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Abstract

A prerequisite for the efficacy of any cancer drug is that it reaches the tumor in therapeutic

concentrations. This is difficult to accomplish in most systemic solid tumors because of factors

such as variable hypoxia, intratumoral pressure gradients, and abnormal vasculature within the

tumors. In brain cancer, the situation is complicated by the blood-brain barrier (BBB) and blood–

cerebrospinal fluid barrier, which serve as physical and physiologic obstacles for delivery of drugs

to the central nervous sys tem. Many approaches to overcome, circumvent, disrupt, or manipulate

the BBB to enhance delivery of drugs to brain tumors have been devised and are in active investi

gation. These approaches include high-dose intravenous chemotherapy, intra-arterial drug

delivery, local drug delivery via implanted polymers or catheters, BBB dis ruption, and

biochemical modulation of drugs.

Introduction

There has been a recent surge in the number of agents avail able for investigation in brain

cancers. Many of these agents have been engineered to target critical tumor pathways and

have been successful in historically drug-resistant, systemic solid tumors [1]. Despite these

advances in drug discovery and the development of targeted therapies, there has been little

impact on the overall prognosis of patients with brain cancer. In fact, although patients with

systemic cancer are benefit ing from improved long-term control, the incidence of brain

metastases appears to be rising. Similarly, agents that show great promise for primary brain

cancers in vitro have had lit tle impact on disease in clinical trials [2••]. There are several

possible explanations for the disappointing results in brain cancer therapeutics to date. One

of the most notable obstacles is the inability to deliver drugs across the blood-brain barrier

(BBB). Given the high frequency of brain cancer (primary and secondary) and its

devastating effects, there have been sub stantial efforts to identify techniques to improve

delivery of drugs to the central nervous system (CNS).

The Blood-Brain Barrier

The BBB is a physical and physiologic barrier that regu lates the entry of molecules to the

brain. This system is highly effective at protecting the CNS from various tox ins and

fluctuations in systemic chemical concentrations. It is also effective at excluding therapeutic
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agents such as chemotherapies and antibiotics. The endothelial cells comprising the BBB

have tight junctions, no fenestra tions, and very few pinocytotic vesicles. These cells are

buttressed by the end feet of astrocytes (covering 90% of brain capillaries) and a high

concentration of pericytes that further support endothelial cell approximation (Fig. 1) [3••].

An extracellular matrix beyond the astrocyte foot processes provides another layer of

protection. These secure junctions and multiple layers of structural barriers functionally

mean that agents cannot exit brain capillar ies between endothelial cells.

Physiologic resistance to drug transport at the BBB is equally extensive and includes high

electrical resis tance and efflux transporters. The electrical resistance is possibly due to a

high expression of occludin; however, expression of organic anion and cation transporters

along both the luminal and basolateral membranes also likely contributes to charge gradients

(Fig. 1) [3••,4•]. This effectively limits the transfer of polar or ionic molecules.

Multiple drug efflux receptors are expressed on brain capillary endothelial cells and the

cancer cells them selves [5]. The most notable of these is P glycoprotein (P-gp); however,

several other members of the multidrug resistance family are expressed either on the luminal

or brain side of the BBB. Collectively, the receptors are part of the adenosine triphosphate–

binding cassette (ABC) transporters. These membrane-bound proteins are widely expressed

in normal brain tissue and extrude anticancer agents that have passed into the endothelial

cell and back into systemic circulation (Table 1). Although present in normal brain, ABC

transporters have increased expres sion in brain cancers [5]. In addition, interventions such

as radiation therapy and chemotherapy may increase their expression [6]. Despite the

abundance of preclinical studies detailing the role of ABC transporters in restrict ing drugs

to the CNS, the clinical contribution of these transporters to the overall modest response of

brain can cers to chemotherapy is unclear. In animal models, P-gp inhibitors given with

cytotoxic agents that are substrates for P-gp result in increased penetration of chemotherapy

