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1. Introduction

Brain cancer treatment is still one of the biggest challenges in oncology. Brain
tumors include a wide variety of neoplasms that can be primary or metastatic. The
primary brain tumors are thought to be derived from glial cells or their progenitors
and are generically classified as gliomas. The metastatic ones arise from systemic
malignancies and then develop within the brain parenchyma (12). Three major
types of brain tumor are recognized by the World Health Organization as a clas-
sification of gliomas: astrocytomas, oligodendrogliomas and oligo-astrocytomas [3].
These tumors are classified further by subtypes (mainly for astrocytomas) and are
graded from I to IV based on histology, with grade IV being the most aggressive
glioblastoma multiforme (GBM). Although histopathological analysis is still the
standard method for the classification of gliomas, it is increasingly clear that differ-
ent genetic subtypes exist, and that specific molecular changes are of prognostic
significance. Molecular analysis has revealed that a gain of chromosome 7p and a
loss of chromosome 10q are characteristic for GBM, whereas losses of 1p and 19q
are most frequently detected in oligodendrogliomas [4].

Malignant astrocytomas constitute ~ 50 — 60% of primary brain tumors, with
a peak incidence in the fifth or sixth decade of life that ranges from 5 to 8 per
100,000 inhabitants [5]. The incidence of brain tumors seems to be increasing,
but it is unclear whether this is due to environmental or genetic factors [6].

The standard treatment for brain tumors consists of maximal surgical resection,
followed by radiotherapy and chemotherapy. However, despite continued research
and new approaches, the prognosis for patients with malignant brain tumors is

O still extremely poor [7]. Thus, the median survival of patients with GBMs is only

|nf0rma 20 weeks by surgical resection alone, 36 weeks by surgery and radiation, and

healthcare inclusion of standard cytotoxic chemotherapy offers a minimal survival advantage,
raising the median survival to 40 — 50 weeks [s].
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In the last few decades, despite advances in anticancer
drug discovery and development, there has been little
improvement in the prognosis of patients with brain cancer.
Often, it has been found that promising agents for primary
brain cancers 7z vitro have had little impact on disease in
clinical trials (91. These disappointing results can be explained
at least in part by the inability to deliver therapeutic agents
to the CNS across the blood-brain barrier (BBB), avoiding
various resistance mechanisms and reaching the desired tar-
gets [10,11]. Moreover, it should also be taken into account
that low-molecular-mass chemotherapeutics do not achieve
and maintain effective steady-state concentrations within
malignant glioma cells because of short blood half-lifes [12].

Taking into account the high incidence and the unfavorable
prognosis of brain tumors, a great deal of effort has been made
to identify the optimal agent(s) and valuable systems for the
delivery of anticancer drugs to the CNS. It is now well estab-
lished that a tumor must develop its own vascular network to
grow and the neovasculature within tumors consists of vessels
with increased permeability because of the presence of large
endothelial cell gaps compared with normal vessels [13]. All
of these features can be exploited for the development of
BBB-targeting anticancer drug delivery systems.

This paper deals with the various approaches that have
been established for the treatment of primary CNS tumors.
These tumors are characterized by a significant infiltrative
capacity as their reappearance after resection usually occurs
within 2 ¢m of the tumor margin. Several review articles on
this specific topic have already been published and summarize
the progress made in this area [14-18]. This review focuses
primarily on recent findings concerning the new strategies for
delivering anticancer drugs to the CNS by chemical modifica-
tion of drugs as well as by designing efficient targeted vectors
(such as antibodies and protein carriers) or nanosystems
(colloidal carriers) able to cross biological barriers such as the
BBB in a controlled and non-invasive manner.

2. Standard chemotherapeutic treatment

2.1 Alkylating agents

For the treatment of primary brain tumors, many chemo
therapeutic agents are in clinical use or trials [19]. Carmustine,
lomustine and nimustine are the nitrosoureas that are fre-
quently used in the treatment of malignant astrocytomas.
They are alkylating agents and produce their cytotoxic effect
by methylation of DNA mainly at the O6 position of gua-
nine. The systemic toxicity of nitrosoureas consists of myelo-
suppression, gastrointestinal effects and nephrotoxicity.
Owing to a short blood half-life [12] as well as a poor capa-
bility to cross the BBB, a limited distribution in the brain of
nitrosoureas occurs and thus a minimal benefit in terms of
average survival was found for patients affected by brain
tumors [20]. The efficacy of radiotherapy alone was com-
pared with that of radiotherapy followed by procarbazine,
lomustine and vincristine treatment. In each case, no significant

difference in overall survival for patients with high-grade
astrocytomas was found [21].

Temozolomide 1 (Figure 1) is one of the newest alkylating
agents. It is characterized by high absolute oral bioavailabil-
ity and good BBB penetration. However, temozolomide
must be administered in high systemic doses to achieve ther-
apeutic brain levels owing to its short half-life of ~ 1.8 h
in plasma [22]. Prolonged systemic administration is associ-
ated with side effects such as thrombocytopenia, nausea and
vomiting. It has been approved by the FDA for the treat-
ment of GBM and anaplastic astrocitomas (AAs), showing a
median survival time of 5.8 months [23]. Temozolomide is
considered to be the current standard of care in the treat-
ment of GBM. For the treatment of GBM, the protocol
consists of a daily dose of 75 mg/m? during the 6 weeks of
radiation therapy, followed by the 5-day regimen over the
following months [24]. When temozolomide was compared
with the procarbazine in randomized studies, it was found
that survival rates were not statistically different between
the groups treated with these alkylating agent, but there
was a clear advantage in favor of temozolomide for the
progression-free survival (12.4 versus 8.3 weeks) [25].

To know the most effective regimen of combination che-
motherapy in treating malignant gliomas, randomized
Phase III trials to compare the effectiveness of temozolomide
alone with that of a combination of procarbazine, lomustine
and vincristine have also been carried out [26]. Besides the
average survival time, the quality of life that was maintained
by the patient during the treatment was also evaluated, and
it seems that benefits are associated with the temozolomide
treatment [27]. Based on these favorable characteristics of
temozolomide, at present the combination of this agent
with radiotherapy represents the standard treatment for
newly diagnosed glioma patients, improving the median
survival time and quality of life [28].

