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inability of some small and large therapeutic compounds to cross the blood-brain barrier (BBB). Therefore,
various strategies are being developed to enhance the amount and concentration of therapeutic compounds
in the brain. In this review, we will address the different approaches used to increase the transport of
therapeutics from blood into the brain parenchyma. We will mainly concentrate on the physiologic approach
which takes advantage of specific receptors already expressed on the capillary endothelial cells forming the
BBB and necessary for the survival of brain cells.
Among all the approaches used for increasing brain delivery of therapeutics, the most accepted method is the
use of the physiological approach which takes advantage of the transcytosis capacity of specific receptors
expressed at the BBB. The low density lipoprotein receptor related protein (LRP) is the most adapted for such
use with the engineered peptide compound (EPiC) platform incorporating the Angiopep peptide in new
therapeutics the most advanced with promising data in the clinic.
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Introduction Crossing the BBB

The problem of drug transport to the brain

The idea of a BBB that segregates the blood and brain was developed
100 years ago, following the demonstration that most organs could be
stained by dye injected intravenously, with the exception of the brain
and spinal cord (Ehrlich, 1885). The capillaries of the brain have
evolved to constrain the movement of molecules and cells between
blood and brain, providing a natural defense against circulating toxic or
infectious agents. The relative impermeability of the BBB results from
tight junctions between capillary endothelial cells which are formed by
cell adhesion molecules. Brain endothelial cells also possess few
alternate transport pathways (e.g., fenestra, transendothelial channels,
pinocytotic vesicles), and express high levels of active efflux transport
proteins, including P-glycoprotein (P-gp), Multidrug Resistance Pro-
tein-1 (MRP-1), and Breast Cancer Resistance Protein (BCRP). The BBB
also has additional enzymatic aspects which serve to protect the brain.
Solutes crossing the cell membrane are subsequently exposed to
degrading enzymes, ecto- and endo-enzymes, present in large numbers
inside the endothelial cells that contain large densities of mitochondria,
metabolically highly active organelles.

Some small molecules with appropriate lipophilicity, molecular
weight (mw) and charge will diffuse from blood into the CNS. How-
ever, the overwhelming majority of small molecules (mw>500 daltons,
D), proteins and peptides do not cross the BBB. It has been reported
that approximately 98% of the small molecules and nearly all large
molecules (mw>1 kD, kilodaltons), such as recombinant proteins or
gene-based medicines do not cross the BBB (Pardridge, 1998, 2007c).
Therefore, to reach the brain, most molecules must cross the BBB
through interaction with specific transporters and/or receptors ex-
pressed at the luminal (blood) side of the endothelial cells.

In response to the insufficiency in conventional delivery mechan-
isms, aggressive research efforts have recently focused on the dev-
elopment of new strategies to more effectively deliver drug molecules
to the CNS.

Hydrophilic molecules

Crossing the BBB remains a key obstacle in the development of
drugs for brain diseases despite decades of research.

A schematic representation of different mechanisms used to cross
the BBB is shown in Fig. 1.

® Small hydrophilic molecules such as amino acids, glucose, and
other molecules necessary for the survival of brain cells use
transporters expressed at the luminal (blood) and basolateral
(brain) side of the endothelial cells.

® [arger and/or hydrophilic essential molecules such as hormones,
transferrin for iron, insulin, and lipoproteins use specific receptors
that are highly expressed on the luminal side of the endothelial
cells. These receptors function in the endocytosis and transcytosis
of compounds across the BBB.

® Small lipophilic molecules can diffuse passively across the BBB into
the brain but will be exposed to efflux pumps (P-glycoprotein
[P-gp], some Multidrug Resistance Proteins [MRP], Breast cancer
Resistance Protein [BCRP] and others) expressed on the luminal
side of the BBB and exposed to degrading enzymes (ecto- and
endo-enzymes) localized in the cytoplasm of endothelial cells
before brain penetration.

To bypass the BBB and to deliver therapeutics into the brain, three
different approaches are currently used — invasive, pharmacological
and physiological. These are considered below:

Invasive approach

These are physical based techniques include the use of: 1)
Intracerebro-ventricular infusion, 2) Convection-enhanced delivery
and 3) polymer or microchip systems which directly release
therapeutics after implantation in the CNS.

Invasive approaches deliver drug to the brain by mechanically
breaching the BBB and are summarized below:

Lipophilic molecules

Transporters Specific carrier Paracellular

. endocytosis  pathway Diffusion  P-gp
e I_|_I ° .
* > & .
: |

Tight

junction
. ‘e gl

* "

Fig. 1. Schematic representation of the transport of molecules across the BBB.



50 R. Gabathuler / Neurobiology of Disease 37 (2010) 48-57

Intra-cerebro-ventricular (ICV) infusion

It has been reported that the concentration of a drug in the brain is
only 1-2% of the CSF concentration at just 1-2 mm from the surface
(Blasberg et al., 1975). The drug eventually distributes to the general
circulation, where the drug then enters the brain parenchyma
following transport across the BBB. This result is similar to a slow
intravenous infusion rather than a direct administration of drugs into
the brain (Pardridge, 2005). Pharmacologic effects can be seen after
ICV administration, if the target receptors of the drug for example,
opioid peptides) are located near the ependymal surface of the brain
(Pardridge, 2007a).