and improved tumor response [7•]. Similar results have been demonstrated for other ABC

members, including the multidrug resistance protein 1 (MRP1) and the breast cancer

resistance protein (BCRP, ABCG2) [8]. In systemic tumors, expression of various ABC

transporters has been associated with reduced response to chemotherapies and poor overall

survival [9]. These findings have led to the investigation of efflux transporter inhibitors

given in conjunction with cytotoxic therapies. Despite consider able efforts to advance this

approach, results have been mixed in systemic cancers and limited by enhanced toxici ties of

the chemotherapies [9]. Clinical trials to evaluate ABC transporter inhibitors in brain

cancers have not been undertaken yet, but the role of active drug efflux is increasingly

recognized as a limitation that will need to be addressed to enhance delivery of both

systemic and local therapies for brain cancers.

In addition to size, water solubility, and charge, a high degree of plasma protein binding and

low serum concen trations predict poor penetration across the BBB. Serum concentrations

may be low because of systemic toxicities limiting dosing or because of interaction with

concomi tant medications. Enzyme-inducing antiepileptic drugs such as phenytoin,

carbamazepine, and phenobarbital induce the P450 hepatic system and may significantly

alter chemotherapy metabolism, resulting in subtherapeutic levels [10]. Newer-generation

antiepileptic medications do not induce P450, but drug interactions with anticoagulant
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medications, corticosteroids, and other agents may alter chemotherapy levels. These

potential drug interactions have not yet been thoroughly investigated.

Although there is extensive infrastructure to exclude mol ecules from the CNS, there are

select mechanisms by which molecules can cross the BBB. Low molecular weight, lipid-

soluble, and neutral agents may cross the BBB via passive diffusion. However, they are at

risk for extrusion via ABC proteins such as P-gp and may have rapid transit through the

CNS, limiting their efficacy [3••]. Novel approaches for delivery to brain tumors have taken

advantage of the three other routes of transport into the CNS that may avoid rapid efflux

after entry. These include carrier-mediated transport, receptor-mediated transport/

transcytosis, and absorptive endocytosis (Fig. 1) [3••,11••].

Carrier-mediated transport is responsible for the movement of small molecules, such as ions

and amino acids, required for neuronal health. Carrier receptors are stereospecific and small;

therefore, only a limited num ber of substances can potentially be delivered via this

technique [11••].

Receptor-mediated transport is responsible for the trafficking of larger molecules such as

insulin and transferrin [3••,12]. In this system, a molecule binds a receptor expressed on the

endothelial cell. When there is a “match,” it is endocytosed into the cell and transported via

vesicles to the basolateral membrane, thereby gaining access to the CNS [11••]. Receptor-

mediated transport has been manipulated to allow anticancer agents to “pig gyback” through

the BBB with an agent that binds to a target receptor on the BBB endothelium [13•].

Although promising, particularly for delivery of large agents such as antibodies and genes,

this technique is limited by trans port systems that have low affinity and capacity, such that

basal levels of the endogenous substrate may interfere with binding of engineered ligands

[12].

Absorptive endocytosis relies on the interaction of charged particles. This pathway is most

active for the distribution of albumin and other plasma proteins into the CNS and appears to

be largely dependent on the elec trostatic relationship between cationized proteins and the

BBB. It is currently being investigated for conjugated deliv ery of large immunotherapies

(including gene therapy) via nanoparticles [14].

Drug Delivery to Brain Cancers

Systemic delivery

Currently, most antineoplastic agents for brain cancers are delivered systemically either as

intravenous or oral preparations, depending on the bioavailability of the drug. Although

some agents have properties that allow access to brain tumors, the limitations outlined

previously impair delivery of most chemotherapies. High-dose intravenous chemotherapy

has been investigated for several agents but is generally limited by its associated systemic

toxicities. Dose intensification has been effective for methotrexate in the treatment of

primary CNS lymphoma, achiev ing higher intracranial concentrations and resulting in

improved outcome [15•,16]. Increasing the dose to enhance delivery across the BBB has
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been considered for other agents, such as etoposide and carboplatin, but such attempts

remain experimental [17].