Many other antineoplastic agents have been used for the
treatment of CNS tumors, including anthracyclines, platinum(II)
complexes, paclitaxel, etoposide, irinotecan, topotecan and
methothrexate. However, most of these chemotherapeutic
agents do not penetrate the brain in appropriate amounts and
high doses of drugs are required systemically for obtaining
effective brain tumor concentrations.

2.2 Targeted therapy

At present, anticancer drugs tend to be cytotoxic compounds
of limited specificity and their prolonged use results in lethal
damage also for health cells. Therefore, the chemotherapeutic
treatment of CNS tumors is associated with severe systemic
toxic side effects, thereby compromising the quality of patient
life. Hence, the development of innovative anticancer drugs
with reduced toxicity and targeted delivery methods for the
treatment of malignant gliomas are required. An interesting
approach that has recently undergone much investigation is
targeted therapy. The success of this strategy requires specificity
or high selectivity of binding to tumor cells. This can occur by
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Figure 1. Chemical structures of the alkylating agent temozolomide 1, new chemotherapeutic agents in targeted therapy
(2-9) and the P-gp inhibitors (10-13).
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Figure 1. Chemical structures of the alkylating agent temozolomide 1, new chemotherapeutic agents in targeted therapy
(2-9) and the P-gp inhibitors (10-13) (continued).
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Figure 1. Chemical structures of the alkylating agent temozolomide 1, new chemotherapeutic agents in targeted therapy

(2-9) and the P-gp inhibitors (10-13) (continued).

exploiting overexpression of receptors by tumor cells or expres-
sion of receptors not found on normal brain tissues. Recent
discoveries in molecular biology clarified that several pathways
are involved in the oncogenic process in gliomas. These path-
ways include the involvement of the epidermal growth factor
receptor (EGFR), the platelet-derived growth factor receptor
(PDGFR), the vascular endothelial growth factor receptor
(VEGFR) as well as the phosphoinositide 3" kinase (PI3K),
the mammalian target of rapamycin (mTOR) and the Ras/
Raf/MAPK proteins, among others. PI3K is frequently involved
in oncogenesis of brain tumors and is upregulated from activ-
ity of growth factor receptor stimulation, including PDGEFR,
EGFR, VEGEFR, fibroblast growth factor receptor, insulin
growth factor-1 receptor and Ras. mTOR is involved in the
control of cell homeostasis and growth through the regulation
of p70°°k and 4E-BP1 proteins (16]. Therefore, new targeted

therapies are based on the use of inhibitors of these factors,
ranging from small molecules to monoclonal antibodies.
Clinical trials for the treatment of malignant gliomas with a
single inhibitor or a combination of inhibitors as well as a
combination of inhibitors with anticancer drugs have been car-
ried out [9.26.. Among these new chemotherapeutic agents in
targeted therapy, Gefitinib 2, Lapitinib 3, Erlotinib 4, Vatalanib 5,
Imatinib 6, Temsirolimus 7, Bortezomid 8 and the recombi-
nant humanized monoclonal antibody Bevacizumab 9 should
be mentioned (Figure 1). Compounds 2 — 4 are EGFR inhibi-
tors, compound 5 is a protein kinase C-beta and other angio-
genesis pathway inhibitor, compound 6 is a PDGR inhibitor,
compound 7 is an mTOR inhibitor, and the monoclonal anti-
body 9 is a VEGEFR inhibitor. Recent applications of the tar-
geted chemotherapeutic strategies exploiting the mentioned
targets are presented in Section 4.
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3. Drug transport at the blood-brain barrier

3.1 Transport mechanisms at the blood-brain barrier

The physiological function of the BBB is to maintain brain
homeostasis by selectively transporting nutrients and benefi-
cial endogenous substances into the brain and excluding
toxic metabolite or xenobiotics from the brain. The pivotal
component of the BBB is a monolayer of brain capillary
endothelial cells fused by tight junctions. Other components
of the BBB, including the astrocytic foot process, pericytes
and perivascular macrophages within a basal lamina, regulate
and strengthen further the BBB [29.30. In addition to tight
junctions, the absence of fenestrations also contributes to
the barrier property of brain endothelial cells. Furthermore,
in contrast to vascular endothelial cells in other tissues, the
low activity of pinocytosis and vesicular traffic further limits
nonspecific transendothelial transport, with the exception of
small lipid-soluble molecules (31].

Transport mechanisms at the BBB can be divided into two
categories: passive diffusion and endogenous carrier-mediated
transport. Passive diffusion is a process whereby drugs or
endogenous substances travel across the BBB dependent on
along a concentration gradient from blood to brain, and the
physicochemical properties of the drug. Qualitatively, drugs
that passively diffuse through the BBB are generally lipo-
philic, often related to the octanol/water partition coefficient,
and have a molecular mass of < 400 — 500 Da. Numerous
quantitative relationships have been cast to correlate BBB
penetration to lipophilicity and molecular mass as well as
other chemical structural features 32,331

Endogenous transport systems at the BBB can be catego-
rized into receptor-mediated endocytosis, carrier-mediated
facilitated transport and/or ATP-dependent active transport.
Receptor-mediated endocytosis is generally a three-step proce-
dure that involves receptor-mediated endocytosis at the lumi-
nal (blood) side followed by intracellular movement and
exocytosis at the abluminal (brain) side of brain endothelial
cell [34]. Several receptors are implicated in this process, includ-
ing transferrin receptors, insulin receptors, lipoprotein-related
protein 1 and lipoprotein-related protein 2 receptors as well as
diphtheria toxin receptor [35]. Receptor-mediated endocytosis
allows large molecules to be transported, which is a potentially
useful means to deliver anticancer biologics into the brain [36).

The carrier-mediated facilitated transport system refers to
all the solute carrier (SLC) members that are composed of
43 families (371. Each SLC member transports specific sub-
strates, including sugars, amino acids, oligopeptides, organic
anions and organic cations. In so doing, SLC transporters
play critical roles in various cellular physiological processes,
such as importing or exporting nutrients, neurotransmitters
and metabolites [38]. Among the SLC superfamily, the organic
cation transport (OCT) system (SLC21) and organic anion/
cation transport system (SLC22) are of particular interest
because of their roles in transporting anticancer drugs at the
BBB. In contrast to ATP-binding cassette (ABC) transporter,

organic anion and cation transporters exchange anions and
cations following electrochemical gradients in an ATP-
independent manner. Dependent on the subcellular localiza-
tion of these transporters (apical or basolateral) on the BBB,
endogenous substrate or anticancer drugs can be transported
into or pumped out of the brain [39).

