Drug Delivery Across Blood-Brain Barrier

Subjects: Pathology

Contributor: Alessandro Parodi

Brain tumors are characterized by very high mortality and, despite the continuous research on new pharmacological
interventions, little therapeutic progress has been made. One of the main obstacles to improve current treatments is
represented by the impermeability of the blood vessels residing within nervous tissue as well as of the new vascular net
generating from the tumor, commonly referred to as blood-brain barrier (BBB) and blood-brain tumor barrier (BBTB),
respectively.
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| 1. Introduction

Tumors of the central nervous system (CNS) account for about 3% 12 of the worldwide diagnosed neoplastic diseases
and represent one of the most frequent causes of solid tumor-related deaths in childhood El. More than 85% of the CNS
tumors affect the brain, which is also a primary metastatic site for tumors originating in other organs including the bladder,
breast, kidney, and lung . Gliomas are the most common tumors of the brain, and they can originate from different cell
phenotypes that constitute the glia (astrocytes, oligodendrocytes, microglia, ependymal cells). Further categorizations are
based on cancer aggressiveness which is evaluated on a scale ranging from grade | to IV, with grade IV being the most
malignant, challenging to treat and likely to reoccur. In this scenario, treatments vary from simple observation for grade |
glioma (with 5-15 years median survival) to surgical resection in combination with radio and chemotherapy for grade IV
glioma (with 9—12 months median survival). Resection is by far the most effective treatment at least in terms of mass
tumor reduction, but it is limited by the structural complexity and the primary function of the brain. Tumor debulking is
usually referred to as "maximal safe resection” &, implying a high risk of cognitive loss following the surgical procedure
and incomplete removal of the tumor. Surgical limitations contribute to the high incidence of brain cancer recurrence,
usually detected within 2 cm from the primary tumor &,

Glioblastoma multiforme (GBM) is the most common tumor of the brain in adults, representing about 50% of all diagnosed
primary brain cancers and usually classified as a grade IV glioma . GBM is characterized by cellular and molecular
heterogeneity that makes the optimization of the pharmacological interventions very difficult. The Stupp protocol is the
gold-standard treatment for GBM &, and it consists of surgical resection, postoperative radiotherapy, and temozolomide
(TMZ), often used in association with adjuvant therapies including carmustine and PCV (procarbazine, lomustine, and
vincristine). Despite their significant cytostatic properties in vitro, many Food and Drug Administration approved
chemotherapeutics have shown limited curative benefits in the clinic. In the case of brain tumors, the development of
more effective treatments is hampered by the specialized barrier function that characterizes the blood vessels residing in
the central nervous system and usually referred to as the blood-brain barrier (BBB). In its physiological function, the BBB
thoroughly selects and controls the mass transport occurring in and out the brain, limiting the healthy (and tumor) tissue
diffusion of the administered pharmaceuticals while increasing the therapeutic doses in the patients that do not respond to
the treatments is rarely a viable option. Also, the new blood vessels originating from the neoplastic lesions and often
referred to as blood-brain tumor barrier (BBTB) are significantly less permeable than the neovasculature of the tumors
developing in other organs being that their development is driven by the nervous system microenvironment.

1.1. Anatomy of the BBB: Tight Junctions

The very first researcher that introduced the concept of BBB was Lena Stern &, a pioneer in the neuroscience field that
coined the term hematoencephalic barrier to describe the BBB. Other scientists worthy of mention for their contribution to
the discovery of the BBB's functional and anatomical organization are Ehrlich, Lewandowsky, and Goldmann [,
According to Sweeney et al. 111 the BBB is defined as "a continuous endothelial membrane within brain microvessels that
has sealed cell-to-cell contacts and is sheathed by mural vascular cells and perivascular astrocyte end-feet." In the
human, the BBB characterizes over 100 billion capillaries that cover a total length of around 400 miles and a surface area
of 20 M2 12, BBB vessels control the exchange of circulating molecules, nutrients and gas between the blood and the



nervous tissue. In its physiological function, the BBB protects the brain from larger particles, proteins and hydrophilic
molecules including potential neurotoxins and bacteria. It is believed that only 2% of small molecules and 0% of the large
molecules can cross the BBB. Theoretically, only highly hydrophobic molecules with a molecular mass not higher than
400-500 Da can diffuse through this barrier X2, BBB properties are due to many factors including (but not limited to)
highly selective cellular sorting mechanisms regulating the transcellular traffic and the expression of tight junctions (TJs)
between adjacent endothelial cells, limiting the paracellular transport.