Intra-arterial delivery with BBB disruption

Intra-arterial (IA) administration of a drug is designed to increase the concentration of a

drug delivered to a vascular territory by eliminating first passage metabolism. However, for

drugs that have rapid transit through the CNS, there may be limited dwell time, resulting in

limited efficacy. Thus far, IA administration alone has not shown improve ment in outcome

for brain cancer patients [18,19].

Iatrogenic disruption of the BBB (BBBD) prior to administering systemic chemotherapy has

had greater success [20•]. Preclinical models have shown that IA chemotherapy paired with

BBBD increases drug con centration in brain parenchyma [21]. The most common approach

utilizes osmotic BBBD with agents such as mannitol followed by IA chemotherapy.

However, more recently, MRI-guided ultrasound-induced BBBD has been investigated. This

allows more focal BBBD and is well tolerated [15•]. Overall, outcomes with BBBD and IA

che motherapy have been mixed across tumor types, and the studies are inconclusive owing

to small numbers. How ever, there have been some promising results, including in

traditionally difficult tumors such as brainstem gliomas [21]. BBBD and concentrated

chemotherapy approaches hold the most promise for anticancer agents that are likely to bind

to tumor tissue (and hence, not be rapidly effluxed) and for chemosensitive tumors such as

primary CNS lymphoma and germ cell tumors [12,22,23]. The side effects associated with

BBB disruption and IA drug delivery are generally ischemic in nature and likely related to

catheterization of the vessel for delivery as well as the irritative effects of the chemotherapy

[20]. There may also be overall enhanced neurotoxicity of the chemotherapy delivered.

Currently, BBBD with IA is limited to a select number of experienced institutions, as the

procedures are complex, expensive, and associated with uncommon but potentially serious

complications.

Conventional radiation therapy used to treat primary and metastatic brain cancer also

increases BBB permea bility in both preclinical models and in patients [24]. This is a

particularly intriguing observation given the demon strated efficacy of dosing temozolomide

concurrently with radiation therapy in patients with newly diagnosed glio blastoma

multiforme (GBM) versus the modest activity of temozolomide alone in recurrent GBM

[25]. Conversely, it is possible that agents that repair the BBB may inad vertently limit drug

access to tumor [26]. Others argue that normalization of the vasculature results in enhanced

delivery of drug through normalization of pressure gra dients [27••]. If these hypotheses are

true, a sequence of therapies that differentially injures and then repairs the BBB may

maximize drug delivery (across a disrupted BBB) and then maintain drug concentrations

within the tumor (by repairing the BBB), allowing for optimal exposure of the tumor to the

drug.

Implanted therapies

Polymer-based drug delivery has been available for patients with malignant gliomas since

the US Food and Drug Administration approved Gliadel (MGI Pharma, Bloom ington, MN)
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for recurrent high-grade gliomas in 1996. Gliadel is a polyanhydride biodegradable polymer

wafer impregnated with BCNU (carmustine) that is placed in the surgical cavity at the time

of tumor debulking and results in improved survival of roughly 2 months in patients with

both newly diagnosed and recurrent malignant gliomas [28,29]. It is well tolerated and

associated adverse effects, including increased edema, cerebrospinal fluid leaks, and

impaired wound healing, are rare. This approach provides local control of disease but is

limited by modest distribu tion of BCNU away from the resection cavity [30]. It is also only

available to patients with confined disease who can tolerate a gross total resection. Despite

these limitations, Gliadel can be used very effectively as part of a multimo dality approach.

The combination of Gliadel and systemic therapies such as temozolomide and O6-

benzylguanine are under investigation [31]. Finally, recent studies suggest that the

maximum tolerated dose of BCNU in polymers in patients with recurrent gliomas may in

fact be 40 mg, rather than the dose of 7.7 mg currently approved and used in clinical practice

[32]. Efficacy studies at the higher dose may show even more robust survival results.