ATP-dependent active transport at the BBB is best char-
acterized by P-Glycoprotein (P-gp/MDRI1), breast cancer
resistance protein  (BCRP/ABCG2) and the multi-drug
resistance-associated protein (MRP) family. P-gp, a member
of the ABC transporter superfamily, is a 170-kDa efflux
pump expressed at the apical side of the BBB, which actively
pumps a variety of anticancer drugs, including paclitaxel,
topotecan and anthracyclines, back into systemic circula-
tion [40]. This active transport process is thought to be one
of the underlying mechanisms of CNS anticancer drug resis-
tance. Moreover, P-gp was found in resistant glioblastomas [41],
suggesting a role of P-gp in limiting anticancer drug pene-
tration into brain tumors in spite of the leaky nature of
glioma vasculature. Indeed, data from the authors’ lab indi-
cate that the disposition of anticancer drugs in a brain
tumor, where the integrity of the BBB is compromised, is
affected by P-gp. Using a syngeneic intracerebral B16 brain
tumor model, paclitaxel penetration in normal brain was
significantly enhanced, and to a somewhat lesser extent in
brain tumor in P-gp knockout mice in comparison with
wild-type mice [42]. Preclinical and clinical studies have
been done to explore the potential applications of P-gp
inhibition to improve CNS penetration of anticancer drugs.
However, disappointing results were obtained in clinical tri-
als using first-generation P-gp inhibitors owing to toxicity
issues [43]. Several new P-gp inhibitors (e.g., valspodar 10,
elacridar 11, zosuquidar 12, Figure 1) may improve the clinical
outcome for this strategy [44]. BCRP is also expressed at the
apical side of the BBB. Its substrates include cytotoxic
compounds (mitoxantrone, topotecan, flavopiridol, metho-
trexate), sulfated conjugates of therapeutic drugs, and hor-
mones (estrogen sulfate) (39]. In comparison with P-gp, the
overlapping substrates profile and similar localization
at the BBB suggest BCRP may limit BBB penetration
of its substrates.

The MRP family is comprised of 9 members (i.e., MRP1 — 9)
that are efflux pumps and capable of transporting structur-
ally diverse lipophilic anions [45]. It has been demonstrated
that MRP1, MRP2, MRP4 and MRP5 are expressed at the
apical side of the BBB, thus these MRPs may be of particu-
lar interest with regard to their roles in chemoresistance at
the BBB [46]. For example, MRP1 is a glutathione and
glucuronate conjugate pump that also confers resistance to
anthracyclines, vinca alkaloids, epipodophyllotoxins, camp-
tothecins and methotrexate [45]. In addition to prototypical
MRP1 substrates such as E,17BG, methotrexate and reduced
folatess, MRP4 and MRPS5, responsible for transporting
cAMP and cGMP, are thought to be the resistance factors
for nucleotide analogue drugs [45].
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3.2 Alterations of the blood-brain barrier in brain
tumor

In brain tumors, although some features of the BBB are
retained in brain tumor vasculature, some important charac-
teristics of normal BBB are profoundly altered, which in
turn significantly changes the dispositions of anticancer
drugs therein. Several key assembly proteins of tight junc-
tions in a variety of primary brain tumor capillary endothe-
lial cells were either downregulated or lost, including Zona
Occludens-1 [47], Claudin-1, Claudin-5 and Occludin [4s].
Thus, the structure of tight junctions at the BBB in brain
tumors is compromised, leading to a disrupted and ‘leaky’
BBB. The disrupted tumor BBB may benefit anticancer
drug penetration in regions of the tumor where the BBB is
disrupted; however, other areas, particularly at the outer rim
of the tumor, may have a more normal BBB, where it is still
a challenge to achieve effective delivery [49.50]. Just as there
are regional differences in membrane permeability, regional
differences in tumor blood flow could affect drug delivery
for drugs that are normally highly permeable to the BBB,
and can be categorized as blood flow-limited transport.
Another variable that can influence tumor uptake of drugs
and macromolecules is interstitial fluid pressure, which when
elevated because of a leaky tumor vasculature could reduce
penetration. The state of the tumor vasculature can vary
from abnormal to normal to inadequate, and depends on
tumor growth and the balance of proangiogenic and antian-
giogenic factors [51]. Concomitant administration of angiogen-
esis inhibitors can affect the structure and function of the
tumor vasculature, and under certain conditions cause a ‘nor-
malization’ that can be associated with improved BBB penetra-
tion [52,53]. The action of antiangiogenic-based chemotherapy
on the tumor vasculature is complex, including both dose- and
time-dependent effects, which will require further investigation
to appreciate fully their pharmacodynamic properties.

The expression of the aforementioned ABC transporters may
also be altered in regions of the BBB associated with brain
tumor. For example, the expression of MRP1 and MRP3 was
upregulated in the peritumor vascular endothelial cells [54). Com-
pared with normal brain vasculature, P-gp expression in the vas-
culature of gliomas was downregulated [41]. Interestingly, after
repeated doxorubicin (DOX) treatment, P-gp expression was
increased both in glioblastoma and in its vascular endothelial
cells [s5], suggesting involvement of P-gp in DOX chemoresis-
tance. There does not seem to be a consistent pattern for ABC
transporter expression and function in the vasculature of brain
tumors, which draws into question the strategy of inhibiting
drug efflux pumps at the BBB in brain tumors. In a preclinical
model using gene-disrupted mice that lacked P-gp, paclitaxel
distribution was increased ~ 1.7-fold in brain tumors compared
with wild-type mice [56). As paclitaxel concentrations were indica-
tive of the whole tumor, it could be anticipated that P-gp’s role
could be more pronounced in regions where the BBB is intact.
Many more studies will be needed to detail the role of drug
pumps at the BBB in the presence of intracerebral tumors.

Laquintana, Trapani, Denora, Wang, Gallo & Trapani

4. Drug delivery to brain tumors

4.1 Non-invasive drug delivery strategies without
BBB disruption

At present, most chemotherapeutic agents targeting brain tumors
are delivered by systemic administrations, including intravenous
and oral routes. However, the aforementioned limitations
reduced the effectiveness of antitumor drugs administered sys-
temically. The limited success in treating brain tumors resulted
from tumor cell chemoresistance (natural or acquired), poor
selectivity of the antitumor drugs and, most importantly, the
BBB. High-dose chemotherapy by means of the intravenous
route has been investigated and found to enhance CNS penetra-
tion of the antitumor drugs, including etoposide and carbopla-
tin, yet little improvement was achieved, owing to the associated
systemic toxicities. Different non-invasive drug delivery strategies
without disrupting the BBB are discussed herein.