TJs are composed of different transmembrane proteins including (but not limited to) the family of claudins, occludin, and
junctional adhesion molecules (JAM-A, -B, and -C) and they interact with the cell cytoskeleton through membrane-
associated guanylate kinases called zonula occludens proteins (ZO-1, ZO-2, and Z0O-3). It is believed that all these
proteins have a pivotal role in determining BBB function and a specific work performed on claudin-5 demonstrated that
inhibiting its expression increased BBB permeability for molecules as large as 800 kDa 4. This demonstration highlights
the fine regulation that stands at the basis of BBB permeability, suggesting that TJ targeting could be a viable strategy to
increase it. The efficiency of these proteins in closing the gaps between endothelial cells can be experimentally evaluated
in vitro by measuring transendothelial electric resistance (TEER) that determines the resistance associated with ionic
transport via the transcellular and the paracellular route. In the case of proper BBB reconstruction, TEER needs to be
significantly higher (at least above 900 Qxcm?) than in other endothelial settings (2—20 Qxcm?). This value is considered
the cut-off for the permeability of IgG, considering this under physiological conditions, TEER values range from 1500 to
8000 Qxcm? 18118l However, these values can vary as a function of the animal origin and the quality of the endothelial
cells (primary or immortalized cell lines) (6], Usually, immortalized cell lines do not provide TEER values higher than 200
Qxcm? while endothelial cells derived from inducible pluripotent stem cells can provide TEER values higher than 1500
Qxcm?. Recent discoveries highlighted the possibility that, despite their sealing action, these proteins could determine two
distinct mechanisms of BBB crossing. The first is known as "charge pore pathway' in which the claudins form a molecular
channel permeable only to small ions. The second is known as "size selective pathway" in which the passage to larger
molecules occurs via a transient dissociation of TJ complexes L2, A deeper understanding of these protein organizations
could open new avenues of drug delivery as described later in the text.

1.2. Cellular and Enzymatic Elements of the Neurovascular Unit

The barrier function of the CNS endothelium is also determined by other cell phenotypes and biological structures
including astrocytes, pericytes, microglia cells, neurons, and basement membranes which when taken with the endothelial
cells, constitute what is commonly known as the neurovascular unit (Figure 1). Astrocytes are glial cells that interact with

