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Drug and gene targeting to the brain via blood-brain
barrier receptor-mediated transport systems
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Abstract. The delivery of recombinant proteins, peptides, antisense agents, and non-viral gene
medicines to brain via a trans-vascular route following intravenous administration is possible with
the development of blood-brain barrier drug targeting technology. Drugs or genes are re-
formulated and attached to molecular Trojan horses that ferry the drug or gene into brain via
receptor-mediated transport across the BBB on endogenous peptide transport systems. © 2005
Elsevier B.V. All rights reserved.
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1. Introduction

The blood-brain barrier (BBB) problem is the limiting factor in the future development
of new therapeutics for the central nervous system (CNS). The BBB prevents the brain
uptake of >98% of small molecules and -100% of large molecules. While small molecules
are generally palliative medicines, large molecules have the potential to be curative
therapeutics for brain disorders [1]. Large molecule therapeutics include peptides,
recombinant proteins, antisense drugs, monoclonal antibodies, and non-viral gene
therapies including RNA interference (RNAi). Without the development of functional
BBB drug targeting technology, none of the large molecule drugs can be developed as
neurotherapeutics.

A few endogenous large molecules normally undergo transport across the BBB via
receptor-mediated transcytosis (RMT) systems. The BBB insulin receptor or the BBB
transferrin receptor (TfR) mediates the RMT of circulating insulin or transferrin (Tf) from
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blood to brain. The BBB RMT systems function in parallel with the carrier-mediated
transport (CMT) systems that mediate the brain uptake of certain small molecules, such as
the GLUT1 glucose transporter, which mediates brain uptake of circulating glucose. In
addition to endogenous peptides, the BBB RMT systems also transport certain
peptidomimetic monoclonal antibodies (MAb), which bind exofacial epitopes on the
BBB receptor to enable receptor binding from the circulation. The peptidomimetic MAbs
are "endocytosing antibodies." The binding of an endocytosing antibody to a BBB
receptor enables the RMT of that antibody across the BBB. The peptidomimetic MAb
binding site is removed from the receptor binding site for the endogenous ligand.
Therefore, there is no inhibition of endogenous BBB transport by the MAb, unless very
high concentrations of the MAb are administered. Endocytosing peptidomimetic MAbs
that bind BBB receptors may function as molecular Trojan horses to ferry across the BBB
any attached large molecule drug or gene. When a peptide or protein drug, that is not
normally transportable across the BBB, is attached to a BBB molecular Trojan horse, then
the re-formulated protein drug is called a chimeric peptide [1], The attachment of peptide
drugs to the molecular Trojan horse is facilitated with avidin-biotin technology, hi this
approach, the protein drug is mono-biotinylated and formulated in 1 vial, hi parallel,
streptavidin (SA) is conjugated to the MAb via a stable thio-ether bond. A conjugate of
SA and the MAb is designated MAb/SA. Prior to injection, the 2 vials containing the
MAb/SA and the biotinylated protein are mixed to form the chimeric peptide. Owing to
the very high affinity of SA or avidin binding of biotin, the biotinylated drug is rapidly
conjugated to the MAb/SA [1],

2. Blood-brain barrier molecular Trojan horses

The BBB receptor-specific MAb's that act as molecular Trojan horses are species-
specific and a panel of drug targeting vectors has been developed for the 4 different
species shown in Fig. 1. Drug or gene delivery to the mouse brain is accomplished with the
rat 8D3 MAb to the mouse TfR. The 8D3 MAb is not effective in rats, and drag delivery to

SPECIES-SPECIFIC BLOOD-BRAIN BARRIER DRUG
TARGETING VECTORS

SPECIES mouse

TARGET

MAb 8D3 OX26

Fig. 1. Species specific BBB molecular Trojan horses [1].
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rats is possible with the murine OX26 MAb to the rat TfR [1]. The OX26 MAb is not
active in mice or other species. Drug or gene delivery to Old World primates such as the
rhesus monkey is performed with the murine 83-14 MAb to the human insulin receptor
(HIR). The MAb to the HIR is effective in Old World primates owing to the greater genetic
similarity between humans and Old World primates. The HIRMAb is not active in New
World primates such as the squirrel monkey. The murine 83-14 HIRMAb cannot be used
in humans owing to immunogenic reactions to this mouse protein. However, genetically
engineered forms of the HIRMAb have been produced, which will allow for drug and gene
delivery to the human brain (Fig. 1).

