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Glioblastoma (GBM) is a lethal and aggressive brain tumor that is resistant to conventional radiation and cytotoxic chemothera-
pies. Molecularly targeted agents hold great promise in treating these genetically heterogeneous tumors, yet have produced dis-
appointing results. One reason for the clinical failure of these novel therapies can be the inability of the drugs to achieve effective
concentrations in the invasive regions beyond the bulk tumor. In this review, we describe the influence of the blood -brain barrier
on the distribution of anticancer drugs to both the tumor core and infiltrative regions of GBM. We further describe potential strat-
egies to overcome these drug delivery limitations. Understanding the key factors that limit drug delivery into brain tumors will

guide future development of approaches for enhanced delivery of effective drugs to GBM.
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Glioblastoma (GBM) is the most common and aggressive pri-
mary brain tumor that remains essentially incurable despite
decades of research on conventional and novel therapeutic
strategies. Due to the invasive nature of GBM, aggressive surgi-
cal resection is insufficient to control tumors, and following
maximal surgical resection, the addition of partial brain irradi-
ation and temozolomide chemotherapy can significantly ex-
tend time to recurrence and survival.® Unfortunately, despite
this aggressive treatment regimen, the median survival for
GBM patients remains ~12-15 months, and only 5% of pa-
tients survive longer than 5 years.? As our understanding of
molecular mechanisms that mediate gliomagenesis and pro-
gression increases, integration of molecularly targeted agents
into conventional chemoradiation regimens may provide a sig-
nificant therapeutic benefit for patients with GBM. However,
several factors may limit the efficacy of these promising thera-
peutic strategies, including molecular heterogeneity, invasion
of tumor cells beyond the bulk tumor core delineated by imag-
ing, and the blood -brain barrier (BBB), which prevents accumu-
lation of xenobiotics within the central nervous system. These
first 2 issues have been reviewed recently in this journal,® and
here we provide an overview of the influence of the BBB on
treatment efficacy in GBM patients and potential strategies to
overcome this limitation.

Influence of the Blood-Brain Barrier on Drug Delivery

Despite progress in discovery of drug targets for treatment of
primary brain tumors, overcoming the BBB and achieving ad-
equate drug delivery into the tumor that remains after resec-
tion is a major challenge. The BBB is an anatomical and
biochemical barrier that protects the brain from potentially
harmful substances in the systemic circulation. Unlike the mi-
crovasculature in the periphery, brain capillary endothelial
cells are interconnected by tight junctions, with limited fenes-
trations and pinocytic vesicles that form a physical barrier to
prevent unimpeded diffusion into the brain from the blood-
stream. This physical barrier significantly limits accumulation
of small hydrophilic drugs, as well as large molecules, such as
antibodies and antibody-drug conjugates, that cannot diffuse
readily across lipid bilayers. Lipophilic molecules that are able
to traverse the luminal endothelial cell membrane are often
efficiently transported back into the capillary lumen by efflux
transporters that reside in the luminal capillary endothelial
membrane. Small-molecule drugs are often substrates for
these efflux pumps located in the BBB. Therefore, both physi-
cal and biochemical barriers within the BBB significantly limit
the brain delivery of therapeutic agents, which can limit treat-
ment efficacy (Fig. 1).
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Fig. 1. Schematic representation of the neurovascular unit in relation to the blood-brain barrier and the different pathways for drug
transport. Abbreviations: P-gp, P-glycoprotein; BCRP, breast cancer resistance protein; MRP, multidrug resistance protein; OATP, organic
anion transporting polypeptide; LAT1, large-neutral amino acid transporter 1; GLUT1, glucose transporter 1; OCT, organic cation transporter.