Gliadel has recently been used to treat brain metasta ses. Patients with solitary brain

metastases from various solid tumors were treated with resection, placement of Gliadel

wafers, and whole-brain radiotherapy [33•]. In 25 patients, there were no local recurrences

and overall survival was 25% at 2 years. Gliadel was well tolerated and appeared to control

local disease.

Since the approval of Gliadel, several other devices for local delivery have been developed.

Phase II trials using gel technology (ReGel; Protherics, London, UK) with paclitaxel for

patients with recurrent gliomas are ongoing. The gel conforms to the shape of the resection

cavity and releases paclitaxel over 4 to 6 weeks [34]. Another local delivery technique that

has shown early promise is placing cispla tin-infused plates into a tumor. Initial results

suggest they are well tolerated in patients with newly diagnosed GBM undergoing radiation

therapy. The median survival was 14 months compared with 7 months for the control group

[35]. All of these approaches are limited by the need for surgical resection and result in a

limited area of distribution; hence, they cannot control the full extent of infiltrative brain can

cer. Moreover, the regulatory process for such devices is arduous, requiring a new testing

and approval process for each combination of delivery technology and drug. None theless, in

select patients, local delivery systems provide a direct, well-tolerated, and effective therapy

and may serve as the foundation of a successful multimodal approach.

Convection-enhanced delivery

Convection-enhanced delivery (CED) uses locally placed catheters within and around a

tumor to directly infuse anticancer agents under hydrostatic pressure. This is an attractive

approach for agents that are too large to cross the BBB or too toxic for systemic

administration [36,37•]. It is a particularly attractive approach for conjugated, targeted toxin

therapies, antibodies, and even whole cells. Two recent phase III trials using CED for

delivery of such agents have recently been completed: the Phase III Ran domized Evaluation

of Convection-Enhanced Delivery of IL13-PE38QQR with Survival Endpoint (PRECISE)

trial investigating interleukin-13 conjugated to cintredekin besudotox (PE38QQR), and the

TransMID (transferrin-CRM107) trial investigating a modified diphtheria toxin (CRM107)
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conjugated to transferrin in patients with recurrent malignant gliomas. The PRECISE trial

showed a median survival of 36.4 weeks (compared with 35.3 weeks with Gliadel) [37]. The

TransMID trial was recently stopped at the interval analysis to assess the probability of

improvement in overall survival versus standard sec ond-line glioma therapies, and final

results are pending. Several other antibody-mediated therapies and immuno therapies have

been tested with CED delivery. All have had acceptable toxicities but highly variable

efficacy.

CED is subject to many of the same limitations of polymer-based therapies, including

limited area of dis tribution and the requirement for surgery. In addition, because drug

delivery is dependent on high infusion rates, there may be increased risk of neurotoxicity

related to ele vated intracranial pressure. Intuitively, a greater number of catheters placed

throughout heterogeneous tumors may result in increased delivery; however, this may be

techni cally difficult and has not been demonstrated in clinical practice. This is likely

because other factors such as rate of efflux from the CNS, proximity to white matter tracks,

and patterns of bulk flow influence the delivery, and there fore the efficacy, of the infused

agent [12]. Because the major limitation of CED is the area of drug distribution, imaging

techniques such as fluorodeoxyglucose–positron emission tomography (FDG-PET),

diffusion-weighted imaging (DWI), MRI, and single photo emission com puted tomography

(SPECT) are increasingly being used to image agents within the brain after CED.

Infusion into CSF cavities

In addition to the BBB, there is a blood–CSF (B-CSF) bar rier. The barrier is composed of

fenestrated endothelium on the luminal side and tightly joined epithelial cells without

fenestration (the ependyma) on the basolateral side [3••]. Multidrug resistance transporters

are also expressed along the B-CSF barrier, limiting access of drugs from systemic

circulation to the CSF as well as serving to clear drugs entering the CSF from the brain.