3. Blood-brain barrier transport of recombinant proteins or peptides

3.1. Vasoactive intestinal peptide (VIP)

VIP is a potent cerebral vasodilator when applied topically to blood vessels on the
surface of the brain [2]. The intra-carotid arterial infusion of VIP does not result in an
increase in cerebral blood flow [3], because VIP does not cross the BBB. A VIP analog
(VlPa) was specifically designed to enable mono-biotinylation of the neuropeptide via a
non-cleavable amide linker between the biotin group and a single lysine moiety on the
VlPa [4]. The mono-biotinylated VlPa was attached to a conjugate of streptavidin (SA)
and the OX26 MAb, and this VlPa chimeric peptide was injected intravenously into adult
conscious rats. Cerebral blood flow was measured with 3H-diazepam as a fluid
microsphere. The intravenous injection of the VIP chimeric peptide resulted in a 60%
increase in hemispheric brain blood flow in conscious rats [4]. Intravenous administration
of the VlPa that was not attached to the BBB molecular Trojan horse caused no change in
cerebral blood flow, because the peptide did not cross the BBB. Conversely, the
intravenous injection of the unconjugated VlPa caused a 350% increase in salivary gland
blood flow, because the neuropeptide can freely cross the porous microvascular bed in
peripheral tissues such as the salivary gland. However, no increase in salivary gland blood
flow was observed following injection of the VlPa chimeric peptide, because attachment
of the VlPa to the molecular Trojan horse reduced trans-capillary transport of the
neuropeptide into peripheral tissues [4]. Re-formulation of the VlPa as a chimeric peptide
simultaneously increased drug uptake into the target organ, brain, and retarded drag uptake
into peripheral tissues, such as salivary gland, and both effects resulted in a 10-fold
increase in therapeutic index of the neuropeptide [4].

3.2. Brain derived neurotrophic factor (BDNF)

BDNF is a member of the nerve growth factor (NGF) family of neurotrophins. These
proteins are highly cationic, and this cationic charge causes a rapid clearance from the
bloodstream following intravenous administration [5]. The pegylation of proteins can
block the rapid removal of proteins from blood. Pegylation involves the conjugation of
polyethylene glycol (PEG) to the surface lysine groups on the protein. However,
conjugation of surface lysine groups can eliminate the biologic activity of the NGF-like
neurotrophins [6]. Therefore, 2000 Da PEG was selectively conjugated to carboxyl groups
on BDNF aspartate and glutamate residues, and this resulted in no loss of biologic activity
of the BDNF based on TrkB autophosphorylation assays [5]. The pegylated BDNF was
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mono-biotinylated and conjugated to OX26/SA and injected intravenously into animals
that have been subjected to transient forebrain ischemia [7]. The neuronal density in the
CA1 sector of the hippocampus was decreased 68+10% at 1 week after transient forebrain
ischemia in animals treated with either saline or unconjugated BDNF. There was no
neuroprotective effect of the unconjugated BDNF because this neurotrophin does not cross
the BBB [7]. However, the CA1 neuronal density in the hippocampus was normalized by
the delayed intravenous administration of the BDNF chimeric peptide in rats exposed to
transient forebrain ischemia and isoelectric electroencephalogram (EEG). The BDNF
chimeric peptide was pharmacologically active in cerebral ischemia following intravenous
injection at a dose of 50 ug/adult rat or 250 (o,g/kg [7]. This dose would be expected to
increase the brain BDNF concentration to a level of 100 ng/g brain, which causes near
maximal autophosphorylation of the TrkB receptor [5].

