-Tubiana A, Puget S, Chastagner P,
Frappaz D, et al . High-grade glioma in children under 5 years of
age: a chemotherapy only approach with the BBSFOP protocol.
Eur J Cancer. 2006;42:2939–45.

28. Jennings MT, Sposto R, Boyett JM, Vezina LG, Holmes E, Berger
MS, et al . Preradiation chemotherapy in primary high-risk
brainstem tumors: phase II study CCG-9941 of the children’s
cancer group. J Clin Oncol. 2002;20:3431–7.

29. Turner CD, Gururangan S, Eastwood J, Bottom K, Watral M,
Beason R, et al . Phase II study of irinotecan (CPT-11) in children
with high-risk malignant brain tumors: the Duke experience.
Neuro-Oncology. 2002;4:102–8.

30. WarrenK, Jakacki R,Widemann B, Aikin A, LibuchaM, Packer R,
et al . Phase II trial of intravenous lobradimil and carboplatin in
childhood brain tumors: a report from the Children’s Oncology
Group. Cancer Chemother Pharmacol. 2006;58:343–7.

31. Grilland J, Bhangoo R. Recent development in chemotherapy of
paediatric brain tumours. Curr Opin Oncol. 2007;19:612–5.

32. Bomgaars LR, Bernstein M, Krailo M, Kadota R, Das S, Chen Z,
et al . Phase II trial of irinotecan in children with refractory solid
tumors: a Children’s Oncology Group Study. J Clin Oncol.
2007;25:4622–7.

33. Cohen KJ, Heideman RL, Zhou T, Holmes EJ, Lavey RS, Bouffet
E, et al . Temozolomide in the treatment of children with newly
diagnosed diffuse intrinsic pontine gliomas: a report from the
Children’s Oncology Group. Neuro-Oncology. 2011;13:410–6.

34. Neuwelt EA, Greig NH, Raffel C, Amar AP, Apuzzo MLJ, Antel
JP, et al . Mechanisms of disease: the blood-brain barrier.
Neurosurgery. 2004;54:131–42.

35. Virgintino D, ErredeM, Robertson D, Capobianco C, Girolamo F,
Vimercati A, et al . Immunolocalization of tight junction proteins in
the adult and developing human brain. Histochem Cell Biol.
2004;122:51–9.

36. Iqbal M, Gibb W, Matthews SG. Corticosteroid regulation of P-
glycoprotein in the developing blood-brain barrier. Endocrinology.
2011;152:1067–79.

37. Ek CJ, Dziegielewska KM, Habgood MD, Saunders NR. Barriers
in the developing brain and Neurotoxicology. NeuroToxicology.
2012;33:586–604.

38. Saunders NR, Daneman R, Dziegielewska KM, Liddelow SA.
Transporters of the blood-brain and blood—CSF interfaces in
development and in the adult. Mol Asp Med. 2013;34:742–52.

39. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interac-
tions at the blood-brain barrier. Nat Rev Neurosci. 2006;7:41–53.

40. Ballabh P, Braun A, Nedergaard M. The blood-brain barrier: an
overview: structure, regulation, and clinical implications. Neurobiol
Dis. 2004;16:1–13.

Overcoming the BBB to Treat Pediatric Brain Tumors 537



41. Pardridge WM. Blood-brain barrier delivery. Drug Discov Today.
2007;12:54–61.

42. Blakeley J. Drug delivery to brain tumors. Curr Neurol Neurosci
Rep. 2008;8:235–41.

43. Eyal S, Hsiao P, Unadkat JD. Drug interactions at the blood-brain
barrier: fact or fantasy? Pharmacol Ther. 2009;123:80–104.

44. Kalvass JC, Polli JW, Bourdet DL, Feng B, Huang SM, Liu X, et al .
Why clinical modulation of efflux transport at the human blood-
brain barrier is unlikely: the ITC evidence-based position. Clin
Pharmacol Ther. 2013;94:80–94.