Given that leptomeningeal disease occurs in as many as 5% to 15% of patients with solid

tumors, there have been concerted efforts to enhance the delivery of drug to CSF spaces.

There are essentially three approaches to delivering a drug to the CSF spaces: intrathecal,

intraventricular, and intracavitary. Intrathecal administration generally refers to the infusion

of drug into the subarachnoid space in the lumbar region. This method requires multiple

procedures, and drugs may have limited distribution throughout CSF pathways.

Intraventricular administration of a drug requires hardware (ie, implanted reservoirs) but

likely results in improved volume of distribution of the drug throughout the CSF pathways.

Although relatively well tolerated, there are associated toxicities, including arachnoiditis,

meningitis, and focal neurologic injury. Moreover, all of these approaches will result in

restricted volume of distribution (and potentially increased toxic ity) if there are CSF flow

abnormalities [38]. As these abnormalities are relatively common in patients with lep

tomeningeal disease, CSF flow studies should be ordered prior to initiating any CSF drug

infusion.

Implanted reservoirs can be used to deliver anticancer therapies directly to tumor cysts or

cavities. For instance, an ongoing phase II trial of chlorotoxin coupled with the

radioisotope 131I (131I-TM-601) infuses radioactive therapy into the tumor resection cavity
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via an Ommaya reservoir in patients with recurrent malignant glioma [39]. This approach

allows for repeat dosing but remains limited because of a restricted volume of distribution.

Molecular engineering

Technological advances have allowed modification of exist ing agents to make them more

lipophilic, with the goal of enhancing delivery across the BBB [40•]. There are three broad

approaches for increasing lipophilicity of an agent: 1) development of lipophilic analogues

or prodrugs, 2) attaching the drug to liposomal carrier systems, and 3) incorporating the drug

into lipophilic nanoparticles. Lipo philic analogues have thus far been disappointing in the

treatment of primary brain tumors because of decreased cytotoxicity of the primary agent,

increased serum protein binding limiting entry into brain, and reduced mobil ity within brain

parenchyma. Liposomal carrier systems targeted to receptors on the BBB appear promising

in pre clinical models, but there are no clinical data yet available [41,42]. Nanoparticles are

polymers between 10 and 1000 nm in size that use liposomal technology to facilitate

delivery of all forms of therapies, from small molecules to genes and cells, into the CNS

[40•]. Agents that facilitate imag ing can be encapsulated within the particle along with the

anticancer therapy, theoretically allowing direct visualiza tion of drug delivery. Although

promising, this technology is currently in early preclinical development.

Assessing Drug Delivery to Tumor

Independent of the approach used to enhance drug deliv ery, it is critical to understand what

dose-concentration curve is required for maximal tumor kill, what dose of drug is delivered

to the tumor, over what period of time, and to what volume of tissue. Increasingly,

determining intratumoral drug concentrations of investigational agents is recognized as an

important step in early drug develop ment. Accordingly, multiple techniques to quantify

drug delivery to brain tumors in patients are being used.

Patients can be treated with the drug prior to a planned tumor resection and the resected

tissue is sampled for drug concentration and markers of drug activity. This approach is

desirable for large agents or agents expected to be membrane bound, but it requires that the

patient has surgery, provides drug concentration at only one time point, and allows for

possible contamination of the samples by peripheral blood.

Microdialysis is an approach that samples the extracel lular fluid in a focal area of brain and

can provide detailed pharmacokinetics of systemically or locally administered agents. The

small, flexible catheters have semipermeable membranes that allow sampling of drug

concentrations within the extracellular fluid. This has been used extensively in pre clinical

trials to assess drug pharmacokinetics within a tumor and more recently has been applied to

brain cancer patients [43–45]. Reverse microdialysis employs the same technology but uses

it to infuse, rather than collect, a sample. It is similar to CED but with lower hydrostatic

pressure and lower volume of drug delivery [46]. Although microdialysis is a powerful and

readily available tool for in vivo clinical studies of brain pharmacokinetics, it is limited by