The neuroprotection of the BDNF chimeric peptide was also evaluated in adult rats
subjected to 24 h of permanent middle cerebral artery occlusion (MCAO). The
unconjugated BDNF, the unconjugated MAb, or the BDNF-MAb conjugate was injected
intravenously at doses of 1, 5, and 50 jag/rat of BDNF following permanent MCAO [8].
Neither the unconjugated BDNF or the unconjugated MAb had any neuroprotective effects
in brain, because the BDNF does not cross the BBB, and the OX26 MAb, by itself, is not
neuroprotective. However, delayed intravenous injection of the BDNF chimeric peptide
resulted in a 65% reduction in hemispheric stroke volume at the 50 jig/rat dose, and a 43%
reduction in hemispheric stroke volume at the 5 |ig/rat dose [8]. Significant reduction of
stroke volume was observed if the administration of the BDNF chimeric peptide was
delayed for 1-2 h after MCAO.

Human stroke is characterized by a re-flow of cerebral perfusion following the initial
occlusion. Therefore, the neuroprotective properties of the BDNF chimeric peptide were
also evaluated in a reversible MCAO model [9]. The middle cerebral artery was occluded
for 1 h in adult rats, followed by re-flow for either 24 h or 7 days. There was a 68% and
70% reduction in cortical stroke volume at 24 h and 7 days, respectively, after the
intravenous administration of 50 |o,g/rat of the BDNF chimeric peptide [9]. These results
demonstrated that the neuroprotective properties of the BDNF chimeric peptide are also
observed in reversible brain ischemia, and that the neuroprotective effect on stroke volume
is permanent.

3.3. Fibroblast growth factor (FGF)-2

FGF-2 is one of the most potent neuroprotective agents known, and high intravenous
doses of FGF-2 are neuroprotective in the MCAO model if the BBB is disrupted [10].
However, the BBB is normally not disrupted in brain ischemia in the early phase when
neuroprotection is still possible [11]. Therefore, the neuroprotective effects of an FGF-2
chimeric peptide were investigated in the permanent MCAO model in adult rats [12]. A
single intravenous injection of the FGF-2 chimeric peptide resulted in an 80% reduction in
infarct volume at a dose of 25 ng/kg of the FGF-2 chimeric peptide. A significant
reduction of stroke volume was also observed at a very low dose of 5 j-ig/kg of the FGF-2
chimeric peptide [12]. Therefore, the potency of the FGF-2 chimeric peptide is greater than
that of the BDNF chimeric peptide [8]. There was no neuroprotection observed with 5-25
ug/kg doses of unconjugated FGF-2 [12], because the BBB transport of this neuropeptide
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is minimal in the absence of BBB disruption [13]. Similar to VIP [4], conjugation of FGF-
2 to the BBB molecular Trojan horse caused an increase in brain uptake of the peptide in
parallel with a decrease in uptake of FGF-2 by peripheral tissues [14]. The therapeutic
effects of unconjugated FGF-2 were evaluated in human stroke trials, but these trials were
terminated owing to toxicity associated with the systemic administration of large doses of
FGF-2 [15]. The administration of large doses was necessary owing to the minimal
transport of the FGF-2 across the BBB. Re-formulation of the FGF-2 with the production
of an FGF-2 chimeric peptide allows for CNS pharmacological effects in stroke with the
systemic administration of very low doses of the neurotrophin [12].