45. El-Bachaand RS, Minn A. Drug metabolizing enzymes in cerebro-
vascular endothelial cells afford a metabolic protection to the brain.
Cell Mol Biol. 1999;45:15–23.

46. Alvarez JI, Cayrol R, Prat A. Disruption of central nervous system
barriers in multiple sclerosis. Biochim Biophys Acta (BBA) - Mol
Basis Dis. 2011;1812:252–64.

47. Wolburg H, Noell S, Fallier-Becker P, Mack AF, Wolburg-
Buchholz K. The disturbed blood-brain barrier in human glioblas-
toma. Mol Asp Med. 2012;33:579–89.

48. Vick NA, Khandekar JD, Bigner DD. Chemotherapy of brain
tumors. The ‘blood-brain barrier’ is not a factor. Arch Neurol.
1977;34:523–6.

49. Stewart DJ. A critique of the role of the blood-brain barrier in the
chemotherapy of human brain tumors. J Neurooncol. 1994;20:121–39.

50. Elliott PJ, HaywardNJ, Huff MR, Nagle TL, Black KL, Bartus RT.
Unlocking the blood-brain barrier: a role for RMP-7 in brain tumor
therapy. Exp Neurol. 1996;141:214–24.

51. Schlageter KE, Molnar P, Lapin GD, Groothuis DR. Microvessel
organization and structure in experimental brain tumors:
microvessel populations with distinctive structural and functional
properties. Microvasc Res. 1999;58:312–28.

52. Warren KE, Patel MC, Aikin AA, Widemann B, Libucha M,
Adamson PC, et al . Phase I trial of lobradimil (RMP-7) and
carboplatin in children with brain tumors. Cancer Chemother
Pharmacol. 2001;48:275–82.

53. Gururanganand S, Friedman HS. Innovations in design and deliv-
ery of chemotherapy for brain tumors. Neuroimaging Clin N Am.
2002;12:583–97.

54. Blackand KL, Ningaraj NS. Modulation of brain tumor capillaries
for enhanced drug delivery selectively to brain tumor. Cancer
Control. 2004;11:165–73.

55. Haluskaand M, Anthony ML. Osmotic blood-brain barrier modi-
fication for the treatment of malignant brain tumors. Clin J Oncol
Nurs. 2004;8:263–7.

56. Kioi M, Husain SR, Croteau D, Kunwar S, Puri RK. Convection-
enhanced delivery of interleukin-13 receptor-directed cytotoxin for
malignant glioma therapy. Technol Cancer Res Treat. 2006;5:239–
50.

57. Lockman PR, Mittapalli RK, Taskar KS, Rudraraju V, Gril B,
Bohn KA, et al. Heterogeneous blood-tumor barrier permeability
determines drug efficacy in experimental brain metastases of breast
cancer. Clin Cancer Res. 2010;16:5664–78.

58. Costantinoand L, Boraschi D. Is there a clinical future for polymeric
nanoparticles as brain-targeting drug delivery agents? Drug Discov
Today. 2012;17:367–78.

59. Neuwelt EA, Barnett PA, Bigner DD, Frenkel EP. Effects of adrenal
cortical steroids and osmotic blood-brain barrier opening on meth-
otrexate delivery to gliomas in the rodent: the factor of the blood-
brain barrier. Proc Natl Acad Sci U S A. 1982;79:4420–3.

60. Groothuis DR. The blood-brain and blood-tumor barriers: a
review of strategies for increasing drug delivery. Neuro-
Oncology. 2000;2:45–9.

61. Pollack IF, Boyett JM, Finlay JL. Chemotherapy for high-grade
gliomas of childhood. Childs Nerv Syst. 1999;15:529–44.

62. McDannold N, Vykhodtseva N, Hynynen K. Blood-brain barrier
disruption induced by focused ultrasound and circulating

preformed microbubbles appears to be characterized by the me-
chanical index. Ultrasound Med Biol. 2008;34:834–40.