the need for placement of the catheter into brain tissue, a limited sampling area, and

requiring multiple catheters to assess heterogeneous portions of tumors. This technique is

currently restricted to measuring substances less than 20 kD in size.
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Brain imaging approaches are being applied with increasing success to measure the delivery

of anticancer agents to brain tumors. For example, molecular imag ing of targeted anticancer

agents is being investigated to measure the area of distribution and degree of target

inhibition for critical tumor pathways using nuclear medi cine techniques [47]. Interestingly,

nuclear medicine has also been used to assess the activity of MDR1 and P-gp in cell culture,

suggesting that noninvasive monitoring of key BBB transporters in response to various

chemothera peutics may be possible [48•]. Standard MRI can also be used to measure

delivery of drugs to a tumor, particularly with agents known to shorten T1, such as the

radiation-enhancing agent motexafin gadolinium [49]. Moreover, novel MRI sequences that

measure cerebral blood volume are increasingly being used to assess tumor vasculature in

response to various antiangiogenic therapies [50].

Conclusions

Access to the CNS is a critical first step to the success of antineoplastic therapies. Multiple

technologies have been developed to accomplish this goal, but additional factors such as

tumor cell drug uptake, intracellular metabolism, washout into the extracellular fluid or CSF,

inherent tumor sensitivity to chemotherapy, and tumor mecha nisms of resistance all

contribute to tumor response and should be considered in drug development [12]. The chal

lenge of current clinical research efforts is to define the best antineoplastic agent to deliver

for each form of brain cancer and the optimal delivery mechanism for that agent, taking into

consideration all of the pharmacokinetic prin ciples specific to that cancer and agent.

Finally, regardless of the mechanism of delivery, objective assessment of the drug

concentration achieved at the site of disease as well as the impact on clinical outcome is

required. Increased understanding of the BBB, the B-CSF barrier, and the mechanisms of

drug movement within the CNS as well as ever advancing technology are likely to result in

further therapeutic gains for brain cancer in the near future.
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Figure 1.
Schematic of the components of the blood-brain barrier (BBB), includ ing endothelial cells with tight junctions, pericytes,

basement membrane, drug efflux transporters, and astrocytic foot processes. Various mechanisms for transport across the BBB,

including transcellular diffusion, absorptive endocytosis, carrier-mediated transport, and receptor-mediated transcytosis, are also

represented. Finally, approaches to deliver drugs directly to the brain and to assess drug concentration within brain tissue are

displayed. ATP—adenosine triphosphate; BCRP—breast cancer resistance protein; CED—convection-enhanced delivery; MRP

—multidrug resistance protein; P-gp—P glycoprotein.
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Table 1

Drug efflux transporters at the blood-brain barrier

Transporter Location Anticancer agent substrates

P glycoprotein Luminal of BBB, luminal
of B-CSF barrier

Doxorubicin, epirubicin, daunorubicin, docetaxel, paclitaxel,
vinblastine, vincristine, etoposide, methotrexate

MRP1 Luminal of BBB, basolateral
of B-CSF barrier

Similar to P-gp plus teniposide and melphan

MRP2 Luminal Similar to P-gp

MRP3 Luminal Similar to P-gp

MRP4 Luminal and basolateral Methotrexate, 6-mercaptopurine, thioguanine

MRP5 Luminal 6-mercaptopurine, thioguanine

MRP6 Luminal Cisplatin, doxorubicin, etoposide, actinomycin D

Breast cancer
 resistance protein

Luminal Methotrexate, topotecan, mitoxantrone,
imatinib, eriotinib, gefitinib

Organic anion and
 cation transporters

Luminal and basolateral
of BBB, B-CSF barrier

Unknown, but likely operate via ionic and drug gradients
rather than energy-dependent transport

BBB—blood-brain barrier; B-CSF—blood-cerebrospinal fluid barrier; MRP—multidrug resistance protein; P-gp—P glycoprotein.
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