3.4. Epidermal growth factor (EGF)

Many primary brain cancers, and 70% of all solid cancers, over-express the epidermal
growth factor receptor (EGFR). Therefore, EGF could be used as a peptide
radiopharmaceutical for the early detection of solid cancer, including brain cancer.
However, the primary brain cancer, and early stage metastatic cancer to the brain, still
have an intact BBB [16], and EGF does not cross the BBB [17]. Owing to the lack of
EGF transport across the BBB, it was not possible to image intra-cranial brain cancer
following the intravenous injection of an EGF peptide radiopharmaceutical labelled with
Ill-indium [18]. Conversely, both small and large brain cancers could be detected with
an EGF chimeric peptide radiopharmaceutical. In this approach, the [niln]-mono-
biotinylated EGF was conjugated to OX26/SA, and injected intravenously in adult nude
rats with intra-cranial human U87 glial tumors. These human tumors express the human
EGFR, which caused selective retention of the EGF chimeric peptide radiopharmaceut-
ical in the brain tumor [18]. The studies show that chimeric peptides can also be used as
neurodiagnostic agents for the early detection of brain diseases. Large molecule imaging
agents, such as peptide or antisense radiopharmaceuticals, can increase the power of
imaging modalities by log orders compared to the sole reliance on small molecule
radiopharmaceuticals. However, the development of large molecule radiopharmaceuticals
for brain requires the development of a BBB targeting technology.

3.5. Peptide nucleic acids (PNA) as antisense radiopharmaceuticals

DNA sequence information derived from the human genome project could be used to
develop antisense radiopharmaceuticals for the sequence-specific imaging of gene
expression in vivo. The ideal antisense radiopharmaceutical is a PNA, because PNAs
do not activate RNAseH upon hybridization to the target transcript. PNAs can be
conjugated with chelator moieties to allow for radiolabeling with 111 -indium. However,
PNAs, like other antisense agents, do not cross cell membrane barriers well, and do not
cross the BBB [19]. It was not possible to image gene expression in vivo with an
unconjugated [in!n]-PNA directed against the caveolin-1 mRNA, owing to poor
penetration of the blood-borne PNA into brain [20]. However, when the anti-caveolin-1
PNA antisense radiopharmaceutical was conjugated to the BBB molecular Trojan horse, it
was possible to image the over-expression of caveolin-1 gene expression in primary brain
cancer in adult rats following the intravenous administration of the gene imaging agent
[20]. This work shows that antisense radiopharmaceuticals can be used to image gene
expression in the brain in vivo, providing BBB drug targeting technology is used.
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4. Trans-vascular delivery to brain of non-viral gene therapeutics

4,1, Pegylated immunoliposomes (PILs)

The same BBB molecular Trojan horses that were used to deliver recombinant
proteins across the BBB can also be used to target non-viral supercoiled plasmid DNA
that has been encapsulated in the interior of pegylated liposomes [21]. The riposome is
about 100 nm in diameter and encapsulates a single plasmid DNA molecule as depicted
in Fig. 2A. The surface of the liposome is conjugated with several thousand strands of
2000 Da PEG and the tips of 1-2% of the PEG strands is conjugated with a molecular
Trojan horse or peptidomimetic MAb that targets a specific receptor on the BBB. This
enables the sequential RMT of the PIL across the BBB, followed by the receptor-
mediated endocytosis of the PIL into brain cells. An electron micrograph of a PIL with
the DNA encapsulated inside is shown in Fig. 2B. The spatial relationship between the
targeting MAb and the liposome is revealed with a secondary antibody that was
conjugated with 10 nm gold. A 10 nm gold particle is about the same size as an MAb
molecule, and the electron micrograph in Fig. 2B illustrates the relationship of the
targeting MAb and the liposome [22]. So as to demonstrate delivery of the DNA to the
nuclear compartment with the PIL gene transfer technology, the plasmid DNA was