CNS delivery of hydrophilic molecules and macromolecules
is severely restricted by the physical presence of “tight junc-
tions” called zonulae occludentes. The junctional complex hold-
ing the endothelial cells together comprises multiple proteins,
including claudins (3, 5, and 12), occludins (1, 2, and 3), and
junctional-adhesion molecules (JAM-A, -B, and -C).* Further-
more, the microvessels are surrounded by, and in communica-
tion with, a variety of cells, including astrocytic glia cells,
pericytes, and neurons. In addition to their structural roles,
these supporting cells form a neurovascular unit that modu-
lates the integrity of the BBB and influences drug diffusion
into the brain. This physical barrier to paracellular transport is
especially important for limiting the accumulation of large
macromolecules that otherwise cannot readily traverse the
plasma membrane of capillary endothelial cells.

Polarized expression of efflux transporters on the luminal
and abluminal side of the BBB significantly limit delivery of nu-
merous therapeutics that can otherwise readily diffuse across
plasma membranes. P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) are 2 BBB efflux transporters that
have been extensively studied and reported to limit brain distri-
bution of numerous cytotoxic and molecularly targeted
agents.” In contrast, carrier-mediated influx transporters,
such as glucose transporter 1, L-type amino acid transporter
1, and organic anion transporter polypeptides, translocate
polar nutrients such as glucose, amino acids, vitamins, and
hormones across the BBB.® Receptor-mediated endocytosis
can transport large molecules such as insulin, transferrin, and

some vitamins (eg, folic acid) into the brain. Various transport
pathways that are active within the BBB are depicted in Fig. 1.

Blood-Brain Barrier within Tumors

The majority of GBM patients have variable regions of disruption
of the BBB. Clinically, this is visualized by accumulation of
gadolinium-based MRI contrast agents within regions of the
tumor that have a disrupted BBB. As discussed below, cytokines
secreted by GBM tumor cells can lead to disruption of the BBB,
and accumulation of contrast in these regions provides a visual
demonstration that essentially all GBM patients have significant
disruption of the BBB. In the past, this fact had been used by
many to argue that the BBB is not a major factor that influenc-
es the delivery and, hence, efficacy of therapies in GBM.’

All GBM patients also have regions of tumor with an intact
BBB. Even when neurosurgeons achieve a gross total resection
of all contrast-enhancing regions of tumor, the tumor will
recur within months in all of these patients.® Several biopsy stud-
ies have demonstrated that significant tumor burden exists in
the T2/fluid attenuated inversion recovery (FLAIR) regions out-
side of the contrast-enhancing regions seen on MRI. Moreover,
using a 3,4-dihydroxy-6-[*®F]fluoro-L-phenylalanine [*8F-DOPA])
radiotracer that readily crosses the BBB via L-type amino acid
transporter 1-mediated uptake, an anatomical comparison of
'8F-DOPA uptake versus MRI contrast enhancement demon-
strates significant regions of bulk tumor in which there is no sig-
nificant accumulation of contrast media (Fig. 2).° Beyond grossly
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Fig. 2. Representative image from the same patient of (A) *®F-DOPA uptake imaged by PET-CT, (B) regions of contrast accumulation in the same
location defined by a T1 postcontrast enhanced MRI, (C) regions of tumor-associated edema as defined by a T2-FLAIR MRI. Contours of these 3
regions were drawn by a neuroradiologist. The figure illustrates that significant tumor burden exists beyond the disrupted BBB defined by the

contrast enhancement (CE). (Copyright®)

positive regions of tumor, the highly invasive nature of GBM is
well known, and at autopsy, infiltrating single cells have been
found throughout the brain.'® In fact, based on surgical biopsy
studies demonstrating infiltration of single cells extending be-
yond the T2/FLAIR tumor volume, radiation target volumes for
GBM typically extend 1-2 cm beyond any visible radiographic
abnormality.” Thus, based on well-established surgical and ra-
diographic information on GBM, all GBM patients have regions
of a disrupted BBB and tumor regions with an intact BBB suffi-
cient to prevent drug distribution to these invasive tumor cells.
Taken together, these data suggest that delivery of therapeutic
agents across the BBB to all tumor regions is essential to make
significant progress in GBM treatment.” Therefore it is critical to
understand the mechanisms that limit drug distribution to inva-
sive tumor sites (summarized in Fig. 3) and develop strategies to
overcome these limitations.