4.1.1 Direct conjugation of antitumor drugs

To improve lipophilicity of antitumor drugs, a lipophilic
drug is made from the parent drug by attaching a lipophilic
promoiety. On entering the brain parenchyma, the func-
tional group can be cleaved off from the parent drug, thus
improving CNS delivery of the parent drug. Alternatively,
parent drugs can be directly conjugated with efficient ‘vec-
tors’ (antibodies, peptides, protein carrier, viruses) to cross
the BBB. The latter method has been investigated exten-
sively recently. For example, despite high hydrophobicity of
paclitaxel, its brain uptake is relatively low and this poor
BBB permeability is partly due to active efflux by P-gp.
Angiopep-2, a 19-amino acid peptide, has been discovered
as a new vector to target the low-density lipoprotein (LDL)
receptor-related protein. Thus, a conjugate between pacli-
taxel and the peptide Angiopep-2, named ANG1005, has
been investigated as a new CNS drug delivery system [57].
ANG1005 can be transported across the BBB by receptor-
mediated endocytosis. It has been shown that ANG1005
possesses better brain permeability and 7z vivo antitumoral
activity compared with paxlitaxel in an orthotopic brain
tumor model, partly because of its ability to bypasses the
P-gp. ANG1005 Phase I clinical trials are continuing to test
its efficacy against recurrent primary or metastatic brain
tumors. Similarly, paclitaxel and adriamycin (ADR) were
conjugated with the iron-binding protein p97 (melanotrans-
ferrin), a protein closely related to transferrin (Tf) (58,591
Brain penetration of p97-drug conjugates was ~ 10-fold
higher than that of free drugs. Also, p97-ADR conjugates
significantly prolonged the survival of intracranial glioma-
bearing animals, suggesting p97 may be used in treating
brain tumors.

Besides improved penetration, direct conjugation is also
capable of enhancing the parent drugs efficacy. TMZ-Bio
shuttle, formed by covalent chemical conjugation of temo-
zolomide 1 to a transmembrane transport peptide, has been
reported with better 7z vitro activity against some glioma
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cell lines at reduced dose levels, suggesting its potential in
minimizing systemic side effects [60]. It should be noted that
this antitumor drug does not contain simple conjugation
reactions. A suitable conjugation of temozolomide has been
accomplished by using cycloaddition reactions in which the
dien component is obtained by coupling the amide group of
the temozolomide with a tetrazine [60].

4.1.2 Co-administration of chemotherapeutic agents
with inhibitors of efflux transporters

Active efflux of anticancer drugs by P-gp, BCRP and MRPs
contributes to resistance of brain tumor drugs. Thus, the co-
administration of chemotherapeutic agents with specific
inhibitors of P-gp and other efflux transporters can be used
to increase the BBB permeability of anticancer drugs. In
preclinic models, improved CNS penetration has been shown
for paclitaxel, docetaxel and imatinib [17,61]. Problems with
first-generation P-gp inhibitors, such as verapamil and
cyclosporine A, include: low binding affinities and unaccept-
able toxicity resulting from high dose regimen; and concomi-
tant inhibition of drug-metabolizing cytochrome P450 3A
(CYP3A) enzymes. Clinical application of second-generation
P-gp inhibitors (e.g., the cyclosporine A analogue valspodar
10) led to stronger P-gp inhibition and lower toxic effects.
However, they were hindered by their interaction with
CYP3A. Recently, newer-generation specific P-gp inhibitors,
including elacridar 11, zosuquidar 12 and tariquidar 13
(Figure 1), without inhibiting CYP3A, have been shown an
improved side effects profile [62].

Also, inhibition of BCRP may be of clinical interest in
light of its similar distribution and overlapping substrate pro-
file of P-pg [62]. Well-known BCRP inhibitors include elacri-
dar 11 and the proton pump inhibitor pantoprazole. It should
be noted that the selection of inhibitors co-administering with
an anticancer drug is determined by the substrate profile of
the chemotherapeutic agents and drug—drug interactions.

4.1.3 Available strategies to achieve targeted therapy
In brain tumor cells, overexpressed receptors or receptors not
found in normal brain tissues constitute good candidates for
targeted therapy, which requires specificity and high selectivity.
In recent years, several potential cellular targets have been
identified and characterized. For example, the overexpressed
peripheral benzodiazepine receptors (PBRs), located between
inner and outer mitochondrial membranes, in brain tumors
may be an interesting intracellular target in light of their role
in apoptosis [63]. Indeed, various ligands for PBR have shown
pro-apoptotic activity [64]. PK 11195, a PBR ligand and isochi-
nolincarboxamide derivative, has been shown to facilitate
apoptosis in rat C6 glioma cells [63]. In an orthotopic glioma
model, PK11195-gemcitabine (GEM) conjugate showed better
brain and brain tumor penetration as well as a twofold
enhancement in brain tumor selectivity compared with GEM
alone [65]. It is also worth noting that the expression of PBR in
astrocytomas positively correlates with the grade of malignancy

of the tumor, as well as with proliferative and apoptotic indi-
ces, and negatively correlates with survival in a group of
130 patients [66], suggesting that PBR expression maybe useful
in astrocytoma positron-emission tomography (PET) imaging
or pathological diagnosis of astrocytomas [67].

Several signaling pathways, specifically those involving
growth factor receptors (EGFR), PI3K, mTOR and Ras/
Raf/MAPK pathways, have been shown to play important
roles in tumor cell growth and metastasis [4]. Chemotherapy
targeting these signaling pathways has received more and
more attention in recent years.

Overexpressed EGFR has been shown in up to 60% of
GBM, which is the hallmark for primary glioblastomas [9].
Thus, EGFR inhibitors as a new targeted chemotherapy has
been evaluated in both preclinic and clinic settings. Despite
positive preclinical results, the first generation of EGFR
inhibitors (e.g., gefitinib 2 and erlotinib 4) has not yielded
satisfactory results in malignant gliomas, partly due to a
shortened EGFR (i.e., EGFR VIII) expressed in 50 — 70%
of EGFR-overexpressing gliomas [68]. EGFRVIII has been
demonstrated to resist EGFR inhibitors 2 and 4 in vitro. In
addition, intranasal administration of perillyl alcohol (POH),
an inhibitor for nucleotide-binding protein Ras, led to
regression of gliomas in Phasel/II clinical trials [69].