63. Liu HL, Hua MY, Chen PY, Chu PC, Pan CH, Yang HW, et al .
Blood-brain barrier disruption with focused ultrasound enhances
delivery of chemotherapeutic drugs for glioblastoma treatment.
Radiology. 2010;255:415–25.

65. Weiss CK, Kohnle MV, Landfester K, Hauk T, Fischer D,
Schmitz-Wienke J, et al . The first step into the brain: uptake of
NIO-PBCA nanoparticles by endothelial cells in vitro and in vivo,
and direct evidence for their blood-brain barrier permeation.
ChemMedChem. 2008;3:1395–403.

66. Vergoni AV, Tosi G, Tacchi R, Vandelli MA, Bertolini A,
Costantino L. Nanoparticles as drug delivery agents specific for
CNS: in vivo biodistribution. Nanomedicine Nanotechnol Biol
Med. 2009;5:369–77.

67. Gil ES, Li J, Xiao H, Lowe TL. Quaternary ammonium β-
cyclodextrin nanoparticles for enhancing doxorubicin permeability
across the in vitro blood-brain barrier. Biomacromolecules.
2009;10:505–16.

68. Gil ES, Wu L, Xu L, Lowe TL. β-Cyclodextrin-poly(β-Amino
Ester) nanoparticles for sustained drug delivery across the blood-
brain barrier. Biomacromolecules. 2012;13:3533–41.

69. Mogami H, Higashi H, Hayakawa T, Kuroda R, Kanai N.
Selection of cytostatic agents for intrathecal chemotherapy of brain
tumor. Med J Osaka Univ. 1967;17:333–40.

70. Wilsonand CB, Norrell Jr HA. Brain tumor chemotherapy with
intrathecal methotrexate. Cancer. 1969;23:1038–45.

71. Kerr JZ, Berg S, Blaney SM. Intrathecal chemotherapy. Crit Rev
Oncol Hematol. 2001;37:227–36.

72. Lassaletta A, Lopez-Ibor B, Mateos E, Gonzalez-Vicent M, Perez-
Martinez A, Sevilla J, et al . Intrathecal liposomal cytarabine in
children under 4 years with malignant brain tumors. J
Neurooncol. 2009;95:65–9.

73. Bomgaars L, Geyer JR, Franklin J, Dahl G, Park J, Winick NJ, et al .
Phase I trial of intrathecal liposomal cytarabine in children with
neoplastic meningitis. J Clin Oncol. 2004;22:3916–21.

74. Parasole R, Menna G, Marra N, Petruzziello F, Locatelli F,
Mangione A, et al . Efficacy and safety of intrathecal liposomal
cytarabine for the treatment of meningeal relapse in acute lympho-
blastic leukemia: experience of two pediatric institutions. Leuk
Lymphoma. 2008;49:1553–9.

75. Partap S, Murphy PA, Vogel H, Barnes PD, Edwards MSB, Fisher
PG. Liposomal cytarabine for central nervous system embryonal
tumors in children and young adults. J Neurooncol. 2011;103:561–
6.

76. Hunt Bobo R, Laske DW, Akbasak A, Morrison PF, Dedrick
RL, Oldfield EH. Convection-enhanced delivery of macro-
molecules in the brain. Proc Natl Acad Sci U S A. 1994;91:
2076–80.

77. Fergusonand S, Lesniak MS. Convection enhanced drug delivery of
novel therapeutic agents to malignant brain tumors. Curr Drug
Deliv. 2007;4:169–80.

78. Lidar Z, Mardor Y, Jonas T, Pfeffer R, Faibel M, Nass D, et al .
Convection-enhanced delivery of paclitaxel for the treatment of
recurrent malignant glioma: a Phase I/II clinical study. J
Neurosurg. 2004;100:472–9.

79. Kunwar S, Prados MD, Chang SM, Berger MS, Lang FF,
Piepmeier JM, et al . Direct intracerebral delivery of cintredekin
besudotox (IL13-PE38QQR) in recurrent malignant glioma: a
report by the cintredekin besudotox intraparenchymal study group.
J Clin Oncol. 2007;25:837–44.