Fig. 2. (A) Diagram of a super-coiled expression plasmid DNA encapsulated in an 85 nm pegylated
immunoliposome (PIL) targeted to a cell membrane receptor (R) with a receptor-specific, endocytosmg
monoclonal antibody (Mab). (B) Transmission electron microscopy of a PIL. The MAb molecule tethered to the
tips of the 2000-Da polyethylene glycol (PEG) is bound by a conjugate of 10 nm gold and a secondary antibody.
The position of the gold particles shows the relationship of the PEG extended MAb and the liposome.
Magnification bar=20 nm. From Ref. [22]. (C) Confocal microscopy of U87 human glioma cells following either
a 3 h (left panel) or a 24 h (right panel) incubation of fluorescein conjugated DNA encapsulated within HIRMAb
targeted PILs. The inverted grayscale image is shown. There is primarily cytoplasmic accumulation of the fluoro-
DNA at 3 h, whereas the fluoro-DNA is largely confined to the nuclear compartment at 24 h. Fluoro-DNA
entrapped within intra-nuclear vesicles is visible at both 3 and 24 h. From Ref. [23], (D) Tyrosine hydroxylase
(TH) immunocytochemistry of brain of adult rats subjected to unilateral 6-hydroxydopamine injection. Brain TH
expression was measured at 3 days after the intravenous injection of PILs carrying a TH expression plasmid and
targeted with either a mouse IgG2a isotype control antibody (left panel) or the OX26 MAb to the rat TfR (right
panel). From Ref. [25].
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radiolabeled with fluorescein by nick translation prior to encapsulation in the PIL. The
PIL was conjugated with the 83-14 HIRMAb and incubated with human U87 glioma
cells in cell culture. Confocal microscopy at 3 and 24 h was then performed [23].
Confocal microscopy at 3 h shows a majority of the plasmid DNA is confined to the
cytoplasmic compartment, although significant DNA is already seen in nuclear vesicles
(Fig. 2C, left panel). By 24 h, the majority of the cellular DNA is in the nuclear
compartment (Fig. 2C, right panel). These findings show that the PIL gene transfer
technology enables the distribution of the exogenous gene into the nuclear compartment
of the target cell.

4.2. Organ-specific gene expression in adult rhesus monkeys

A |3-galactosidase (lacZ) expression plasmid was produced that was driven either by
the widely read SV40 promoter, or by the ocular-specific promoter taken from the 5' -
flanking sequence of the bovine rhodopsin gene [24]. The SV40-lacZ gene was
encapsulated in PILs targeted with the HTRMAb and injected intravenously into adult
rhesus monkeys. The animals were sacrificed 2 days later and gene expression was
detected with (3-galactosidase histochemistry (Fig. 3). Because the SV40 promoter is
widely read in all tissues, the transgene was expressed in those tissues of the body that
were penetrated by the HIRMAb-targeted PIL. These organs include the eye and the
brain. The insulin receptor in brain is expressed at both the BBB and the neuronal
plasma membrane. The insulin receptor in the eye is expressed at both the blood-retinal
barrier (BPvB) and the plasma membrane of ocular cells. The transgene was also
expressed in liver or spleen, owing to expression of insulin receptor on the plasma
membrane of parenchymal cells in those organs, and to the fact that liver and spleen are
perfused by highly porous fenestrated microcirculatory beds that provide no barrier to
the circulating PIL (Fig. 3A). In contrast, when the lacZ gene was driven by an organ-

brain cerebellum liver spleen

B

cerebellum liver spleen

Fig. 3. p-Galactosidase histochemistry of organs removed from an adult rhesus monkey 48 h after the intravenous
injection of a p-galactosidase expression plasmid encapsulated in PILs targeted with the HIRMAb. The p-
galactosidase expression plasmid was under the influence of either the widely expressed SV40 promoter (A) or
the rhodopsin promoter (B). From Ref. [24],
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specific promoter, and encapsulated in HIRMAb-targeted PILs, the gene was only
expressed in the eye, and there was no expression in brain, cerebellum, liver or spleen of
the adult rhesus monkey (Fig. 3B). These organs lack trans-acting factors that interact
with the 5' -flanking sequence of the rhodopsin gene, and consequently, no expression of
the transgene was observed. These studies in adult rhesus monkeys show that the
combination of organ-specific gene promoters and the PIL gene transfer technology can
enable expression of exogenous genes in specific target organs following intravenous
administration of non-viral formulations.