the endothelial cells through their polarized end-feet formations and control the BBB blood flow, development, and
functions likely by enhancing the TJ expression in the mature BBB, even though they do not participate in its embryonic
development 2819 |n this context, some authors believe that astrocytes are not crucial for TJ expression, while others
indicate that they can control TJ expression via Src-suppressed C-kinase substrates 29, The modulation of BBB
permeability occurs via secretion of important protein factors like the glial-derived neurotrophic factor, transforming growth
factor-1, basic fibroblast growth factor, interleukin 6, angiopoietin 1, retinoic acid, and Wnt (21](22], Astrocytes also control
the water exchange between intracellular, interstitial, vascular, and ventricular compartments by inducing the expression
of the potassium channel kir4.1 and the water channel aquaporin-4. Pericytes have structural functions stabilizing the
small BBB vessels and modulating the process of neovascularization and angiogenesis 23, They are believed to
significantly contribute to induce BBB gene expression as well as astrocyte end-feet polarization, even though more
investigations are needed to reveal the complete spectrum of their activities in determining BBB and BBTB characteristics
(24 They control endothelial cell proliferation, survival, differentiation 18 and induce TJ mRNA expression in the
embryonic formation of the BBB [22], Microglia cells are the resident macrophages of the brain and contribute to the barrier
function by modulating the innate immunity in the perivascular regions of the brain 22 and participating in the regulation of
the expression of the TJ components 28, Finally, neurons can induce the expression of TJ proteins like occludin and this
phenomenon occurs synergistically with astrocytes 2. BBB permeability also depends on enzymatic and immunological
barriers limiting the molecular diffusion of blood solutes in the brain parenchyma. The endothelial cells composing the
BBB express efflux transporters that are very efficient in transporting back to the luminal side the small hydrophobic
molecules that crossed the BBB [28, Efflux carriers are mostly adenosine triphosphate-binding cassette (ABC)
transporters 24, and they are fundamental in clearing brain tissue from small lipophilic molecules. Between them, the P-
glycoprotein (P-gp) and breast cancer resistance protein (ABCG2) were shown to have a significant role in the efflux of
xenobiotics that penetrated the endothelial cell membrane, limiting the diffusion of chemotherapeutics in the brain
parenchyma. P-gp is the most investigated pump, and its impact on brain transport was shown in knockout mice, where
brain delivery increased up to 10-100 times (23, This efflux pump is responsible for hampering the diffusion of many
chemotherapeutics including doxorubicin (DOX), daunorubicin, vinblastine, vincristine, etoposide, and teniposide 29, Also,
together with the absence of endothelial fenestration, CNS endothelial cells showed a higher negative surface charge B



and a lower transport rate through pinocytosis 2. These parameters are highly considered for the designing and the
development of more efficient delivery approaches (see later) since they constitute the physical and biological features of
the BBB.
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Figure 1. Anatomy of the neurovascular unit: the blood-brain barrier (BBB) structure is determined by different biological
components that organize together in forming the neurovascular unit. Endothelial cells form the lumen of the capillary,
interact with the basal lamina and the pericytes embedded in this matrix. The astrocytes, neurons, and microglia cells
further support this cellular backbone. Other physical agents determining the barrier function of this specialized
endothelium are the tight junctions (TJs) that are expressed between adjacent endothelial cells.

| 2. Models of BBB

One of the major obstacles in developing effective drug delivery across the BBB is the current lack of appropriate
experimental in silico, in vitro and in vivo models allowing for cost-effective and high-throughput screening for different
therapeutics. In silico models B3l34] of brain cancer are extensively developed for predicting tumor growth and infiltration
in response to the treatments, while only a few cases are focused on predicting drug delivery in the brain neoplastic
lesions [B2l36] The development of predictive computational models is critical in this field, also considering that mice have
a brain structure extremely different from humans, counting for a 1:10 glial cell-to-neuron ratio versus a 1:5 ratio
registered in humans BZ. Current in vitro and in vivo models are not reliable in mimicking and measuring BBB
permeability respectively, but the research in this area is very active to discover new targets for favoring BBB
accumulation as well as to understand the molecular dynamics that control TJ expression in the neurovascular unit.

2.1. Traditional In Vitro Models of BBB

Three important parameters need to be consistent in establishing in vitro models of BBB: (1) low permeability validated
through high TEER values, (2) expression of specific BBB biomarkers (i.e., TJ components and specific transporters and
enzymes) B8 and (3) evaluation of barrier integrity through specific size molecular markers (sodium fluorescein, lucifer
yellow, fluorescein isothiocyanate (FITC)-inulin, FITC-dextrans, and FITC- bovine serum albumin) B, In vitro models vary
from simple acellular systems to very complex, multi-phenotype cellular models. Acellular models usually consist of
parallel artificial membrane permeability assays (PAMPA) 49 and are based on synthetic lipophilic membranes that can
only partially reproduce the physical properties of the BBB in vivo. These membranes are used to predict the passive
diffusion of molecules through the barrier as a function of their hydrophobic or hydrophilic character. Few attempts to
isolate brain capillaries and test BBB properties ex vivo have been performed, but the complexity of the isolation
protocols, low reproducibility, and the difficulties to flow the tested molecules in the lumen of the isolated blood vessels
affect their ordinary use B9 On the other hand, new advances in cell isolation allowed for reconstructing the BBB with
endothelial cells isolated from the brain, even though non-endothelial surrogate cellular models (i.e., Caco-2, ECV304)
(42 that can still express TJs, are used for research purposes 4%, Many attempts at reconstructing the neurovascular unit
were performed by co-culturing the endothelium with astrocytes, C6 glioma cells, pericytes, mixed glial cells, and