538 Wu, Li, Janagam and Lowe

64. Kreuter J, Ramge P, Petrov V,HammS,Gelperina SE, Engelhardt
B, et al . Direct evidence that polysorbate-80-coated poly
(butylcyanoacrylate) nanoparticles deliver drugs to the CNS via
specific mechanisms requiring prior binding of drug to the
nanoparticles. Pharm Res. 2003;20:409–16.



80. Allard E, Passirani C, Benoit J-P. Convection-enhanced delivery of
nanocarriers for the treatment of brain tumors. Biomaterials.
2009;30:2302–18.

81. Kunwar S. Convection enhanced delivery of IL13-PE38QQR for
treatment of recurrent malignant glioma: presentation of interim
findings from ongoing phase 1 studies. Acta Neurochir Suppl.
2003;88:105–11.

82. Debinskiand W, Tatter SB. Convection-enhanced delivery for the
treatment of brain tumors. Expert Rev Neurother. 2009;9:1519–27.

83. Bruce JN, Fine RL, Canoll P, Yun J, Kennedy BC, Rosenfeld SS,
et al . Regression of recurrent malignant gliomas with convection-
enhanced delivery of topotecan. Neurosurgery. 2011;69:1272–9.

84. Saito R, Sonoda Y, Kumabe T, Nagamatsu KI, Watanabe M,
Tominaga T. Regression of recurrent glioblastoma infiltrating the
brainstem after convection-enhanced delivery of nimustine hydro-
chloride: case report. J Neurosurg Pediatr. 2011;7:522–6.

85. Patrick JT, Nolting MN, Goss SA, Dines KA, Clendenon JL, Rea
MA, et al . Ultrasound and the blood-brain barrier. Adv Exp Med
Biol. 1990;267:369–81.

86. Dahlborg SA, Petrillo A, Crossen JR, Roman-Goldstein S, Doolittle
ND, Fuller KH, et al. The potential for complete and durable response
in nonglial primary brain tumors in children and young adults with
enhanced chemotherapy delivery. Cancer J Sci Am. 1998;4:110–24.

87. Guillaume DJ, Doolittle ND, Gahramanov S, Hedrick NA,
Delashaw JB, Neuwelt EA. Intra-arterial chemotherapy with os-
motic blood-brain barrier disruption for aggressive oligodendroglial
tumors: results of a phase i study. Neurosurgery. 2010;66:48–58.

88. Shin BJ, Burkhardt JK, Riina HA, Boockvar JA. Superselective
intra-arterial cerebral infusion of novel agents after blood-brain
disruption for the treatment of recurrent glioblastoma multiforme:
a technical case series. Neurosurg Clin N Am. 2012;23:323–9.

89. Neuwelt EA, Diehl JT, Vu LH. Monitoring of methotrexate deliv-
ery in patients with malignant brain tumors after osmotic blood-
brain barrier disruption. Ann Intern Med. 1981;94:449–54.

90. Miyagami M, Tsubokawa T, Tazoe M, Kagawa Y. Intra-arterial
ACNU chemotherapy employing 20% mannitol osmotic blood-
brain barrier disruption for malignant brain tumors. Neurol Med
Chir. 1990;30:582–90.

91. Jahnke K, Kraemer DF, Knight KR, Fortin D, Bell S, Doolittle
ND, et al . Intraarterial chemotherapy and osmotic blood-brain
barrier disruption for patients with embryonal and germ cell tumors
of the central nervous system. Cancer. 2008;112:581–8.

92. Angelov L, Doolittle ND, Kraemer DF, Siegal T, Barnett GH,
Peereboom DM, et al . Blood-brain barrier disruption and intra-
arterial methotrexate-based therapy for newly diagnosed primary
CNS lymphoma: a multi-institutional experience. J Clin Oncol.
2009;27:3503–9.