Limitations: The diffusion of the drug in the brain parenchyma is very
low. Unless the target is close to the ventricles it is not an efficient method
of drug delivery.

Convection-enhanced delivery (CED)

The general principle of CED involves the stereotactically guided
insertion of a small-caliber catheter into the brain parenchyma.
Through this catheter, infusate is actively pumped into the brain
parenchyma and penetrates in the interstitial space. The infusion is
continued for several days and the catheters are removed at the
bedside. In contrast to the mm distances obtained with simple
diffusion, CED has been shown in laboratory experiments to deliver
high molecular weight proteins 2 cm from the injection site in the
brain parenchyma after as little as 2 h of continuous infusion (Bobo et
al., 1994).

The success of CED relies on precise placement of the catheters and
other infusion parameters for delivery into the correct location in the
brain parenchyma.

Limitations: Some areas of the brain are difficult to saturate fully with
infusate, particularly — infiltrated tissues surrounding a cavity. Proper
drug delivery depends on the placement of catheters based on knowledge
of these factors (Vandergrift et al., 2006).

Intra-cerebral injection or use of implants

Both the bolus injection of chemotherapy agents and the place-
ment of a biodegradable, chemotherapeutic impregnated, wafer into a
tumour resection cavity, rely on the principle of diffusion to drive the
drug into the infiltrated brain. Fung et al. (1998) have demonstrated
the presence of high drug concentrations (0.5-3.5 mM for carmustine,
0.2-1 mM for paclitaxel) within the first 3 mm from the polymer
implants in monkeys; significant concentrations (0.4 uM for carmus-
tine, 0.6 UM for paclitaxel) were measured up to approx. 5 cm from the
implant as long as 30 days after implantation.

Limitations: Distribution in the brain by diffusion decreases expo-
nentially with distance. The injection site has to be very precisely mapped
to get efficacy and overcome the problem associated with diffusion of
drugs in the brain parenchyma.

The direct injection of recombinant adeno-associated virus (rAAV)
expressing neurotrophic factors is in development for the treatment
of CNS disorders (Herzog et al., 2007; Marks et al., 2008). In animal
models, expression of rAAV2 delivered vectors has been shown for
brain derived neurotrophic factors (BDNF) in atrophy of spinal
neurons, glial cell derived neurotrophic factors (GDNF) and other
neurotrophic factors such as neurturin (NTN) in PD.

Limitations with rAAV are that no global brain transduction is
achievable, immune responses are stimulated, and the packaging
capacity of rAAV is small, at only 4.5 kilobase (kb).

Disruption of the BBB

Disruption of the BBB can open access of the brain to components
in the blood by making the tight junction between the endothelial

cells of the brain capillaries leaky. Different techniques are used to
disrupt the tight junctions:

O Osmotic disruption: The osmotic shock causes endothelial cells to
shrink, thereby disrupting the tight junctions. Intracarotid admin-
istration of a hypertonic mannitol solution with subsequent
administration of drugs can increase drug concentration in brain
and tumour tissue to reach therapeutic concentration (Kroll and
Neuwelt, 1998; Doolittle et al., 2000; Fortin et al., 2007).

O MRI-guided focused ultrasound BBB disruption technique: Ultra-
sound has been shown to be capable of BBB disruption. The
combination of microbubbles (preformed microbubbles of ultra-
sound contrast agent, optison, with a diameter of 2-6 um which is
injected into the blood stream before exposures to ultrasound).
This technique has been shown to increase the distribution of
Herceptin in brain tissue by 50% in a mice model (Hynynen et al.,
2001, 2006; Kinoshita et al., 2006).

O Application of bradykinin-analogue (RMP-7, Cereport® from
Alkermes Inc.): There is evidence of the opening of the tight
junctions to occur by activation of bradykinin B2 receptors
through a calcium-mediated mechanism (Dean et al, 1999;
Borlongan and Emerich, 2003). This technique was abandoned
due to lack of efficacy in Phase Il and III studies when administered
in combination with carboplatin.

Limitations: All these approaches are relatively costly, require
anaesthesia and hospitalization, and are non-patient friendly. These
techniques may enhance tumour dissemination after successful disrup-
tion of the BBB. Neurons may be damaged permanently from unwanted
blood components entering the brain.