Furthermore, an altered PI3K pathway is often observed in
human cancers, including glioblastoma. A negative correlation
between PI3K pathway activation and apoptosis has been
established in a clinical trial of primary gliomas, suggesting
beneficial effects of inhibiting the PI3K pathway [70]. Indeed,
LY294002, an inhibitor targeting PI3K pathway, synergisti-
cally enhances both death receptor and chemotherapy-induced
apoptosis in glioblastoma cells (70].

In light of disappointing results from clinical trials using a
monoagent of first-generation targeted therapy in malignant
gliomas, multi-targeting drugs and combination drugs as new
targeted therapies are under investigation [71. Combining
mTOR inhibitors such as temsirolimus 7 and the EGFR
inhibitors has shown a partial response. Bortezomib 8 and the
VEGEF inhibitor bevacizumab 9 are now being evaluated clini-
cally against recurrent malignant gliomas, and similar efficacy
compared with temozolomide has been demonstrated [711. In
addition, combination of 9 and a cytotoxic agent or an EGFR
inhibitor (e.g., irinotecan) might be effective in treating pro-
gressive recurrent malignant brain tumors with acceptable
safety [72.73. Continuing combination targeted therapies
include erlotinib 4 and temsirolimus 7 (EGFR and mTOR
inhibition), erlotinib 4 and bevacizumab 9 (EGFR and VEGF
inhibition) or temozolomide 1 [68]. More recently, immuno-
therapy, ribozymes and RNA interference (RNAi) as new
targeted therapy have also been under investigation [74-77].

4.2 Invasive drug delivery strategies

4.2.1 Intra-arterial delivery with BBB disruption

In comparison with the intravenous route, intra-arterial (IA)
administration increases drugs systemic concentration by
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eliminating first-pass metabolism. However, IA administration
alone does not improve clinical outcomes in brain tumor
patients, partly due to the BBB. Transient osmotic BBB
disruption (BBBD) followed by IA chemotherapy has been
shown to increase drug CNS concentration while preserving
neurocognitive functions and minimizing systemic toxic-
ity (781. Typically, the transient disruption is achieved by
delivering pre-warmed 25% mannitol through the internal
carotid artery (or the vertebral artery) at a predetermined
flow rate (3 — 12 ml/s); thereafter, the IA chemotherapeutic
agent is infused for a short duration (e.g., 10 min) and
tumor response is assessed by computed tomography or
magnetic resonance imaging (MRI). In addition, localized
BBB disruption can also result from ultrasound, which, in
some cases, has been shown to be well tolerated and without
any evident tissue damages [79]. Overall, despite some side
effects (e.g., ischemia) associated with catheterization proce-
dure [16], transient BBBD in conjunction with IA chemo-
therapy is considered to be promising, particularly for some
types of tumor (e.g., germ cell tumors) [(80]. At present, it is
limited to selected institutions because of the complexity
and potentially serious complications of this procedure.

In this context, it should be noted that the conventional
radiation therapy used to treat primary and metastatic brain
cancer also increases BBB permeability (81, which contrib-
utes to current standard treatment (i.e., temozolomide and
radiotherapy) for newly diagnosed glioma patients [27].

4.2.2 Convection-enhanced delivery

To overcome poor brain distribution following drug infusion,
convection-enhanced delivery (CED) was developed by Bobo
et al., namely, directly infusing anticancer agent through a
catheter located within or around a tumor under hydrostatic
pressure [82]. It was demonstrated that the distribution of thera-
peutic agents with high molecular mass is enhanced by high
flow microinfusion by means of a local catheter in an animal
model (821. CED is a promising approach for the delivery of
various agents, including conjugates, monoclonal antibodies,
antisense oligonucleotides or viral vectors [14]. In a Phase III
trial in patients with recurrent malignant gliomas, interleukin-13
conjugated to cintredekin besudotox (PE38QQR) delivered by
CED slightly increased the median survival time [25]. CED has
also been applied in antibody-mediated therapies and immuno-
therapies with acceptable toxicities yet highly variable efficacy.
Further hurdles of CED include limited distribution area, the
requirement for surgery, high infusion rates and difficulty in
real-time monitoring. Recent imaging techniques, such as fluo-
rodeoxyglucose-PET (FDG-PET), MRI and single photoemis-
sion computed tomography (SPECT), may be useful in
real-time monitoring,.

4.2.3 Implanted therapies

Intracerebral implantation of chemotherapeutic agents con-
taining polymeric matrix or reservoir is another highly
invasive drug delivery strategy that is well established and
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commercially available. The characteristics of these implants,
including rate-controlling mechanisms, degree of biodegradabil-
ity, shapes and sizes, differ. Gliadel® (Guilford Pharmaceuticals,
Hertfordshire, UK) is a polyanhydride biodegradable polymer
wafer containing BCNU (carmustine) and has been approved
by the FDA since 1996 for recurrent high-grade gliomas, which
has shown a 2-month survival increment in patients with both
newly diagnosed and recurrent malignant gliomas (83]. However,
its clinical outcome is considered modest, partly owing to poor
diffusion of the drug in the brain parenchyma and reported
complications [83], thus its application is limited. Implantations
containing different chemotherapeutic agents (e.g., paclitaxel
and cisplatin) or combining Gliadel with other chemotherapeu-
tic agents have been investigated clinically [84.85. Gliadel in
combination with temozolomide for patients with recurrent
high-grade gliomas has been found to be well tolerated and
safe [s6].

In the context of the implanted therapies, the use of ‘osmotic
mini-pumps’ (i.e., osmotic pumps) that allow a local and con-
tinuous drug delivery for a significant period of time should
also be mentioned. This strategy has been used successfully for
the treatment of experimental tumors [87.88].