93. Dahlborg SA, Henner WD, Crossen JR, Tableman M, Petrillo A,
Braziel R, et al. Non-AIDS primary CNS lymphoma: first example
of a durable response in a primary brain tumor using enhanced
chemotherapy delivery without cognitive loss and without radio-
therapy. Cancer J Sci Am. 1996;2:166–74.

94. Kemper EM, Boogerd W, Thuis I, Beijnen JH, van Tellingen O.
Modulation of the blood-brain barrier in oncology: therapeutic
opportunities for the treatment of brain tumours? Cancer Treat
Rev. 2004;30:415–23.

95. Ford J, Osborn C, Barton T, Bleehen NM. A phase I study of
intravenous RMP-7 with carboplatin in patients with progression of
malignant glioma. Eur J Cancer. 1998;34:1807–11.

96. Emerich DF, Dean RL, Osborn C, Bartus RT. The development of
the bradykinin agonist labradimil as a means to increase the per-
meability of the blood-brain barrier: from concept to clinical eval-
uation. Clin Pharmacokinet. 2001;40:105–23.

97. Warren K, Gervais A, Aikin A, EgorinM, Balis FM. Pharmacokinetics
of carboplatin administered with lobradimil to pediatric patients with
brain tumors. Cancer Chemother Pharmacol. 2004;54:206–12.

98. Cloughesy TF, Black KL, Gobin YP, Farahani K, Nelson G,
Villablanca P, et al . Intra-arterial cereport (RMP-7) and
carboplatin: a dose escalation study for recurrent malignant glio-
mas. Neurosurgery. 1999;44:270–9.

99. Liu L, Guo K, Lu J, Venkatraman SS, Luo D, Ng KC, et al .
Biologically active core/shell nanoparticles self-assembled from
cholesterol-terminated PEG–TAT for drug delivery across the
blood-brain barrier. Biomaterials. 2008;29:1509–17.

100. Dhanikula RS, Argaw A, Bouchard JF, Hildgen P. Methotrexate
loaded polyether-copolyester dendrimers for the treatment of glio-
mas: enhanced efficacy and intratumoral transport capability. Mol
Pharm. 2008;5:105–16.

101. Liand C, Wallace S. Polymer-drug conjugates: recent development
in clinical oncology. Adv Drug Deliv Rev. 2008;60:886–98.

102. Li C, YuDF, NewmanRA, Cabral F, Stephens LC, Hunter N, et al .
Complete regression of well-established tumors using a novel water-
soluble poly(L-glutamic acid)-paclitaxel conjugate. Cancer Res.
1998;58:2404–9.

103. MalamY, LoizidouM, Seifalian AM. Liposomes and nanoparticles:
nanosized vehicles for drug delivery in cancer. Trends Pharmacol
Sci. 2009;30:592–9.

104. Webb M, Harasym TO, Masin D, Bally MB, Mayer LD.
Sphingomyelin-cholesterol liposomes significantly enhance the
pharmacokinetic and therapeutic properties of vincristine in murine
and human tumour models. Br J Cancer. 1995;72:896–904.

105. Tokes ZA, Stpeteri AK, Todd JA. Availability of liposome content
to the nervous system. Liposomes and the blood-brain barrier.
Brain Res. 1980;188:282–6.

106. Jain PK, El-Sayed IH, El-Sayed MA. Au nanoparticles target
cancer. Nano Today. 2007;2:18–29.

107. Mamaeva V, Rosenholm JM, Bate-Eya LT, Bergman L, Peuhu E,
Duchanoy A, et al . Mesoporous silica nanoparticles as drug delivery
systems for targeted inhibition of Notch signaling in cancer. Mol
Ther. 2011;19:1538–46.

108. Wang L, Zhao W, Tan W. Bioconjugated silica nanoparticles:
development and applications. Nano Res. 2008;1:99–115.

109. Lu J, Liong M, Li Z, Zink JI, Tamanoi F. Biocompatibility,
biodistribution, and drug–delivery efficiency of mesoporous silica
nanoparticles for cancer therapy in animals. Small. 2010;6:1794–805.