Pharmacological approach

The pharmacological approach to crossing the BBB is based on the
observation that some molecules freely enter the brain, e.g. alcohol,
nicotine and benzodiazepine. This ability to passively cross the BBB
depends on the molecular size being less than 500 D), charge (low
hydrogen bonding capabilities) and lipophilicity (the more lipophilic,
the better the transport) (Lipinski et al., 2001). This approach
consists of modifying, through medicinal chemistry, a molecule that
is known to be active against a CNS target to enable it to penetrate
the BBB. Modification of drugs through a reduction in the relative
number of polar groups increases the transfer of a drug across the
BBB. Lipid carriers have been used for transport, and there are
successful examples of both these approaches (Pardridge, 1995).
Modification of antioxidants with pyrrolopyrimidines increases their
ability to access target cells within the CNS (Sawada et al., 1999).
Enhanced delivery of ganciclovir to the brain was observed by
covalently attaching 1-methyl-1,4-dihydronicotinate to an hydro-
xymethyl group (Bodor et al., 1982; Brewster et al., 1994). Fatty acid
such as N-docosahexaenoyl (DHA) have been incorporated in small
drugs to increase their brain uptake (Shashoua and Hesse, 1996;
Bradley et al., 2001).

Limitations: The modifications necessary to cross the BBB often result
in loss of the desired CNS activity. Increasing the lipophilicity of a
molecule to improve transport can also result in making it a substrate for
the efflux pump P-glycoprotein (P-gp).

Formulation of drugs facilitates brain delivery by increasing the drug
solubility and stability in plasma

Incorporation of low molecular mass drugs into pluronic micelles
can increase drug solubility and drug stability, and can improve drug
pharmacokinetics and biodistribution (Batrakova and Kabanov,
2008). Polymeric micelles have been utilized for delivery of CNS
drugs across the BBB, and for oral delivery of drugs and tumour-
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specific delivery of antineoplastic agents (Kabanov et al., 2003). For
example, in one early study, pluronic P85 micelles loaded with a
neuroleptic drug were targeted to the brain by conjugating micelles
with neurospecific antibodies, or using insulin as targeting moieties.

Amphiphilic chitosan-based polymers (mw<20 kD) self-assemble
in aqueous media at low micromolar concentrations to give
previously unknown micellar clusters of 100-300 nm of size (Qu et
al., 2006). Intravenous anaesthetic propofol was used as a model drug.
It is known that the sleep times obtained with the carbohydrate
propofol formulations are up to 10 times those obtained when using
either the commercial Fresenius or Diprivan formulations. A loss of
righting reflex time could not be recorded as animals were asleep by
the end of the injection period; evidence that delivery of the centrally
active drug across the blood-brain barrier is rapid and efficient (Qu et
al., 2006). Mechanisms involved in the increase CNS efficacy of these
formulations are not known.

Limitations: The exact mechanism by which these specific nanopar-
ticle-based formulations cross the BBB is not known, and may involve the
induction of increased leakiness of the BBB and inhibition of efflux pumps.
In addition the application of nanoparticles to large hydrophilic
therapeutic molecules has not been proven.

Physiological approaches

The brain requires essential substances for metabolism and
survival, such as glucose, insulin, growth hormone, low density
lipoprotein (LDL), etc. These substances are recognized by specific
receptors or transport mechanisms, resulting in specific transport into
the brain. Since almost every neuron in the brain is perfused by its
own capillary as a result of the small distance separating capillaries
(on average 40 pm) and the brain's very high perfusion rate
(Pardridge, 2005 and 2007c). Therefore, the most effective way of
delivering neuroactive drugs is via transporters or internalizing
receptors on these capillaries.

Drugs can be modified to take advantage of native BBB nutrient
transport systems or by conjugation to ligands that recognize
receptors expressed at the BBB. This will result in their being carried
across the BBB after receptor-mediated transcytosis. This physiolog-
ical approach is recognized by the scientific community as the one
with the most likely chance of success.

Transporter-mediated delivery

Peptides and small molecules may use specific transporters
expressed on the luminal and basolateral side of the endothelial
cells forming the BBB to cross into the brain.

At least 8 different nutrient transport systems have been identified,
with each transporting a group of nutrients of similar structure. Only
drugs that closely mimic the endogenous carrier substrates will be taken
up and transported into the brain. Drugs may be modified such that their
transport is increased by using a carrier-mediated transporter expressed
on the endothelial cells forming the BBB. Use of small molecules that
directly target transporters to overcome BBB restrictions eliminate the
need for the drug to be transformed for example by conjugation to
antibodies (Allen et al., 2003) and to deliver the metabolic precursor of
dopamine. Use of BBB transport proteins such as the choline transporter
and the amino acid transporter has been achieved successfully for a few
drugs, for example, the large neutral amino acid carrier has been used to
deliver dopamine’'s metabolic precursor, L-Dopa, to patients with
Parkinson's disease, resulting in clear clinical benefit; dopamine itself
is non-brain penetrant.

Limitations: To use a BBB transporter protein as a CNS drug delivery
vector, multiple factors must be considered. These include: 1) the kinetics
available to transport physiologic molecules, 2) the structural binding
requirements of the transporter 3) therapeutic compound manipulation
so that the compound binds but also remains active in-vivo and 4) actual

transport of the molecule into the brain, as opposed to just binding to the
transporter.

Receptor-mediated transcytosis

Receptors at the blood-brain barrier

Large molecules which are necessary for the normal function of the
brain are delivered to the brain by specific receptors. These receptors
are highly expressed on the endothelial cells forming the BBB. These
include the insulin receptor, transferrin receptor, LDL receptor and its
related protein, and others. Research is still on-going to identify new
receptors.