conditioned media. Two-dimensional (2D) in vitro models are generated by seeding the endothelial cells on the apical side
of a porous membrane while interacting with another cell phenotype (i.e., astrocyte or pericyte) seeded on the other side
of the membrane via cellular protrusions extended through the pores. A third cell phenotype can be included in the system
by seeding it on the bottom of the well to generate a conditioned culture environment and allowing for investigating the
direct effect of cancer cells on endothelial cells forming the BBB 23], The system can be further refined by coating the
porous membrane with proteins belonging to the basal lamina and by decreasing serum concentration to favor the
movement of the TJs from the cytoplasm to the basolateral region of the cells 4. The serum can contain protein factors
(i.e., vascular endothelial growth factor) that increase the permeability of the reconstructed endothelium in vitro, while
supplementing the media with hydrocortisone or Adenosine 3',5'-cyclic monophosphate (CAMP) analogs can increase

endothelial barrier function since this second messenger is involved in maintaining the ultrastructure conformation of the
TJs 1441,

2.2. D Models and In Vivo Methods to Evaluate BBB Permeability

Three-dimensional (3D) models are currently one of the most advanced technologies to reconstitute in vitro the BBB, and
are constituted of different cell phenotypes including cancer cells, normal astrocytes, and endothelial cells. The cells can
assembly in spheroid units supported by hydrogels, scaffolds, and adhesion molecules. The group of Pasqualini
developed 3D spheroids (1 mm in diameter) through magnetic levitation, by seeding glioma cells on a hydrogel composed
by gold, magnetic iron oxide nanoparticles, and filamentous bacteriophage targeting cell integrins to favor cell interactions
(451 They showed that the spheroids could resemble in vitro the protein expression of tumor biomarkers (N-cadherin)
registered in vivo and that multiple cell phenotypes could be mixed in the same spheroid unit to investigate cell interaction,
biology, and drug diffusion while providing effective implantable tumors. As it occurs in vivo, a necrotic core characterized
the spheroids and, by modulating the external magnetic field, it was possible to control their size and shape. Also known
as organ-on-chip, new advances in microfluidic devices were utilisied to better recapitulate the characteristics of the BBB
tissue by combining geometrical, physical, and biological features of this tissue “8I47, These tools can also be
implemented with sensors providing real-time and continuous measurements of the changes occuring in BBB permeability
under different conditions. These systems usually consist of polydimethylsiloxane that provides optimal integration with
microscopy analysis and fine-tuned engineering via soft lithography on the microscale, which supports the organized
culturing of cellular layers derived from the nervous tissue (i.e., endothelial cells, neurons, and astrocytes). In addition,
they can be integrated with channels in which the media flows and supports the growth of endothelial cells to mimick the
characteristics of primary tissue 4849 The different compartments allow for intercellular interactions to establish the
critical cues of cellular communications for generating a functional BBB in vitro. In this scenario, the generation of refined
3D models can represent a breakthrough in the development of more advanced tools to investigate the biology of the
neurovascular unit since they can: (1) include multiple interacting cell phenotypes and (2) evaluate BBB in flow conditions.
However, to date, these systems are too complex to be ordinarily used worldwide and drug screening is still mostly

performed in traditional transwell systems. For more information about these systems, we suggest the following reviews
[16][50]