110. Sun C, Lee JS, Zhang M. Magnetic nanoparticles in MR imaging
and drug delivery. Adv Drug Deliv Rev. 2008;60:1252–65.

111. Fan C-H, Ting C-Y, Lin H-J, Wang C-H, Liu H-L, Yen T-C, Yeh
C-K. SPIO-conjugated, doxorubicin-loaded microbubbles for con-
current MRI and focused-ultrasound enhanced brain-tumor drug
delivery. Biomaterials. 2013;34:3706–15.

112. Lu W, Sun Q, Wan J, She ZJ, Jiang XG. Cationic albumin-
conjugated pegylated nanoparticles allow gene delivery into brain
tumors via intravenous administration. Cancer Res. 2006;66:
11878–87.

113. Régina A, Demeule M, Ché C, Lavallée I, Poirier J, Gabathuler R,
et al . Antitumour activity of ANG1005, a conjugate between pacli-
taxel and the new brain delivery vector Angiopep-2. Br J
Pharmacol. 2008;155:185–97.

114. Thomas FC, Taskar K, Rudraraju V, Goda S, Thorsheim HR,
Gaasch JA, et al . Uptake of ANG1005, a novel paclitaxel derivative,
through the blood-brain barrier into brain and experimental brain
metastases of breast cancer. Pharm Res. 2009;26:2486–94.

115. Huang R, Ke W, Han L, Li J, Liu S, Jiang C. Targeted delivery of
chlorotoxin-modified DNA-loaded nanoparticles to glioma via in-
travenous administration. Biomaterials. 2011;32:2399–406.

116. Nair BG, Varghese SH, Nair R, Yoshida Y, Maekawa T, Kumar
DS. Nanotechnology platforms; an innovative approach to brain
tumor therapy. Med Chem. 2011;7:488–503.

117. Gaillard P, Gladdines W, Appeldoorn C, Rip J, Boogerd W,
Beijnen J, Brandsma D, Van TO. Development of glutathione
pegylated liposomal doxorubicin (2B3-101) for the treatment of

Overcoming the BBB to Treat Pediatric Brain Tumors 539



brain cancer. the 4th European Conference for Clinical
Nanomedicine. Basel, Switzerland: (2011).

118. Xin H, Sha X, Jiang X, Zhang W, Chen L, Fang X. Anti-
glioblastoma efficacy and safety of paclitaxel-loading Angiopep-
conjugated dual targeting PEG-PCL nanoparticles. Biomaterials.
2012;33:8167–76.

119. Koo YEL, Reddy GR, Bhojani M, Schneider R, Philbert
MA, Rehemtulla A, et al . Brain cancer diagnosis and ther-
apy with nanoplatforms. Adv Drug Deliv Rev. 2006;58:
1556–77.

120. Jonesand AR, Shusta EV. Blood-brain barrier transport of
therapeutics via receptor-mediation. Pharm Res. 2007;24:
1759–71.

121. Herve F, Ghinea N, Scherrmann JM. CNS delivery via adsorptive
transcytosis. Aaps J. 2008;10:455–72.

122. Wohlfart S, Gelperina S, Kreuter J. Transport of drugs across the
blood-brain barrier by nanoparticles. J Control Release. 2012;161:
264–73.

123. Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R.
Nanocarriers as an emerging platform for cancer therapy. Nat
Nano. 2007;2:751–60.

124. Yu MK, Park J, Jon S. Targeting strategies for multifunctional
nanoparticles in cancer imaging and therapy. Theranostics. 2012;2:3.

125. Huang H-C, Barua S, Sharma G, Dey SK, Rege K. Inorganic
nanoparticles for cancer imaging and therapy. J Control Release.
2011;155:344–57.

540 Wu, Li, Janagam and Lowe