The receptor-mediated transcytosis occurs in 3 steps:

1. Receptor-mediated endocytosis of the compound at the luminal
(blood) side.

2. Movement through the cytoplasm of the endothelial cell.

3. Exocytosis of the drug at the abluminal (brain) side of the brain
capillary endothelium.

The precise mechanism of transcytosis across polarized endothe-
lial cells has not been determined. Additional molecules may be
involved in the transcytosis across the BBB and bypassing of lyso-
somes in the cytoplasm which could degrade the molecules being
transported.

The physiologic approach comprises targeting these receptors at
the BBB by specific ligands, modified ligands and antibodies.
Therapeutic compounds are able to cross the BBB after association/
conjugation to these specific ligands forming molecular Trojan horses
(MTH) (Pardridge, 2003). To delivery larger amounts of therapeutics
liposomes decorated with specific ligand have also been developed

Transferrin receptor (TR)

The function of the TR is to provide iron to cells. Drug targeting to
the TR can be achieved by using the endogenous ligand transferrin, or
by using antibodies directed against the TR.

O For transferrin (Tf) the in-vivo application is limited due to high
endogenous concentrations of Tf in plasma. Transferrin is an
essential protein needed for iron delivery to cells and is found at
mg/ml amounts in plasma.

O Using the antibody approach against TR, the receptor specific mAb
binds to the receptor on the endothelial cells, and allows the associated
therapeutic agent to cross the BBB via receptor-mediated transcytosis
(Pardridge, 2003; Zhang and Pardridge, 2005). For antibodies against
the TR, proof of concept studies in rats have demonstrated that a mAb
that binds to a distinct epitope from Tf (0X26) can be used as a brain
delivery agent (Zhang and Pardridge, 2006).

Insulin receptor

Pardridge et al. have extensively documented the use of the insulin
receptor for the targeted delivery of drugs to the brain using specific
antibodies directed against the IR (Coloma et al., 2000). For example,
using the 83-14 mouse MAb against the human insulin receptor (HIR)
in rhesus monkey, shows that total uptake of the MAb is 4%, which
corresponds to 0.04%/g brain tissue 3 h after iv injection (Jones and
Shusta, 2007). Both the chimeric antibody and a fully humanized form
of the 83-14 antibody against HIR have been created (Boado et al.,
2007) and shown to be able to transport an associated/conjugated
molecule across the BBB.

Antibodies against TR and HIR for brain drug targeting
Applications of these antibodies to molecular Trojan horses (MTH)
for the delivery of therapeutics have been documented by Pardridge's
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group. Different forms of fusion and conjugated proteins have been
generated (Pardridge, 2003):

® VIP-TR mAb (vasoactive intestinal peptide conjugated to transfer-
rin receptor monoclonal antibodies [TR mAb])

® BDNF-HIR mAb (brain derived neurotrophic factors conjugated to
the human insulin receptor monoclonal antibodies [HIR mAb])

® FGF2-HIR mAb (fibroblast growth factor-2 conjugated to the HIR

mAD)

EGF-TR mAb (epidermal growth factor conjugated to TR mAb)

Ap1-40 — TR mAD (amyloid 31-40 peptide conjugated to TR mAb)

Peptide nucleic acid (siRNA) — HIR mAb

[3-galactosidase — TR mAb, IDUA- HIR fusion

Neurotrophin — HIR fusion.

Liposomes coated with targeting molecules such as antibodies, Trojan
Horses Liposomes (THL)

THL have been constructed by Pardridge et al. for the delivery of
non-viral plasmid DNA across the BBB for expression of interfering
RNA (shRNA). The plasmid DNA was encapsulated in the interior of a
100 nm liposome, and the surface of the liposome was coated with
2000 D PEG. The ends of 1-2% of the PEG strands were conjugated
with a receptor (R) — specific mAb (HIR or TR). TR mAbs-targeted
THL with expression plasmid for tyrosine hydrolase (TH) has been
shown effective in treating Parkinson's disease (PD) in rat model.
This approach has been used to deliver shRNA against EGFR and
resulted in the knock-down of EGFR expression and increased
survival of mice implanted intracranially with brain tumours
(Pardridge, 2007b).

Nanoparticles coated with transferrin or transferrin receptor antibodies

Human serum albumin (HSA) nanoparticles covalently coupled
to transferrin or transferrin receptor monoclonal antibodies have
been used to transport loperamide across the BBB. Loperamide
which adsorbs to the nanoparticles and does not cross the BBB by
itself is used as a model drug. Significant anti-nociceptive effects
were observed, thereby demonstrating the value of this approach
to increase BBB transport of these small drugs (Ulbrich et al,
2008). The application of this technology for the transport of large
and other small molecules across the BBB still remains to be
proven.