Strategies to Improve Drug Delivery to GBM

Penetration of drugs through the BBB, like other membranes in
the body, occurs by 3 major mechanisms: passive diffusion, en-
docytosis, and carrier-mediated transport. These mechanisms
can be exploited in various ways to enhance penetration of
drugs into the brain. In the sections below, we review various
methods that have been explored to increase delivery of che-
motherapeutics into the brain.

Disruption of Tight Junctions in the Blood-Brain Barrier
BBB disruption via osmotic mechanisms or ultrasound

Osmotic BBB disruption (BBBD) is a mechanism-based tech-
nique that has been investigated for transiently disrupting the
BBB to increase permeability to drug molecules. This method
relies on administration of hypertonic solutions that lead to
shrinkage of the endothelial cells, and this physical disruption
of the tight junction complexes creates gaps that allow para-
cellular diffusion of molecules.** In 1972, Rapoport and

colleagues’? reported that osmotic opening of the BBB by
hypertonic arabinose led to staining of the brain tissue by
Evans blue in mouse models. Kroll and Neuwelt'? pioneered
the clinical application of this concept by using hypertonic man-
nitol solutions to osmotically open the BBB to enhance drug
delivery of chemotherapeutics. In a retrospective analysis of
38 patients with GBM, Neuwelt and colleagues'* reported
that patients receiving chemotherapy with BBB modification
by intracarotid or intravertebral artery infusion of mannitol
had significantly longer survival (17.5 mo) than the control
groups (surgery and radiation alone or surgery, radiation, and
systemic chemotherapy). In a second retrospective study of
41 patients with high-grade astrocytomas, the same group re-
ported favorable survival for patients treated with mannitol
BBBD combined with intra-arterial chemotherapy (~90 wk)
compared with intra-arterial chemotherapy alone (~50 wk),
although direct comparisons between the treatment groups
is difficult due to significant potential for selection bias.'® This
study did not report the histology of the treatment arms; only
half of the 41 patients had GBM, and both treatment with BBBD
and anaplastic astrocytoma histology were positive predictors
of survival. Nonetheless, toxic side effects and complexity of
the procedure limit the usefulness of this technique in general
practice.*®*’

Due to the toxicity profile of mannitol-based BBBD methods,
focused ultrasound (FUS) methods for BBBD have been devel-
oped. Focused ultrasound relies on transcranial delivery of low-
frequency ultrasound waves that result in opening of the tight
junctions between the endothelial cells.*® This technique was
first successfully applied to enhance delivery of BBB-imperme-
able liposome-encapsulated doxorubicin in rats with glioma.®
Recently, the microbubble (MB)-enhanced FUS approach has
been shown to temporarily disrupt tight junctions between
brain endothelial cells and increase permeability of drugs across
the BBB. The oscillation of the MBs in the presence of FUS leads to
mechanical disruption of the BBB. Although ultrasound alone
can disrupt the BBB, the addition of MBs allows for lower fre-
quencies to be used to achieve the same BBB opening effect.

Neuro-Oncology
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Fig. 3. Schematic representation of the issues for effective delivery of drugs to bulk tumor cells and invasive glioma cells. The presence of intact
blood-brain barrier and expression of efflux transporters limit distribution of chemotherapeutics to invasive glioma cells.