4.3. Tyrosine hydroxylase (TH) gene therapy in experimental Parkinson's disease

Experimental Parkinson's disease (PD) was produced by the stereotaxic injection of a
neurotoxin, 6-hydroxydopamine, into the medial forebrain bundle on one side of the brain
of adult rats [22]. This results in a complete loss of immunoreactive TH in the striate body
ipsilateral to the lesion, as shown in Fig. 2D (left panel). Adult rats were injected with the
6-hydroxydopamine neurotoxin, and the lesion was confirmed by apomorphine induced
rotation behavior. The lesioned animals were separated into 2 groups, and both groups
were treated with a TH expression plasmid encapsulated in PILs that were targeted with
either the OX26 MAb to the rat TfR or with a mouse IgG2a isotype control. Three days
following a single intravenous injection of 10 j-ig/rat of TH plasmid DNA, the animals
were sacrificed for TH immunocytochemistry. There was no expression of the TH
transgene in the striate body of lesioned animals when PILs were targeted with the mouse
IgG isotype control (Fig. 2D, left panel), because this PIL had no receptor targeting.
However, when the PILs carrying the TH expression plasmid were targeted with the MAb
to the TfR, there was complete normalization of immunoreactive TH in the striate body of
the lesioned animals (Fig. 2D, right panel). The TH immunocytochemistry was
corroborated by confocal microscopy and by measurements of TH enzyme activity. The
TH gene therapy caused an 82% reduction in aberrant motor behavior in the rats with
experimental PD. These studies show that it is possible to normalize the level of TH in the
entire volume of the striatum in experimental PD with intravenous gene therapy without
the use of viruses [22,25].

4.4. RNAi gene therapy of experimental brain cancer

RNAi causes knockdown of a target gene expression by short single-stranded RNA
molecules that cause either degradation or translation arrest of the target mRNA. Since it is
difficult to deliver short RNA molecules, owing to rapid degradation by ubiquitous
RNases, RNAi can be induced in cells by first delivering an expression plasmid that
produces a short hairpin RNA (shRNA). The shRNA is then processed by an enzyme,
dicer, in the cytoplasm to yield the short RNA with a defined sequence that is antisense to a
region of the target transcript [26]. An expression plasmid encoding an shRNA directed
against nucleotides 2529—2557 within the human EGFR mRNA was encapsulated in PILs
that were doubly targeted with both the murine 83-14 MAb to the HIR and the rat 8D3
MAb to the rat TfR (Fig. 4A and B). Human U87 glioma cells were implanted in the brain
of adult SCID mice [27]. These human cancers were perfused by vessels of mouse brain
origin. The rat 8D3 MAb to the mouse TfR enabled transport of the PIL across the mouse
BBB perfusing the human brain cancer, and the 83-14 MAb to the HIR enabled
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Fig. 4. (A) Model of pegylated immunoliposome (PIL) that is doubly targeted to both the mouse transferrin
receptor (mTfR) with the 8D3 monoclonal antibody (MAbl) and to the human insulin receptor (HIR) with the 83-
14 monoclonal antibody (MAb2). Encapsulated in the interior of the PIL is the plasmid DNA encoding the short
hairpin RNA (shRNA), which produces the RNA interference (RNAi). The gene encoding the shRNA is driven
by the U6 promoter (pro) and is followed on the 3' -end with the T5 termination sequence for the U6 RNA
polymerase. (B) Nucleotide sequence of the human epidermal growth factor receptor (hEGFR) mRNA between
nucleotides 2529—2557 is shown on top. The sequence and secondary structure of the shRNA produced by clone
967 is shown on the bottom. The antisense strand is 5' to the 8 nucleotide loop, and the sense strand is 3' to the
loop. The sense strand contains 4 G/U mismatches to reduce the Tm of hybridization of the stem loop structure;
the sequence of the antisense strand is 100% complementary to the target mRNA sequence. (C) Intravenous RNAi
gene therapy directed at the human EGFR is initiated at 5 days after implantation of 500,000 U87 cells in the
caudate putamen nucleus of the brain of scid mice, and weekly intravenous gene therapy is repeated at days 12,
19, and 26 (arrows). The control group was treated with saline on the same days. There are 11 mice in each of the
2 treatment groups. The time at which 50% of the mice were dead (ED50) is 17 and 32 days in the saline and
RNAi groups, respectively. Weekly intravenous RNAi gene therapy directed against the human EGFR produces
an 88% increase in survival time. From Ref. [27].