Limitations: Some open questions still remain on the efficiency of mAb
against specific receptors to transport compounds across the BBB as the
results obtained by Pardridge's group have not been confirmed by others
(Moos and Morgan, 2001; Gosk et al., 2004). Moos and Morgan (2001)
have shown that OX26 mainly accumulates in the brain capillary
endothelial cells and not in the parenchymal compartment. It has been
demonstrated using anti-TR mAb in animal model that although the total
amount of drug delivery after IV injection of fusion molecules is high,
most of it stays associated with brain capillary endothelial cells (Gosk et
al., 2004). Dissociation from their specific receptor may be challenging
due to the high affinity of the antibodies.

Additionally, widespread expression of these receptors on peripheral
organs limits its capabilities for specific brain delivery and, especially for
HIR antibodies, may add additional toxicity.

Low-density lipoprotein receptor related proteins 1 and 2 (LRP-1 and 2)

LRP is a multifunctional endocytic receptor that mediates the
internalization and degradation of multiple ligands involved in
diverse metabolic pathways (Kounnas et al., 1995; Hertz and
Strickland, 2001). LRP is a multiligand lipoprotein receptor which
interacts with a broad range of secreted proteins and resident cell
surface molecules (eq. apoE (apolipoprotein E), ®2 M (a2 macro-
globulin), tPA (tissue Plasminogen Activator), PAI-1 (Plasminogen
Activator Inhibitor 1), APP (Amyloid Precursor Protein), Factor VIII,
Lactoferrin,...), mediating their endocytosis or activating signalling

pathways through multiple cytosolic adaptor and scaffold proteins.
LRP contains four putative-ligand binding domains (LBD) labeled with
numerals [, II, IIl and IV.

LRP, a type I transmembrane protein, is synthesized as a 600 kD
precursor protein cleaved in the trans Golgi compartment by furin,
to generate a large 515 kD subunit and a smaller 86 kD that remain
non-covalently linked. The shorter cytoplasmic tail of LRP contains
NPxY motifs and two dileucine-based motifs, and interacts with a
number of cytoplasmic adaptor and scaffold proteins (Yoon et al.,
2007).

LRP is expressed in many tissues and in the CNS (Rebeck et al.,
1993). In the cerebellum, LRP expression was observed in neurons
diffusely scattered throughout the granular cell layer. LRP expressed
on neuronal cells functions similar to that of other cell types (i.e.
hepatocytes) in both binding and endocytosis of ligand. Expression of
LRP in astrocytes is detectable with moderate expression (Wolf et al.,
1992; Moestrup et al., 1992; Bu et al., 1994). LRP is over-expressed in
malignant astrocytomas, especially in glioblastomas (Yamamoto et al.,
1997).

LRP 1 and 2 have been exploited to target drugs to the brain in a
similar fashion as TR and IR.

O Nanoparticles have been used for drug delivery to the brain
(Kreuter et al., 2003; Steiniger et al., 2004; Kreuter, 2005). The
precise mechanism of transcytosis has not been clarified (Olivier,
2005) and is still debated. A possible mechanism is that poly-
sorbate 80 (tween-80) coated polybutyl-cyanoacrylate nanopar-
ticles adsorb apolipoprotein E and B from the bloodstream after IV
injection (Kreuter et al.,, 2002) and therefore use LRP for
transcytosis across the BBB.

O Melanotransferrin, also known as human melanoma-associated
antigen p97, has been characterized previously as a glycosyl-
phosphatidyl-inositol (GPI) anchored, membrane-bound form,
and as a soluble secreted form (Food et al., 1994; Jefferies et al.,
1996a,b). Melanotransferrin, like transferrin, is a syaloglycopro-
tein with a molecular weight between 95-97 kD, and has been
shown to be actively transcytosed across the BBB (Demeule et al.,
2002). Melanotransferrin has been further developed for the
transport of anti-cancer agents such as doxorubicin across the
BBB. Therapeutic amounts can be delivered into the brain paren-
chyma after chemical conjugation to melanotransferrin, resulting
in a significant increase of survival of mice implanted intra-
cranially with tumour cells (Gabathuler et al., 2005; Karkan et al.,
2008).

O Receptor Associated Protein (RAP) has been shown to be
efficiently transported across the BBB into the brain parenchyma
(Pan et al., 2004). RAP is found in the endoplasmic reticulum (ER)
where it plays the role of a chaperone for the LDL receptor family,
including LRP-1 and 2, facilitating their transport to the cell surface
avoiding interaction with endogenous ligands (Migliorini et al.,
2003). The application of RAP as a drug carrier to the brain is being
developed and for chemically conjugated anti-cancer agents and
fusion proteins (Prince et al., 2004).

O The use of the lentivirus vector system to deliver the lysosomal
enzyme, glucocerebrosidase, and a secreted form of Green
Fluorescent Protein (GFP) to the neurons and astrocytes in the
CNS has been demonstrated (Spencer and Verma, 2007). This
approach, which used the Low-density lipoprotein receptor-
binding domain of the apolipoprotein B fused to the targeted
protein, proved to be feasible for delivery of the protein and could
possibly be used as a general method for delivery of therapeutic
proteins to the CNS.

O This transport was specific to the protein with the ApoB LDL
receptor (LDLR) binding domain, as the control protein did not
cross the BBB. Although the ApoB LDLR sequence is 38 aa long, the
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length did not appear to greatly affect either the delivery or
function of the recombinant protein.