In combination with ultrasound, MBs can collapse the tight junc-
tions and vessel stability at high acoustic pressures.?® In addi-
tion, by using MBs to focus the effects of ultrasound on the
microvasculature, one can apply FUS transcranially without pro-
ducing significant skull heating.?! Using this approach, Ting and
colleagues®? reported enhanced brain penetration of carmustine
(BCNU) into the rat brain using multifunctional MBs and FUS.?? In
a similar study, Liu et al?® reported increased brain delivery of
BCNU into both tumor and surrounding normal brain using a
focused external ultrasound generator. In another study, the ef-
fect of FUS BBBD was tested in a preclinical model of glioma and
demonstrated that FUS provided both improved delivery and ef-
ficacy compared with temozolomide alone.?* Although FUS of-
fers a potential way to disrupt the tight junctions, so far this
technique has been evaluated only preclinically. While the ultra-
sound bursts can produce transient disruption in a focused part
of the BBB, the extent of BBBD in human tumors is unknown, and
further optimization and proof-of-principle studies will be re-
quired to understand the clinical potential of this approach. In
addition to these difficulties, FUS-induced BBB disruption has
been shown to have undesirable side effects, such as erythrocyte
extravasation, edema, and intracerebral hemorrhage,?” that will
need to be evaluated if this technique is translated into the clinic.
Recent reports by Fan et al® have demonstrated a decrease in
the occurrence of these undesirable effects by removing inertial
cavitation through the use of resonance frequency-matched

FUS.?® In translating this technique to the clinic, optimization
of the FUS-MB method to enhance delivery and limit brain injury
will be essential.

Blood-brain barrier disruption via pharmacological agents

Tight junctions are actively regulated complexes that potential-
ly can be pharmacologically manipulated. Bradykinin-like com-
pounds (eg, histamine, leukotrienes, bradykinin) disrupt tight
junctions by stimulating B, receptors expressed on endothelial
cells and transiently increasing cytosolic Ca™, resulting in
opening of the tight junctions.’ Further evidence also suggests
a role for nitric oxide in selectively increasing the blood -tumor
barrier permeability due to higher concentrations of nitric oxide
synthase in tumor vasculature compared with normal brain
microvessels.?” In an animal model, low-dose bradykinin selec-
tively increased blood -tumor barrier permeability in intracere-
bral tumors when administered as an infusion through the
ipsilateral internal carotid artery.?® However, in a direct com-
parison of osmotic versus bradykinin BBBD methods, hypertonic
mannitol resulted in significant improvement in brain delivery
for a variety of agents, whereas bradykinin treatment was not
effective in increasing the delivery of drugs in this brain tumor
model in nude rats.?” A more potent and B,-selective bradyki-
nin analog, Cereport (RMP-7), also has been tested. RMP-7 is re-
sistant to degradation by bradykinin-metabolizing enzymes*°
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and increased delivery by 30%-80% of carboplatin to tumor
cells in an RG2 rat-glioma model.>!*? However, the same com-
bination showed disappointing results in a randomized, double-
blind, placebo-controlled, phase II trial in recurrent malignant
glioma patients with no difference in time to tumor progression
for patients treated with chemotherapy alone versus RMP-7
plus chemotherapy.*?

Another strategy for disruption of the BBB is to intervene in
the signaling pathways that maintain its integrity. Accumulat-
ing evidence has demonstrated the role of vascular endothelial
growth factor, a major permeability and angiogenic factor, in
downregulating or relocalizing tight junction proteins (zonula
occludens 1, occludins), resulting in destabilization of tight
junctions and increase in permeability.>*3° Others have sug-
gested that the Smoothened pathway may be important for
signaling to tight junctions within the BBB, and in a recent re-
port, Alvarez et al*® demonstrated focal disruption of the
tight functions in the brain of normal mice following treatment
with the Smoothened inhibitor cyclopamine. While early in ex-
perimental development, these data highlight the idea that
pharmacological manipulation of the physical BBB potentially
could be used to improve drug delivery into brain tumors.

Overcoming Active Efflux at the Blood-Brain Barrier

Active efflux transport of molecules from the capillary endothe-
lial cells is a major mechanism by which the BBB limits drug
delivery to the brain. This biochemical barrier is mediated by nu-
merous active efflux transporters, including P-gp, multidrug re-
sistance proteins (eg, MRP4), and BCRP, which function on the
luminal membrane of brain capillary endothelial cells to translo-
cate molecules back into the bloodstream.?” In order to effec-
tively deliver drugs across the BBB and evade active efflux,
several approaches have been investigated. These include mod-
ification of drug structure to diminish efflux transporter affinity
and coadministration of transport inhibitors to enhance delivery
of anticancer drugs. Table 1 lists molecularly targeted and non-
targeted agents that have demonstrated substrate liability for
P-gp and BCRP in preclinical studies. Listed are the brain-to-
plasma ratios determined in wild-type mice and transporter-
knockout mice. Given the number of agents that are substrates
for active efflux at the BBB, the treatment options to effectively
administer these compounds for GBM will require some means
to overcome active efflux, as discussed below.