In vivo pharmacokinetic evaluation in the brain depends on different biological parameters including blood flow in the BBB,
the density of influx and efflux transporters as well as the affinity of the drug for these transporters. The goal of these
measurements is to quantify the product between the amount of therapeutic that crossed the BBB and the surface area of
the BBB B, |n vitro pharmacokinetics methods are not considered reliable because drug passive diffusion is generally
over-estimated, while the active transport is frequently underestimated (32, Different advanced techniques allow for
calculating drug accumulation in the brain parenchyma like ex-vivo equilibrium dialysis performed on brain homogenates
or slices or by using dialysis fibers directly implanted in vivo. This second method is generally preferred when possible
because it allows for measuring drug concentration in the brain in the presence of normal blood flow. Also known as brain
microdialysis, this method consists of implanting a small capillary in the brain parenchyma under continuous perfusion
(Eigure 2). The tip of the capillary is semipermeable and allows for collecting tissue fluids. However, the insertion of the
capillary in the brain parenchyma could damage the BBB continuity with consequent leakage of blood fluid leading to an

overestimation of the drug concentration. Overall there are three significant challenges in increasing brain drug delivery:
(1) targeting the vasculature of the brain, (2) overcoming the BBB, and (3) favoring drug diffusion in the brain diseased
tissue. In the next chapters, available information about current strategies for crossing the BBB will be described with a
focus on their working mechanisms as well as the pros and cons of the different methods.
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Figure 2. Scheme of brain microdialysis: A catheter is inserted in the brain tissue, while a controlled system (i.e., a syringe
pump) injects in the brain a perfusate solution. At the end of the catheter is applied a semi-permeable membrane that
allows for the injection of the perfusate, as well as for the collection of the dialysate composed by the perfusate and the
brain tissue fluids. The collected dialysate can be eventually analyzed for its molecular content.

| 3. Breaching the BBB

Considering the importance of the brain and the physiological relevance of the BBB, barrier disruption by affecting TJ
integrity and/or endothelial cell continuity has to be fine-tuned and reversible. These properties are fundamental because
potential extravasation of circulating factors (i.e., albumin) can be very toxic for the neurons 3], Traditional approaches to
transiently affect BBB integrity are based on the injection of a hyperosmotic solution (usually consisting of a highly
concentrated solution of mannitol 24]) just before the administration of the therapeutics. Hyperosmotic solutions can
induce endothelial cell shrinking with a consequent increase in vascular leakage in the brain parenchyma. This approach
was effective in increasing the overall survival of the patients (from 11 to 17 months), but it requires repeated
hospitalization and is also considered very invasive (it needs patient sedation), unspecific, and accompanied by severe
systemic toxicity, including neurological deficits, strokes, seizures, and new tumor-nodule formation B5. Current clinical
trials are devoted to optimizing the use of hyperosmotic solution based on mannitol B8 or NaCl B8 to increase
chemotherapy and antibody delivery to the brain tumor and decrease intracranial pressure. Recently it was shown in rats
that the osmotic disruption of the BBB (achieved via intracarotid injection of a 25% solution of mannitol) could be exploited
to increase the delivery of hydrophobic siRNA, previously modified with phosphocholine (PC)-docosahexanoic acid. The
increase in the hydrophobicity of this biological therapeutic was shown to enhance the retention of the siRNA in the brain
without affecting its therapeutic action. The group of Chung developed a polymeric carrier of polydixylitol with high osmotic
power that showed high efficiency in nucleic acid delivery in vitro and in vivo. More importantly, they showed that the
osmotic BBB opening could induce caveolae-mediated transcytosis of the carriers while having a low toxicity profile B,

| 4. Bypassing the BBB

There are essentially two extensively investigated pharmacological approaches that can be referred as to interstitial
treatments for brain cancer: the application of biodegradable wafers and convection-enhanced delivery (CED), and both
are designed to bypass the BBB. Generally, they are considered extremely invasive; however, both are already included
in the clinical practice even though a lot of research is still dedicated to increasing their therapeutic benefits and their
safety.

| 5. Negotiation of the BBB

New approaches of drug delivery aimed at negotiating the passage through the BBB have been proposed based on
current knowledge of the transport mechanisms used by this specialized endothelium. Some of them exploit the physical
properties of the BBB; others are based on the BBB biochemical receptor and transporter profile. To date, three main
routes of BBB negotiation have been developed and referred to as adsorptive-mediated transcytosis (AMT), transporter-

mediated transcytosis (TMT), and receptor-mediated transcytosis (RMT) (Eigure 3). In this effort, the development of



rationally designed nanocarrier surface modifications was shown to be useful to exploit these transport routes. Also,
nanomedicine provided a mean to protect the encapsulated drug in the blood environment as well as to increase its
bioavailability.