O A new family of peptides derived from proteins (Fig. 2) that
efficiently cross the BBB using LRP has been designed as a new
peptide technology for the transport of therapeutics (Demeule et
al., 2008a). Angiopeps, a family of 19 amino acid peptides derived
from the kunitz domain, demonstrate a high transcytosis rate
(Demeule et al., 2008a) using LRP-1 (Demeule et al., 2008b).

This new platform technology is applicable to small and large
molecules, ranging in size from 500 D to 150 kD (including
antibodies).

Using a CyDye fluorophore, cy5.5 labeled Angiopep-2; we have
demonstrated that the labeled construct is very rapidly transported
into the brain parenchyma, as measured by in-vivo imaging followed
by fluorescence analysis of brain slices. In Fig. 3, Angiopep-2-cy5.5
(red) is clearly localized in the brain parenchyma 1 h post injection,
and in close proximity to brain cell nuclei (Gabathuler et al., 2008a,b).
The insert on the right confirms that Angiopep-7-cy5.5 a peptide with
Lys residues replaced by Arg residues does not interact with LRP-1 is
not transported into the brain. Other markers are used, brain
capillaries are labeled green, brain cell nuclei are labeled blue.

Additional data demonstrate that Angiopep-2 is transported very
efficiently in rat brain parenchyma after in-situ brain perfusion
(Thomas et al, 2009 submitted) and confirm previous results
(Demeule et al., 2008a).

Angiochem Inc. has developed these Angiopep peptides for the
transport of therapeutic agents to the brain parenchyma, and has, as
proof of concept, created several entities (NCEs), the most advanced
of which is ANG1005. ANG1005 is a novel engineered peptide (EPiC)
compound designed using Angiochem's novel platform technology
incorporating the Angiopep amino acid sequence in the design of new
therapeutics for the treatment of brain cancers. ANG1005 is formed by
chemical conjugation of the peptide (Angiopep-2) with 3 molecules of
paclitaxel, and brain uptake measured by in-situ rat brain perfusion
assay (Takasato et al., 1984; Smith, 2003) shows 10 and 100 fold
greater uptake into brain than the peptide Angiopep-2 or the free drug
paclitaxel, respectively (Thomas et al., 2009 submitted). Therapeutic
amounts of ANG1005 are delivered to the brain, as evidenced by the
increased survival of mice implanted intracranially with tumour cells
(Regina et al, 2008). These data were confirmed in rat brains
measured by MRI, demonstrating regression of intracranial tumours
following IV administration of ANG1005 (Bichat et al., 2008; Fig. 4).

The MRI images from representative animals (Fig. 4) show that
treatment with ANG1005 results in tumour reduction while Taxol

Aprotinin-synthetic
bikunin HI-30
Amyloid beta A4 prot precurseur
Kunitz-inhibtor 1 precursor

Aprotinin-synthetic

bikunin HI-30

Amyloid beta A4 prot precurseur
Kunitz-inhibtor 1 precursor

Angiopep-7

Angiopep-2

Fig. 3. Fluorescence microscopy 1 h post injection — distribution of Angiopep-2 and
Angiopep-7.

treatment does not. In addition, when the animals were sacrificed and
examined on day 24, tumours were undetectable in 5/8 animals
treated with ANG1005. Additional experience with administration of
ANG1005 by IV infusion demonstrates a similar effect on IC tumour
growth.

The Angiopep technology developed by Angiochem Inc. is to date
the most advanced technology for the brain delivery of drugs. The
company has started clinical development with its most advanced
product ANG1005 which is now in two Phase I clinical trial for
recurrent malignant gliomas and for brain metastases of advanced
cancer and has shown so far very promising data and validated the
preclinical data.

Diphteria toxin receptor

Gaillard et al. (2005) have examined the utility of CRM197, a non
toxic mutant of diphtheria toxin, as a targeting vector, for drug
delivery to the brain. CRM197 has been shown to endocytose after
binding the membrane-bound precursor of heparin binding epider-
mal growth factor-like growth factor (HB-EGF) (Raab and Klagsbrun,
1997), also known as the diphtheria toxin receptor (DTR). Conjugates

I |Vlinimal sequence for aprotinin interaction with LRP-1
96 different peptides were generated based on AngioPep-2
(Angiopep-1 with Cys replaced by Ser)

-

TFFYGGSRGKRNNFKTEEY (19 residues)
MW 2317, net charge +2

Fig. 2. Schematic description of the design of the new Angiopep family of peptides.
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Vehicle treated Group

Day 10

Day 17

Day 24

Fig. 4. MRI images of rat intracerebral glioblastoma model. Details on day of picture are indicated under the picture. Treatment started at day 10 twice a week. ANG1005 (75 mg/kg)

and vehicle were administered IP and paclitaxel IV (5 mg/kg, maximum tolerated dose).

between CRM197 and horse radish peroxidase (HRP) were trans-
ported across the in-vitro model of the BBB using bovine brain
capillary endothelial cells in co-culture with newborn rat astrocytes
(Fenart and Cecchelli, 2003), and a fraction of intravenously injected
CRM197-HRP was found in the brain parenchyma in guinea pigs
(Gaillard et al., 2005). Using this vector brain delivery system, Gaillard
et al. are developing a product for the treatment of Japanese
Encephalitis Virus (JEV).