Structural refinement to allow passive diffusion of drugs

The use of computational models to predict physicochemical
properties has allowed the design of compounds that may pen-
etrate the BBB by passive diffusion. Traditional medicinal chem-
istry approaches have focused on increasing lipophilicity to
enhance drug penetration across the BBB. However, with a
more complete understanding of the biochemical barriers to
drug accumulation in the brain, researchers can develop drug
candidates that have favorable BBB penetration based both on
their physicochemical properties and on their lack of affinity for
efflux transporters. For instance, molecularly targeted dual
phosphatidylinositol-3 kinase (PI3K)/mammalian target of rapa-
mycin (MTOR) inhibitors GNE-317 and GDC-0084 have been
structurally optimized using structural-activity relationships to

minimize liability for active efflux by P-gp and BCRP at the
BBB.“C Similarly, the pan-PI3K inhibitor BKM120 has excellent
brain penetration associated with limited efflux liability and
has shown promising results in several in vivo GBM models.“?
These results demonstrate that molecular modeling approaches
can be used to minimize efflux liability and enhance brain
delivery.

Pharmacological inhibition of efflux

Numerous molecularly targeted agents and anticancer drugs
have demonstrated substrate affinity to both P-gp and BCRP
that limits their capacity to cross the BBB (Table 1). The expres-
sion of efflux transporters also has been reported in glioma
cells,** and this presents an additional barrier to drug delivery
into tumor cells. Earlier, Agarwal et al® reviewed the role of the
BBB and the brain-tumor cell barrier in restricting brain pene-
tration of molecularly targeted agents. These 2 sequential bar-
riers can critically restrict the delivery of many targeted
antitumor agents and other chemotherapeutics into the intra-
cellular space of the glioma cell.

One approach to modulate active efflux of potentially useful
targeted agents is by coadministration of pharmacological in-
hibitors of P-gp and BCRP. Several researchers have reported
higher brain concentrations of molecularly targeted agents
(eg, gefitinib,** vandetanib*®) with coadministration of elacri-
dar, a dual inhibitor of P-gp and BCRP, in non-tumor bearing
wild-type mice (see Table 1). In addition, Agarwal et al“® report-
ed higher concentrations of erlotinib in the brain when it was
coadministered with elacridar in a U87 orthotopic rat xenograft
model of glioma. Similarly, clinical reports with efflux transport
inhibitors have shown interesting results. In 2005, Sasongko
et al*’ observed enhanced brain penetration of **C-verapamil
with coadministration of a P-gp inhibitor, cyclosporine A, in
healthy volunteers. Wagner and colleagues*® reported similar
results using another inhibitor of P-gp, tariquidar, in healthy vol-
unteers. These results demonstrate a proof-of-concept for po-
tential clinical use of pharmacological inhibitors to enhance
brain delivery of molecularly targeted therapies. However,
pharmacological inhibition of efflux transporters at the BBB in
combination with targeted agents has not been used in the
clinic, in part due to increases in observed toxicities in initial
clinical trials examining the combination of elacridar with cyto-
toxic chemotherapeutics, including doxorubicin and topote-
can.*>°% These toxicities were attributable to the increase in
plasma concentrations of the cytotoxic agents through inhibi-
tion of the transporter-mediated systemic clearance process. It
is important to note that most molecularly targeted agents are
not susceptible to transporter-driven changes in their overall
disposition, since their systemic clearances depend primarily
on metabolic processes and not on the action of efflux trans-
porters. Thus, a strategy to combine efflux inhibitors with mo-
lecularly targeted agents is interesting and worth pursuing.