4.3 Nanoparticulate carriers as non-invasive delivery
systems to brain tumors

Non-invasive delivery systems using nanoparticulate carriers
represent another valuable approach for enhancing therapeu-
tic agents’ permeability across the BBB. Recent evidence [12]
suggests that the physiologic upper limit of pore size in the
BBB of malignant glioma microvasculature is ~ 12 nm. It
follows that nanoparticles < 12 nm with long blood half-lifes
would be able to cross effectively the BBB of malignant
glioma microvasculature. The use of nanosystems (colloidal
carriers) focuses mainly on liposomes and polymeric nano-
particles, whereas other systems, including solid lipid nano-
particles, polymeric micelles and dendrimers, are also
studied. Following intravenous administration, the colloidal
systems can extravasate into brain tumor, but to a lesser
extent in normal brain tissue because of the disrupted BBB
of brain tumors vessels [89], which leads to a more selective
drug delivery into brain tumors. This passive targeting of
nanoparticles in brain with disrupted BBB is known as the
enhanced permeability and retention (EPR) effect, which
plays a critical role in drug delivery to solid tumors. Particles
such as liposomes, which typically range between 50 and
150 nm, would remain within the microvasculature, and
small chemotherapy drugs would diffuse across the liposome
membrane and then across the pores with the BBB of
malignant gliomas.

An important requirement for using nanocarriers via the
systemic route is their ability to circulate in the bloodstream
for a prolonged period of time. However, after intravenous
administration, they often interact with the reticuloendothelial
system (RES), leading to a rapid removal from systemic
circulation [90]. This process depends mainly on particle size,
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charge and surface properties of the nanocarrier [91]. To min-
imize the interactions with the RES, poly(ethylene glycol)
(PEG) coating or direct chemical linking of PEG to the
particle surface extends plasma residence times. However,
PEGylated carriers are not easily transported across the BBB,
as a result of their low affinity for brain tissue. Nevertheless,
the nanosystems may still be useful tools for non-invasive
CNS drug delivery if they are substrates of active-transport
systems, including carrier-mediated transport, receptor-mediated
endocytosis and adsorptive-endocytosis [13]. Another advan-
tage of this approach is that imaging agents can be encapsu-
lated within the particle along with the anticancer drug,
allowing non-invasive monitoring of drug delivery to brain
tumors [92]. Colloidal systems, such as liposomes and nano-
particles, have shown promising features as drug carriers to
target brain tumors after intravenous administration, and this
technology is now in an early preclinical development phase.

4.3.1 Liposomes

Liposomes have historically been used as carrier systems for the
delivery of therapeutic agents because of their easy preparation,
good biocompatibility, low toxicity and commercial availabil-
ity. Conventional liposomes are rapidly cleared from circula-
tion by macrophages of the RES, which limits their potential
for development as drug delivery systems. Extended circulation
time can be achieved either by decreasing the particle size
(< 100 nm) or by liposome-surface modification with PEG
(stealth liposomes). To target PEGylated liposomes specifically
to the brain, they can be further modified with monoclonal
antibodies against glial fibrillary acidic proteins, transferrin
receptors (OX-26), or human insulin receptors [93].

For example, to deliver the anticancer drug 5-fluorouracil
(5-FU), known to penetrate the brain poorly by means of a
systemic route, effectively into the brain, transferrin was con-
jugated to the surface of liposomes. Transferrin-conjugated
liposomes were prepared by coupling the -NH, groups pres-
ent on the surface of stearylamine-containing liposomes with
the -COOH groups of transferrin, and the biodistributions of
free 5-FU, non-coupled and coupled liposomes bearing 5-FU
were determined following a single intravenous injection in
rats [94]. An average 10-fold increment of drug uptake in the
brain was observed after the liposomal delivery of 5-FU,
whereas the transferrin-coupled liposomes caused a 17-fold
enhancement in the brain uptake of 5-FU, suggesting the
involvement of transferrin receptors on the BBB, possibly
through a receptor-mediated endocytosis process [94].

To achieve tumor-specific delivery of sodium borocaptate
(Na,'°B,,H;,SH, BSH) to malignant glioma, an application of
boron neutron capture therapy (BNCT), transferrin-conjugated
PEGylated liposomes have been proposed (951. BCNT is based
on the nuclear reactions between '°B and thermal neutrons to
give high linear energy transfer o particles (*He) and lithium-7
("Li) nuclei ("B + 1n — 7Li + “He). The resulting lithium ions
and o particles are high linear energy transfer particles with
strong biological effects. Their small distribution in tissue

(5 — 9 mm) reduces nonspecific radiation damages. Despite
this, selective delivery of a sufficient number of °B atoms to
tumor cells is also important [96].

The °B concentrations in U87D human glioma cells from
three boron delivery systems (bare BSH, PEG-BSH, and
transferrin-conjugated PEGylated liposomes, TF-PEG-BSH)
were determined 7z vitro and in vivo by using inductively
coupled plasma-atomic emission spectrometry (ICP-AES). 1°B
delivery in tumor tissue by TF-PEG-BSH was highly selective
and efficient among the three systems evaluated. Moreover,
the survival rate in tumor-bearing mice after BNCT was best
in the TE-PEG-BSH group, suggesting that TE-PEG-BSH is a
potent boron delivery system for BNCT owing to its efficacy
and selectivity (95].

Modified liposomes have also been used for enhancing
gene delivery to brain tumors. Torchilin and co-workers
investigated the potential of trans-activating transcriptional
peptide (TATp)-modified liposomes to enhance the delivery
of a gene encoding the green fluorescent protein (pEGFP-N1),
to intracranial human brain tumor U-87 MG cells in nude
mice. TATp liposomes demonstrated an enhanced delivery of
pEGFP-N1 in vivo with better selectivity compared with
plasmid-loaded liposomes [97). Thus, TATp liposomes are a
promising delivery system for transferring genes to human
brain tumors 7z vivo.

4.3.2 Nanoparticles

Nanoparticles (NDPs) are solid colloidal particles made of
polymeric materials with sizes ranging from 1 to 1000 nm.
NPs include both nanocapsules, a core—shell structure (a
reservoir system), and nanospheres (a matrix system). NPs
are used as a carrier system in which the drug is dissolved,
entrapped, encapsulated, adsorbed or chemically linked to
the surface. In addition, NPs are advantageous because of
their high drug-loading capacity and protection against
chemical and enzymatic degradation. Among the biodegrad-
able polymers, poly(lactic acid-co-glycolic acid) (PLGA) is
used most, being FDA-approved for delivery purpose and
easily processed into nanoparticles up to 200 nm in diame-
ter. Similar to liposomes, NPs are rapidly cleared from the
blood following intravenous administration. To minimize
interactions with the RES, NPs need to be small (< 100 nm).
The biodistribution of NPs has been shown to be altered,
specifically, with better uptake in endothelial cells, by coat-
ing NPs with hydrophilic surfactants or by covalently
linking PEG (PEGylation) or polyethylene oxide chains on
their surface.