CRM197 usage presents some problems as it has been used for
vaccination against diphtheria, and the presence of antibodies may
hinder the efficacy of this vector. In addition, it has been recently
reported that CRM197 has a weak toxicity and that specific care has to
be taken in the use of CRM197 at high dosage, although the toxicity of
CRM197 is about 100 times less than that of the wild-type diphtheria
toxin (Kageyama et al., 2007).

The BBB transmigrating Llama single domain antibodies (sdAb)
Transport across the BBB in human brain endothelial cells has
been reported for Llama single domain antibodies (Abulrob et al.,
2005). Using a Llama single domain antibody (sdAb) phage display
library (Tanha et al., 2002), a new antigen-ligand system was
identified for transvascular brain delivery (Muruganandam et al.,
2002; Tanha et al., 2003). sdAbs are half-size (13kD) fragments of
the heavy chain IgGs which occur naturally (Tanha et al., 2002). The
transport of two sdAbs, FC5 and FC44 across the human brain
endothelial cells is polarized, charge independent and temperature-
dependent, suggesting a receptor-mediated process. FC5 is detected
in clathrin-enriched fractions following internalization. FC5 is
targeted to early endosomes, bypasses late endosomes/lysosomes

and remains intact after transcytosis. The receptor has been
identified, and is related to a novel isoform of the transmembrane
domain protein 30A (TMEM 30A). TMEM30A is also known as
CDC50A, which is responsible for the cell surface expression of
ATP8B1 (hypothesized to be a flippase for phosphatidylserine).
CDC50A may be the potential B-subunit or chaperone for ATP8B1
(Paulusma et al.,, 2008). FC5 is now being developed to deliver
therapeutic amounts of doxorubicin to the brain after pentameriza-
tion and association to liposomes.

Adsorptive mediated transcytosis

Adsorptive mediated endocytosis (AME) and transcytosis involve
endocytosis in vesicles of charged substances, similarly to a
receptor-mediated mechanism, but not by a specific mechanism.
Peptides and proteins with a basic isoelectric point (“cationic”
proteins) bind initially to the luminal plasma membrane (mediated
by electrostatic interactions with anionic sites), which triggers
adsorptive endocytosis.

Uptake of basic peptides can be followed experimentally by using
primary cultured bovine brain capillary endothelial cells. The steady
state uptake of the peptides was temperature-dependent and
significantly decreased in the presence of dansylcadaverine, prot-
amine and poly-L-Lysine which neutralize the charges at the plasma
membrane inhibiting binding of these peptides. The C-terminal
structure and the basicity of the molecule were the most important
determinants of uptake by AME system in cultured bovine brain
capillary endothelial cells (Temsamani et al., 2001), and not the
number of constituent amino acids of the peptide.
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O Protein transduction domains (PTDs) are typically amino acids

sequences located on transcription factors allowing transport of
larger molecules across the cell membranes, examples are TAT,
homeodomain of Antennapedia, Syn-B, penetratin and others. This
approach has been used by coupling of doxorubicin to either
SynB1 (18aa) or SynB3 (10aa) vectors significantly enhances its
brain uptake and bypasses the P-gp. Brain uptake of an enkephalin
analogue (dalargin) was enhanced several 100-fold after vector-
isation (Rousselle et al., 2003). Poly-arginines (9 mer of L-Arg, R9)
showed a very efficient cellular uptake 20x superior than TAT49-
57 and p-Arg oligomers (r9)>100 fold superior (Wender et al.,
2000).

Biologically active polymer core/shell nanoparticles, the surface of
which is anchored with Tat molecules, have been successfully
synthesized for drug delivery across the BBB (Liu et al., 2008).
Ciprofloxacin as a model antibiotic was loaded into the nanopar-
ticles. The presence of Tat on the surfaces of the nanoparticles
promoted their uptake by human microvascular endothelial cells.

The Tat-PEG-b-chol nanoparticles crossed the BBB, and entered
the cytoplasm of neurons.

Formulation of chitosan nanoparticles coated with polyamine
(putrescine) modified F(ab’) portion of an anti-amyloid anti-
body to form smart nano-vehicle (SNV) was transported to
the brain (Agyare et al., 2008). Efficiency of this approach to
deliver therapeutic amounts of drugs to the brain remains to be
demonstrated.

For in-vivo imaging applications, the delivery module was
conjugated to the NIR (near infrared) cy5.5 dye (Pham et al.,
2005). To this end, a cysteine was deployed on a Myristoylated
polyarginine peptide (MPAP) carboxyl-terminal where the thiol
moiety reacted with the commercially available cy5.5 maleimide
via a Michael addition reaction. To confirm that the observed
fluorescence signal was truly from the brain, ex-vivo imaging was
performed on excised mouse brains.