Local Delivery Strategies
Convection-enhanced delivery

Convection-enhanced delivery (CED) is an invasive local delivery
method that distributes large- and small-molecular-weight
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Table 1. List of molecularly targeted and nontargeted agents examined for treatment of glioblastoma and their P-gp/BCRP substrate status reported as brain-to-plasma ratio (B/P)
determined in wild-type mice compared with knockout (KO) mice lacking expression of P-gp or BCRP or both

Drug Molecular Target Substrate Status  B/P in Mouse Models References
P-gp  BCRP Wild-type Mouse B/P P-gp KO Mouse B/P BCRP KO Mouse B/P Combined P-gp/BCRP
KO B/P

Targeted agents
Erlotinib® EGFR Yes  Yes 0.14 0.41 0.14 0.58 38
Tandutinib®  PDGFR, FLT3 Yes Yes ~3.2 fold ~0.9 fold ~13.5 fold 39
Gefitinib® EGFR Yes  Yes 0.07+0.02 73405 40
Cediranib®  VEGFR Yes Yes 0.25+0.10 52+1.1 0.27+0.01 6.3+1.2 41
Sorafenib®®  Raf kinase, VEGFR, PDGFR ~ Yes  Yes 0.094+0.007°, 53+2.7° 0.11+0.02° 5.8+2.2° 0.36+0.06°, 22.6+5.0° 0.91+0.29°, 49.4+52¢ 6366
Vandetanib® VEGFR, EGFR Yes  Yes 0.21 0.64 42
Pazopanib®  VEGFR, PDGFR, c-kit Yes Yes 0.015 0.041 67
Dasatinib®®  BCR-Abl, EGFR Yes Yes 6.39+1.395, 0.12¢ 22.7+5.41° 5.11+0.7¢ 84.3+13.3,0.939 41,68
Sunitinib>®  VEGFR, PDGFR, c-kit Yes  Yes 1.6+1.050514+0.26°  2.840.852.33+056° 2.4+0.9%0.73+0.44°>  42.4+10.7°, 17.44+5.08> %70
Imatinib®"9  BCR-Abl, PDGFR, c-kit Yes  Yes ~2.73 fold®, ~3.6 fold9, ~2.5 fold® 71-73

~5.5 fold"

Lapatinib®  EGFR Yes  Yes 0.03+0.01 0.09+0.02 0.04+0.01 1.240.42 74
Everolimus® mTOR Yes NA ~1.3 fold 75
GNE-317"  Dual PI3 K/mTOR No No 1.01+0.05 35
GDC-0980'  Dual PI3 K/mTOR Yes Yes 0.082+0.008 1.04+0.20 76
GDC-09419  PI3K Yes No ~2.24 fold ~1.05 fold ~29.42 fold 77
Axitinib® VEGFR-1, -2, -3 Yes  Yes 94,8427 643.64+183.2 4774127 13154375 78

Nontargeted agents
Vincristine®  Vinca alkaloid Yes No ~2.1 fold ~3.5 fold 79
Cisplatin Platinum-based drug Yes  Yes 80
Doxorubicind  Anthracycline Yes  Yes ~3.3 fold 81

topoisomerase inhibitor

Paclitaxel*  Microtubule inhibitor Yes No ~7.9 fold 82
Irinotecan®  Topoisomerase inhibitor ~ Yes  Yes ~2.1 fold 8
Topotecan®  Topoisomerase inhibitor ~ Yes  Yes 0.32 0.64 0.21 1.02 84

Abbreviations: EGFR, epidermal growth factor receptor; PDGFR, platelet derived growth factor receptor; FLT3, Fms-like tyrosine kinase 3; VEGFR, vascular endothelial growth factor
receptor; BCR-AbL, breakpoint cluster region-Abelson murine leukemia; NA, not available (not yet established in mouse studies).