An interesting application of NPs has been reported by
Chertok ez al. [92.98], who explored the possibility of using mag-
netic NPs, composed of a magnetic (e.g., iron oxide/magnetite)
core and a biocompatible polymeric shell (e.g., dextran, starch),
to target brain tumors. Magnetic NPs (12 mg Fe/kg) were
injected in 9L-gliosarcoma-bearing rats under a magnetic field.
Magnetic resonance images were acquired before administration

of NPs and immediately after at 1 h intervals for 4 h. Image
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analysis revealed that magnetic targeting induced a fivefold
increase in the total glioma over non-targeted tumors and a
3.6-fold enhancement in the target selectivity index (e.g., NPs
accumulation in glioma over the normal brain). In addition,
thermotherapy using magnetic NPs (i.e., magnetic fluid
hyperthermia) has been investigated [99). In this study, mag-
netic fluids were directly injected into tumors and subse-
quently heated in an alternating magnetic field, which enables
precise heating of almost every part of the body. /z vivo, it has
been documented with good overall tolerability in several
cancers, including GBM [99].

Tsutsui and co-workers [100] examined the effect of bio-
nanocapsules (BNCs) on drug delivery to brain tumors. These
BNC:s are composed of the surface antigen of hepatitis B virus
and various components, such as chemical compounds, pro-
tein, genes and small interference RNA (siRNA). To target
brain tumors selectively, BNCs were conjugated with antihu-
man EGFR antibody that recognizes EGFRVIII known to
overexpress in a variety of human malignancies of epithelial
origin, particularly in gliomas. Indeed, the BNCs were both
efficiently and selectively delivered to glioma cells in Gli36
glioma cell lines (expressing EGFRVIII but not wild-type
EGFR) and Gli35 tumor-bearing rats, indicating another
promising brain tumor-targeting drug delivery system.

Schneider ez al. [101] used polybutyl cyanoacrylate NPs for
the combined delivery of a vaccine and an antisense nucle-
otide to brain tumors. The rationale for this combination
was that activating the immune systems by an active specific
immunization with Newcastle disease virus-infected tumor
cells and blocking the transforming growth factor-f§ (TGF-f3)
production by TGF-B antisense oligonucleotides could be
beneficial for brain tumor therapy. The polybutyl cyanoacry-
late NPs in the study were coated with polysorbate 80,
which facilitates the BBB penetration. It has been demon-
strated that animals treated with the NPs survive longer
than untreated controls with reduced TGF-f levels and
increased rates of activated CD25* T-lymphocytes. Thus,
this combined vaccination/gene therapy approach may offer
a new, ‘double-punch’ attack to crack the immune defence
of the very aggressive glioblastoma.

Solid lipid nanoparticles (SLNs) have also been reported
for delivering drugs to the CNS. SLNs are dispersions of
solid lipids stabilized with emulsifier or emulsifier/co-emulsifier
complex in water. Solid lipids used to prepare SLNs include
widely used food lipids and commonly used emulsifiers,
including poloxamers, polysorbates and bile salts. Like
liposomes and NPs, the biodistribution of SLNs can be
manipulated by modifying the surface physicochemical
properties of SLNs to improve specificity of tissue delivery.

In recent years, the potential use of SLNs for brain drug
delivering has been widely explored, and an interesting
review on this topic has been published [1021. Specifically,
brain delivery of antitumor drugs, including camptothecin,
doxorubicin and paclitaxel, incorporated into SLNs and
PEGylated SLNs, has been studied [103]. Significantly higher
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drug concentrations were detected in the brain when the
anticumor drugs were encapsulated and delivered in SLNG,
suggesting that SLNs may be capable of overcoming the
BBB. In comparison with surfactant-coated polymeric NPs
(specifically useful in bypassing BBB), SLNs are advanta-
geous on several counts, including low intrinsic cytotoxicity,
physical stability, protection of labile drugs from degrada-
tion, controlled release and easy preparation. Interestingly,
the very low cytotoxicity of SLNs and biodegradability of
lipids used in their preparation makes them very attractive
candidates for brain delivery and particularly for the treat-
ment of brain tumors [104]. The efficacy of SLNs as carriers
of different types of antineoplastic agent (such as doxorubi-
cin, paclitaxel and the prodrug Cholesteryl butyrate) in
brain tumor therapy has been reported in an experimental
rat brain glioma model. It was demonstrated that doxorubi-
cin prepared in SLNs achieved 12-fold (after 30 min) to
50-fold (after 24 h) higher intratumoral concentrations
compared with free solutions. In addition, in the contralat-
eral healthy hemisphere in which BBB was not disrupted,
doxorubicin-SLNs achieved subtherapeutic concentrations,
whereas the free drug did not reach significant levels. Fur-
thermore, intravenous administration of paclitaxel incorpo-
rated in SLN's to normal rabbits produced drug concentrations
in brain tissue 10-fold higher than paclitaxel control solu-
tions. These results strongly suggested that SLNs are able to
deliver cytotoxic drugs successfully into the brain and to
induce effective antitumoral response.

4.3.3 Polymeric micelles and dendrimers

Polymeric micelles are formed spontaneously in aqueous
solutions of amphiphilic block copolymers and have core—
shell architecture. Self-assembly occurs when the copolymer
concentration reaches a threshold value known as the critical
micelle concentration (CMC). The size of polymeric micelles
usually varies from ~ 10 to 100 nm. The core is composed
of hydrophobic polymer blocks (e.g., poly(propylene glycol)
[PPG], poly(DL-lactide), poly(caprolactone) etc.) and a shell
of hydrophilic polymer blocks (e.g., PEG). Of particular
interest are Pluronic block copolymers that contain two hydro-
philic PEG and one hydrophobic PPG blocks (PEG-PPG-PEG).
They were shown to cross the membranes of cultured brain
microvessel endothelial cells and to inhibit P-gp [10].
Inhibition of drug efflux transporters by Pluronic block
copolymers enhanced transport of a wide range of therapeu-
tic agents across biological membranes, including BBB.
Pluronic-based micellar delivery systems might represent a
new and promising strategy for the treatment of brain can-
cers. Musacchio et al. [106] prepared surface PEG-PE micelles
loaded with paclitaxel (PCL) and surface modified with a
PBR ligand (imidazopyridine derivative), and the possible
synergistic anticancer effects were examined. The cytotoxic
effects of such micelles were studied against the LN 18
human glioblastoma cell line. The PCL-loaded PBR-targeted
micelles showed a significantly enhanced toxicity due to the
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synergistic effect of the PBR ligand with PCL. PBR-targeted
nanopreparations loaded with anticancer drugs should be
considered as potential promising antitumor nanomedicines.