Kumar et al. (2007) demonstrated the transvascular delivery of
siRNA to the CNS using a mixture of a peptide composed of 29 aa

Table 1

Summary of the physiological approaches to deliver therapeutic molecules in the brain parenchyma.

Method

Molecules used

Stage of development

Potential problems

Use of specific transporters
Receptor-mediated
Transferrin receptor

Insulin receptor

Low-density lipoprotein receptor
related protein (LRP)

Diphteria toxin receptor

TMEM 30A (Flippase)

Adsorptive mediated
Protein transduction
domains (PTD)

Poly-Arg peptides

Large amino acid carrier has been used by L-Dopa

Small and large molecules conjugated to mAbs
or expressed as fusion proteins

Liposomes and nanoparticles coated with mAbs

Nanoparticles coated with transferrin

Small and large molecules conjugated to mAbs
or expressed as fusion proteins

Liposomes and nanoparticles coated with mAbs

Receptor Associated Protein (RAP) (fragment):
ligand to LRP conjugated to small and large
molecules or expressed as fusion protein

Melanotransferrin (p97): ligand of LRP conjugated
to small molecules or expressed as a fusion protein

ApoE or ApoB a LRP ligand binding to nanoparticles
coated with polysorbate-80 loaded with small
anti-cancer agents

LRP binding domain of the apolipoprotein B
(peptide of 38 amino acids) LRP ligand expressed
with proteins

LRP binding Angiopep (19 amino acids peptide)
modified small and large molecules conjugated or
expressed as fusion protein

CRM197, a non toxic mutant of diphtheria toxin,
as a targeting vector for small and large drug
delivery to the brain using liposomes

Llama single domain antibody (FC5) is now being
developed to deliver small anti-cancer agents in
the brain after pentamerization and association to
liposomes

TAT, Syn-B, penetratin positively charged conjugated
to small or large drugs or nanoparticles

Positively charged peptides

Clinic for PD

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Phase I/1I for brain cancers

Shows efficacy and confirmed proof
of concept of the platform technology
in the clinic for anti-cancer agents
ANG1005

Preclinical

Preclinical

Phase I for analgesic peptide dalargine
and preclinical for small anti-cancer
agents

Preclinical

Dosage and side effects

To get therapeutical concentration
in the brain parenchyma

Toxicity

Mechanism not known, high
quantities needed

Toxicity

Mechanism not known

Toxicity

To get therapeutical concentration
in the brain parenchyma

Toxicity

To get therapeutical concentration
in the brain parenchyma

Potential toxicity

Potential diminution of the affinity
for LRP after modification
Immunogenicity

Large protein

High cost of production

High quantities needed
Immunogenicity

Mechanism not known

Potential toxicity

Potential disruption of the BBB
Not tested on active molecules
(anti-cancer agents or others)

or in human

Potential immunogenicity for
application to large molecules

No Neurotoxicity detected for ANG1005
High tolerability for ANG1005

Toxicity of CRM197
Immunogenicity

Affinity for the receptor
Therapeutical concentration of
agents need to be delivered
Immunogenicity

Toxicity in the periphery

To get therapeutical concentration
in the brain parenchyma

Toxicity

Therapeutical concentration in
the brain
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from RVG (Rabies Virus Glycoprotein) which allow specific
binding to the acetylcholine receptor expressed on neuronal
cells and of a 9 aa peptide poly-Arg (9R) allowing binding to siRNA
and contributing to its CNS delivery, probably by adsorptive
endocytosis with the specific siRNA.

Limitations: Lack of tissue selectivity, possible disruption of the BBB
resulting in increased toxicity are important factors limiting efficiency of
these peptides for brain delivery after iv administrations. Binding of
polycationic substances to negative charges on plasma membranes (PM)
followed by endocytosis. This process is not efficient and may disrupt the
BBB as has been shown using nanoparticles (Lockman et al., 2004).

Conclusions

In this review the current techniques and new approaches in
development to deliver small and large molecules such as biologics to
the brain are described. The different methods described in the
physiological approach are summarized in the Table 1. The techniques
used to this day involve direct injection or infusion of therapeutic
compounds into the brain, the cerebro-ventricles or the CSF, but all
these approaches are severely limited by poor distribution into brain
parenchyma. Only the use of technologies able to transport molecules
through the endothelial cells of the BBB will allow a homogenous
distribution of therapeutics in the brain and thus provide a uniform
and rapid exposure to brain cells.

The most promising new technology uses a physiological approach
to take advantage of endogenous receptors highly expressed at the
BBB. These receptors provide brain cells with nutrients, and belong to
the LDL receptor family, transferrin and insulin receptors among
others. Monoclonal antibodies and ligands of these receptors can be
used as Trojan horses for transcytosis of therapeutic compounds to the
CNS. A new technology using the peptide Angiopep as the ligand for
the LRP-1 receptor demonstrates a high transport rate across the BBB
and the ability to transport both small and large drugs to the brain
parenchyma. This technology is the most advanced of the technologies
targeting receptor-mediated endocytosis, and it is currently in Phase I
for the treatment of recurrent gliomas and brain metastasis.
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