“Area under the concentration (AUC) time curve ratios obtained as AUC,, brain-to-AUC,, plasma.

bSteady state brain-to-plasma concentration ratios.

“Brain penetration, ie, Pbrain = relative brain accumulation at 6 h after oral administration, calculated by determining the brain concentration relative to plasma AUCq.6.
9Brain-to-plasma concentration ratio obtained after administration with a dual inhibitor (GF120918) of P-gp and BCRP.

°B/P ratios not available.

fUsing in situ brain perfusion to determine fold increase.

9Determined at a single time point post oral dose.

PDetermined at 2 time points; 1 h after oral dose; B/P ratio in absence of P-gp and BCRP was not reported.

iDetermined at 2 time points, 1 h and 6 h post-dose; here we report 1 h after oral dose.

JDetermined at a single time point post i.v. dose.

kAUC ratio obtained as AUCo-24, broin-t0-AUCo.g, plasma:
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compounds into brain tissue. This is driven by a hydrostatic pres-
sure gradient from a prolonged slow infusion in the brain paren-
chyma through fenestrated catheters placed at the time of
surgery.” CED directly delivers the drug into the intracerebral
tumor tissue,> which results in drug distribution into the peritu-
moral tissue by bulk flow to provide a relatively constant drug
concentration over a distance from the site of infusion.>® This
method has been extensively evaluated for delivery of therapeu-
tic proteins, oligonucleotides, liposomes, and viral-mediated
therapies. Notably, delivery of large-molecular-weight therapeu-
tic proteins such as Pseudomonas aeruginosa exotoxin (PE), in-
terleukin (IL)4-PE (PRX321), and IL13-PE38QQR (cintredekin
besudotox) has been extensively evaluated in phase I and 11 tri-
als. These clinical trials demonstrated acceptable safety profiles
but failed to reach efficacy standards to obtain FDA approval.>
Similarly, trabedersen (AP-12009), an antisense oligonucleotide
that targets transforming growth factor-g2, significantly
improved the 14-month tumor control rate in an anaplastic as-
trocytoma subgroup compared with chemotherapy alone
(temozolomide or procarbazine/lomustine/vincristine) in phase
1T studies, although no significant benefit was observed for pa-
tients with recurrent or refractory GBM in the same subgroup
analysis.”® Thus, the value of CED remains to be validated by a
successful clinical trial.

The feasibility of CED is highly dependent on technical exper-
tise and drug characteristics. Catheter placement significantly
influences the geographic distribution of the drug and can
also influence induction of adverse effects such as chemical
meningitis.”* Other factors that can influence drug distribution
by CED include pH, osmolarity, ionic composition, and the sol-
ubility of the drug.>® Furthermore, the insufficient spatial distri-
bution of the drug in the brain may restrict targeted delivery to
invasive glioma cells®? and leave the infiltrative growing edge of
the tumor and the invasive glioma cells at distant sites untreat-
ed. Acknowledging these technical limitations, CED may prove
to be an important tool for delivering otherwise brain-impene-
trant payloads, such as virus or antibody-toxin conjugates. The
key challenge will be to identify payloads with sufficient activity
against GBM to justify the more intensive CED approach.

Other local delivery strategies

Invasive local delivery methods that can be used for GBM ther-
apy include bolus injection of therapeutic agents directly into
the tumor or intracerebro-ventricular delivery. Similar to CED,
drug administration by these methods bypasses the BBB by lo-
cally introducing the drug into the tumor, brain parenchyma,
ventricles, or subarachnoid space of the spinal cord. Direct in-
jection into the tumor is commonly used to deliver viral thera-
pies into GBM tumors, even though this technique can result in
a highly heterogeneous distribution throughout the tumor. CSF
delivery also has limited relevance for GBM, since drug transport
by diffusion or convection from the CSF into distant bulk tumor
is highly unlikely. Other local delivery methods make use of bio-
degradable wafers such as Gliadel (carmustine), which are
placed in the tumor cavity after surgical resection®” and intra-
thecal placement of implantable pumps.®® Intranasal drug
delivery is another approach that is being explored as a nonin-
vasive alternative to bypass the BBB. Although these methods
are not limited by the size of the drug molecule (both small and