endocytosis of the PIL into the human brain cancer cell behind the BBB. Weekly
intravenous RNAi gene therapy caused reduced tumor expression of immunoreactive
EGFR, and an 88% increase in survival time with advanced intra-cranial brain cancer (Fig.
4C). This study shows for the first time that survival in experimental cancer can be
prolonged with weekly intravenous RNAi gene therapy [27]. The RNAi and experimental
PD treatment studies [22,25,27] also show that intravenous, non-viral gene therapy can be
clinically effective as primary treatment modalities, providing the gene delivery problem is
solved.
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5. Conclusions

Large molecule therapeutics including recombinant proteins, antisense agents, and gene
therapy, including RNAi, have the potential to be curative in chronic brain disease. There
has been little translation of the progress in the molecular neurosciences into effective
therapeutics for human brain disorders. This is because solutions to the BBB problem have
not been developed. Unable to deliver drugs to the brain via the trans-vascular route, the
brain drug developer attempts to deliver the drug or gene behind the BBB with
craniotomy-based drug delivery to the brain. However, intra-cerebral drug administration
only results in the delivery of the drag or gene to the region of brain at the tip of the
injection needle. In order to deliver drugs or genes effectively to brain cells, it is necessary
to use trans-vascular drug delivery to the brain following intravenous administration.
However, the trans-vascular approach requires the development of solutions to the BBB
drug delivery problem. With the development of BBB drag targeting technology, it is
possible to re-formulate large molecule proteins or non-viral gene medicines to enable
transport across the BBB. Once brain delivery problems are solved, the rate of new drag
development is accelerated.
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Discussion

Original Paper from William M. Pardridge: Application of receptor-mediated systems
at the blood-brain barrier.

Kreuter
I have one question concerning the alternatives. I'm not a specialist in that area but

David Begley suggested that the LDL receptor would be much a better alternative to the
transferrin receptor, and when I talked to Bill Pardridge a couple of weeks ago, he said he
did not look for the LDL receptor because some people, quite some time ago, told him that
there are none in the brain. So we see here how things develop. Is it true that the transferrin
exchange is not very active in contrast to the LDL? Would it be that the LDL receptor is
feasible as an interesting alternative?

De Boer
I know that the LDL receptor is present at the blood-brain barrier. I think it is also

present in many other tissues, particularly in the liver, so I think that if you choose that
receptor then your targeting efficiency will not be very high. If you want to improve the
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targeting efficiency and you want to bring, for instance, deliver genes to the brain, then
you should use a brain-specific promoter, but if you want to use it for the targeting of small
molecules, then you have a problem I would say.

Gabathuler
In synapse technology we've tried to do the OX26, and we've conducted experiments

with OX26. The problem we had is that if you look at the brain in mice then basically you
find that you have a good delivery, but everything is stuck to the capillaries. What we use
now is the LRP receptor: It's very highly expressed in the blood-brain barrier and it allows
a good delivery for, basically, melanotransferrin, and for other alternatives.

De Boer
I understand your comments but I still have a problem; for instance, with the data for

ischemia and BDNF. That receptor is present on the neurons so the BDNF has to come
into the brain and have access to the receptor on the neuron, so in that case you need
blood-brain barrier transport. So if you say it sticks to the capillaries, then there must be
some other mechanism that is responsible for transport to the neurons.

Galla
Whenever you use the receptor system, you have to use a conjugated substrate. Is that

always applicable? I ask this because that internalises as a vesicle and that means that the
conjugated substrate in a vesicle. If I think about Dr. Aerts' talk, what we just had with the
glucocerebrosidase, would it be possible to bring it in, release the en/yme and use the
action of the enzyme, or is that afterwards incorporated into the vesicle?

De Boer
I think if you want to study conjugates, then as I showed you, the endocytotic route is

mainly a route that is ending up in the cytosol. If you look at the study of the uptake of
liposomes, it's rather clear from the evidence we have now that they end up in the
lysosomes. So I think that transfer to the lisosomes would be very interesting, let's say, for
lysosomal storage diseases.