Dendrimers are highly branched polymer molecules formed
by a central core to which the branches are attached, the shell
of the branches surrounding the core, and the surface formed
by the branches’ termini. They have a size comparable to that
of polymeric micelles or nanoparticles of small dimensions
and can be < 12 nm [12). Dhanikula ez /. [107] synthesized
polyether-copolyester (PEPE) dendrimers loaded with meth-
otrexate (MTX) and conjugated to D-glucosamine. Glucose
conjugation to the dendrimers confers not only enhanced
delivery across the BBB, but also tumor-targeting specificity
through facilitative glucose metabolism by the glucose trans-
porters (GLUT) in the tumors. The antitumor activity of
these MTX-loaded dendrimers was evaluated against glioma
cells and avascular human glioma tumor spheroids. More
glucosylated dendrimers were found to be endocytosed than
non-glucosylated dendrimers in both the cell lines. The ICs,
of MTX after administering in dendrimers was lower than
that of the free MTX, suggesting that PEPE dendrimers

increased its potency.

5. Conclusions

In recent years, tremendous efforts have been made to
develop efficient delivery strategies against brain tumors,
which include both invasive and non-invasive strategies.
However, only modest improvement was achieved in terms
of prognosis and median survival of patients. Despite this,
some useful improvements are being investigated. For exam-
ple, temozolomide, alone or in combination with other
alkylating agents, is progressively gaining a prominent role
in treatment protocols of brain tumors, owing to its good
BBB penetration and low toxicity. Good BBB permeability
and hence accumulation in the CNS is a critical feature for
successful antitumor therapy. In recognition of the impor-
tant roles of the BBB in brain tumor chemotherapy, and a
better understanding of transport mechanisms and their
modulators therein, it is possible to overcome the limita-
tions presented by traditional chemotherapy. The research in
this field is now focused on the development of non-invasive,
more specific and targeted strategies that exploit the knowl-
edge of the pathogenesis of brain cancers. Tumor growth
depends critically on the formation of new blood vessels,
thus inhibition of angiogenesis pathways constitutes an
attractive strategy for targeted therapy, which has been inves-
tigated with single or combined agents. Further improve-
ments result from a better understanding of tumor biology
and pathways involved therein. Another promising and
non-invasive tool for the delivery of therapeutic drugs to
brain tumors uses drug-loaded nanocarrier systems that take
advantage of the disrupted BBB at tumor sites with disorga-
nized vasculature and leakier capillaries to achieve selective
tumor delivery. The modification of the nanocarrier surface

properties improves the uptake by the endothelial cells. In
addition, to deliver chemodrugs selectively in brain tumors,
magnetic NPs are of great interest, with the possibility to
monitor and quantify the process by MRI. Furthermore,
SLNs have been found to be advantageous in delivering
chemodrugs owing to their good BBB permeability, low
intrinsic cytotoxicity and biodegradability of lipids used in
their preparation. In another dimension of the delivery strat-
egies, the invasive strategies, local delivery of chemothera-
peutic agents to brain tumors by CED improves drug
distribution compared with other strategies driven only by
diffusion; however, this technique is also confounded by the
notable side effects.

Overall, despite several issues needing to be addressed,
targeted therapy and particulate systems are promising strat-
egies that are worth investigating further for efficient CNS
delivery of chemodrugs.

6. Expert opinion

Although improvement in the prognosis of patients with
brain cancer has been a major hurdle, the studies reviewed
herein suggest that a new scenario is emerging for the man-
agement of patients with malignant brain tumors. In fact, it
has been recognized that a shift is in progress from the tra-
ditional cytotoxic chemotherapy towards targeted therapies.
The development of new targeted chemical compounds as
well as non-invasive targeted strategies is gaining increasing
attention. Targeted cancer therapeutics is an ever-expanding
field, including the use of monoclonal antibodies, gene ther-
apy, stem cell-based techniques, and a large portfolio of low-
molecular-mass drugs that serve as receptor tyrosine kinase
inhibitors. Differential expression pattern of drug targets in
tumor cells versus normal tissue contributes to high specific-
ity and reduced toxicity of targeted chemotherapy. Surface-
modifed nanocarriers with a low level of RES uptake lead to
an increase in the systemic residence time, and offer a means
to enable drug access to the tumor compartment. In light of
nanocarriers capability of bypassing the BBB and other
defensive mechanisms, they seem promising in translational
research; however, many important issues need to be
addressed before all these new advances can be applied in
clinical practice. The BBB is often disrupted within primary
brain tumors; however, there is considerable heterogeneity,
with the advancing edges of the tumor possessing a more
intact BBB. This partial disruption of the BBB can be used
as a selective advantage to deliver greater amounts of drug
or delivery system to the tumor relative to normal brain.
Nonetheless, limited delivery at sites where the BBB is intact
continues to be a formidable challenge, and means to over-
come this should be considered in the development of new
therapeutics for brain tumors. As new treatment approaches
are advanced, it will be important to evaluate critically drug
concentrations within the brain tumor and normal brain.
Preclinical models in rodents allow for discrete tissue
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sampling and PK model development that can be taken
advantage of to predict drug delivery performance in patients
where samples are sparse. In addition, continued develop-
ment and availability of non-invasive techniques, including
PET and magnetic resonance spectroscopy, to assess drug
distribution and BBB permeability is viewed as an invalu-
able direction, and can aid in the integration of preclinical
and clinical investigations [108].

The development of rational targeted therapy is predicated
on knowledge of the molecular biology of the brain tumor,
and thus, continuing efforts to link genotype—phenotype
characteristics to drug therapy will be critical. In this regard,
relating tumor-based pharmacokinetic/pharmacodynamic models
to genotype and pharmacogenomic variants offers a means
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