large molecules can be delivered), the main pharmacological
limitation lies in that the drug concentration decreases expo-
nentially as the diffusion distance increases. This phenomenon
is known as the “sink effect,” where drugs with high passive
permeability have limited distribution through brain tissue
due to the drug diffusing into the vasculature and being
washed out into the systemic circulation. Thus, in the context
of highly infiltrative tumors such as GBM, all of these local deliv-
ery techniques are limited by the extent of diffusion possible
through the bulk tumor and regions of brain with infiltrating
tumor cells.

Nanoparticle Drug Carriers

Recent advances in nanotechnology allow packaging of drugs,
which otherwise are poorly distributed to the brain, into nano-
particles with brain targeting properties. These targeted carrier
systems enhance delivery of drugs by entrapping or encapsu-
lating the drug in the particle with a targeting peptide/ligand
on its surface that results in BBB targeting. These carrier sys-
tems cross the BBB by utilizing transcellular pathways such as
receptor-mediated endocytosis.”® A major advantage of solid
lipid nanoparticles is that their high lipid solubility physically
stabilizes the nanoparticle, thereby increasing drug loading ca-
pacity and resulting in a controlled rate of drug release.®® Two
cytotoxic drugs, doxorubicin and camptothecin, when encap-
sulated in pegylated solid lipid nanoparticles, exhibited efficient
transport across the brain capillary endothelial cells in preclini-
cal studies.®™®? Although nanoparticles and lipid-based formu-
lations have increased systemic circulation times and increased
tumor retention by enhanced permeation and retention effect,
their major limiting factor is the rapid clearance from the blood
circulation by the reticuloendothelial system. Several groups
are working to improve brain targeting by decorating nanopar-
ticles with ligands that are substrates for BBB uptake transport-
ers, thereby facilitating transit into the brain. As this technology
evolves, this system may prove effective for delivering a wide
variety of therapeutic agents with a favorable toxicity profile.

Peptide-Based Drug Delivery

Peptide-like macromolecules can be transported into the endo-
thelial cells of the BBB via adsorption- or receptor-based trans-
cytosis processes.®® In this method, the drug is chemically
conjugated by a linker to a targeting moiety that is taken up
by a specific receptor and undergoes endocytosis. These vector-
based methods can improve delivery of drugs that otherwise
have little to no brain penetration. Rousselle et al®* showed en-
hanced brain uptake in rats when doxorubicin was conjugated to
a small peptide (SynB1) compared with doxorubicin alone. Small
peptides such as AngioPep-2 have been shown to enhance deliv-
ery of small molecules across the BBB via low-density lipoprotein
receptor-related protein (LRP1).® ANG1005/GRN1005 is a con-
jugate of 3 molecules of paclitaxel and 1 molecule of AngioPep-2
peptide that can significantly increase delivery of paclitaxel in a
rat brain perfusion model.> Clinically, ANG1005 has been tested
in phase I trials for recurrent glioma and metastatic brain tu-
mors.*! The efficacy of this approach remains to be demonstrat-
ed in phase II or III clinical trials, which potentially could be
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limited by toxicity or immunogenicity associated with peptide-
based therapies.

Conclusions and Future Perspectives

Treatment of GBM is a formidable challenge. The intense inves-
tigation of numerous strategies to improve drug delivery in the
context of GBM reflects the difficulty posed by the BBB, which
provides both physical and biochemical barriers that limit pen-
etration of most drugs into regions of invasive GBM. Overcom-
ing these challenges will be key in refining therapies for GBM,
where the reason for failure may be inadequate delivery of an
effective drug. Progress in treating this disease will require not
only delivering the right drugs to the right targets, but also
delivering an adequate amount of drug throughout the entire
tumor to effectively modulate the pharmacological targets in
all tumor cells.
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