Figure 3. BBB negotiation: Current methods to negotiate BBB are obtained by modifying the therapeutic molecules or the
carrier surface to increase their affinity for the BBB. They are generally referred to as: (a) adsorptive-mediated
transcytosis (AMT) which is based on a positive surface charge of the therapeutics, (b) transporter-mediated transcytosis
(TMT) which exploits the affinity of the therapeutics for endothelial transporters (i.e., GLUT1 and choline receptor), and (c)
receptor-mediated transcytosis (RMT) which exploits the affinity of the therapeutics for endothelial receptors (i.e., nicotinic
acetylcholine receptor, low-density lipoprotein receptor (LDLR), and transferrin receptor (TfR)).

| 6. Crossing Blood-Brain Tumor Barrier

Unlike the BBB, the BBTB has to be considered a pathological tissue since it is the product of the neoplastic lesion.
Compared to regular BBB, BBTB is generally considered more permeable, even though as aforementioned, its barrier
function (estimated cut-off of around 12 nm) 28 is significantly higher than what usually registered for the neo-vasculature
generated from tumors in other organs. Even though the leaky behavior of BBTB can be appreciated also through regular
MRI via brain edema detection, its dysfunction is not homogenous in the tumor tissue 28, and high functional variability
was also appreciated between different patients. In the case of BBTB, the investigation of peculiar surface markers
overexpressed in this tissue represent the best strategy to design carrier targeting, because it provides the opportunity to
target the pathological tissue specifically. Despite the traditional targets described for BBB, BBTB can theoretically be
targeted exploiting the typical surface biomarkers of growing blood vessels. For example, it was shown that targeting
integrin avB3 through the cyclic RGD peptide applied on the surface of polymeric polylactic acid and polyethylenimine
particles B increased the brain delivery of encapsulated nucleic acids and paclitaxel, respectively, when compared to
non-functionalized carriers. Recent findings also demonstrated that brain drug delivery could benefit from strategies aimed
at normalizing pathological vasculature like administration of the Ang2-binding and Tie2-activating antibody €9, More
importantly, the group of Koh demonstrated that this approach could eventually enhance brain drug delivery by decreasing
the interstitial pressure while increasing blood vessels perfusion and tissue oxygen levels modulating immune cell
infiltration (€9, The group of Moses analyzed commercial GBM cell lines and 70 tumor samples from patients affected by
GBM and identified the integrin 02 (ITAG2) as a novel surface biomarker for this BBTB. This integrin is involved in cell
migration and the surface functionalization of DOX-loaded liposomes (with an antibody specific for this protein) showed
cytostatic effects in vitro and in vivo, highlighting the importance of more research in the discovery of novel endothelial
surface biomarkers for the treatment of brain tumors Y., Compared to the surrounding healthy tissue, a brain tumor is
characterized by significant changes in cell metabolism tissue that can represent an important targeting cue. Albumin, for
example, is normally excluded from the brain parenchyma by the presence of the BBB, but it was shown that neoplastic
lesions can increase its uptake likely to exploit this circulating protein as a source of amino acids. The group of Huang
demonstrated that brain cancer overexpressed secreted protein acidic and rich in cysteine (SPARC) and GP-60,
increasing the albumin endothelial transcytosis and cancer uptake, respectively (Eigure 4). To target these receptors, they
generated albumin nanoparticles (100 nm) encapsulated with paclitaxel and fenretinide and modified their surface with a
CPP to favor particle diffusion in the brain parenchyma B Finally, it is worth mentioning that brain tumors can generate



new blood vessels via vascular mimicry, a phenomenon that can occur as a drug resistance mechanism upon the use of
anti-angiogenic adjuvant therapies €2, Both in human and in pre-clinical models, it was shown that the presence of red
blood cells within vessel walls lined up with cancer cells and basal lamina. These cells were positive to periodic acid-Schiff
but negative to CD34 immune staining, excluding their endothelial nature. In this case, further investigation is necessary
to understand the advantages of targeting vascular mimicry and potential therapeutic effects of this approach.

Figure 4. Exploiting tumor metabolic changes to overcome the BBB: Brain cancer lesions overexpress GP60 and
secreted protein acidic and rich in cysteine (SPARC) that favor albumin nanoparticle trafficking over the BBB as well as
cancer cell internalization in the abluminal side, respectively.

| 7. Cell and Gene Therapy

Approaches based on local delivery were used to inject healthy neural stem cells 8364 to exploit their ability to infiltrate
neoplastic lesions in the CNS. Genetically modified neural stem cells can be manipulated to generate and release
cytotoxic molecules including prodrug-activating enzymes, apoptosis-inducing agents, antibodies €2 and oncolytic
viruses %8, The group of Portnow used neural stem cells modified for expressing cytosine deaminase to convert the
prodrug 5-fluorocytosine (that can cross the BBB) to 5-fluorouracil. They directly injected the cells close to an established
glioma or in the opposite hemisphere and they showed successful infiltration of the stem cells in the tumor parenchyma as
well as higher cytostatic properties upon treatment with the prodrug 4. Unfortunately, this procedure is affected by low
efficiency in implanting viable cells. A way to avoid this issue is to seed the cells in vitro on a biocompatible scaffold (i.e.,
fibrin) and, like in the case of Gliadel, to insert the scaffold in the cavity obtained after brain tumor removal €8, In this
scenario, HEK 293 EBNA modified to release endostatin were encapsulated in an alginate scaffold prior to brain
implantation, inhibiting in vivo GBM-induced angiogenesis process 82, while polymeric biodegradable scaffolds seeded
with stem cells overexpressing secretable tumor necrosis factor apoptosis-inducing ligand were implanted to inhibit brain
tumor growth 9. Recent advances in biological drug delivery systems demonstrated that neutrophils could be exploited
to overcome the BBB and increase drug delivery for brain cancer. The group Zhang loaded neutrophils in vitro with
cationic liposomes and, after systemic administration, they infiltrated the neoplastic lesion guided by inflammatory
cytokines and chemokines. The authors loaded the carriers with paclitaxel (which compared to other chemotherapeutics
showed a minor impact on neutrophils biology) and exploited the cytokine gradient induced by the surgical removal of the
tumor, exactly reproducing the clinical scenario 1. Other biological agents used to treat brain cancer are adeno-
associated viruses (AAV) since they are safe, effective, and one of the most promising methods to enhance gene delivery
through the BBB 23], The ability of different serotypes to effectively overcome the BBB is well known 4 even though
the mechanism used to overcome BBB has still to be elucidated 3. Engineering efforts have yielded several AAV
variants that can efficiently transduce the CNS via systemic delivery in adult mice 8. The group of Gao 74! tested nine
different AAV vectors encoding green fluorescent protein (GFP) (injected into the superficial temporal vein of the mice)
showing that they could increase GFP intensity in different brain compartments. Recently AAV targeted evolution
technique revealed a novel recombinant AAV-PHP.B that transfers genes throughout the CNS with an efficiency that is at
least 40-fold greater than that of the natural viruses [ZZ. Despite the optimistic perspectives regarding AAV-based delivery,



some drawbacks need to be considered. The insert capacity of the vector is limited by 4 kb due to the AAV nature limiting

some possible implementations of this method. In addition, the immune response to viruses can dramatically decrease the

efficiency of gene transfer by systemic delivery. On the other hand, virus-induced expression of transgenes in the central

nervous system can last for years 8, while the ectopic expression of the transgene can cause side effects. This limitation

can be overridden by using cell type-specific promoters [Z8],
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