Abbott
My question is related to the previous question about whether the antibody gets stuck

on the endothelium. Presumably, for the transferrin receptor, the whole point is that it is
designed to recycle, so if you look just for the antibody you will see it on the vessel. But
the main question is what happens to the cargo. Can that get across? So in some cases it
may be necessary to pay attention to getting the cargo off, and into the brain across the
basolateral membrane of the endothelium. For agents like BDNF, with very high potency
on neuronal receptors, then even one hundredth of the cargo reaching the brain might be
sufficient. But if you're dealing with drug delivery where a high concentration is needed,
then I think there could be difficulties.

Stanimirovic
A couple of comments on alternatives: we currently know of a very limited number of

receptors that undergo receptor-mediated transcytosis including transferrin, insulin growth
factor and LDL. Therefore the alternative might be to discover other receptor-mediated
routes across the blood-brain barrier. This might provide other possibilities for delivery
routes selective for brain endothelial cells versus peripheral endothelial cells. In addition, I
have a short question: do we at all know if caveolae represent a viable transcytosis route in
brain endothelial cells?
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De Boer
Yes, I think that the only answer that I can give is that if you consider larger molecules,

then you need a receptor system that is available and that is more or less specific for maybe
the blood-brain barrier. I am quite sure that if you use a liposome, you'll you will have a
large change to end up in the lysosomes.

Gabathuler
When one looks at one of the ways to deliver things in the brain and then in the

lysosome, the LRP receptor is the ideal receptor for that because it goes into the
lysosomes; you see that when you have the receptor, you target the receptor and the cargo
goes into the lysosome. That's important, but that's also a drawback with drugs. How do
you go then from the lysosome into the cytoplasm and so on? You have to have to take this
into account. With hydrophobic drugs, and the chemotherapeutics are hydrophobic, you go
into the lysosome and then you can eventually release the cargo into the lysosome and it
diffuses into the cytoplasm. I think that you have to look basically at how you can organise
that.

Galla
If we focus on gene therapy we have the same problem. You have to bring the gen, you

have to target it. You use a conjugate and you have it in the lysosome. But, how does it
come out of the lysosome, and how does go to the other side of the endothelial cells if you
have the blood-brain barrier, because you need it in the neurons, not in the endothelial
cells. So is there any idea about the strategy using those receptor-mediated transport
systems? I think that is still the major problem with all those gene therapy approaches.

De Boer
Of course that is the big challenge and, even more so, if you want to integrate a gene

into the genome. That is the next step, so I think there are a lot of problems. Some of them
maybe circumvented, if I understood now, because you may have also extra chromosomal
transcription, and some elements are able to induce that. So that is a possibility that makes
things a little easier, but it is still a challenge to get those genes to the right spot.

Pardridge
In the discussion of alternatives to the transferrin receptor (TfR), the following should

be considered.

(1) The targeting of drugs and genes with a peptidomimetic monoclonal antibody (MAb)
to the human insulin receptor (HIR) results in a nearly 10-fold increase in drug
delivery to the Rhesus monkey brain, as compared to drug delivery to the rodent brain
with an MAb to the TfR. For example, the level of luciferase gene expression in brain
is 50-fold greater in Rhesus monkeys following gene delivery with the HIRMAb, as
compared to gene delivery to rat brain with the TfRMAb.

(2) Brain drug targeting via the BBB low density lipoprotein (LDL) receptor may not
be efficient, because the half time of cholesterol exchange between blood and
adult brain, which is mediated via the BBB LDL receptor, is on the order of a
day.

(3) To date, there is little evidence that the BBB LDL-related protein (LRP) is a
transcytosis system. For example, the BBB expresses a scavenger receptor, which
mediates only the endocytosis, not the transcytosis, of circulating acetylated LDL.
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When the brain uptake of the OX26 TfRMAb is measured with immunocytochemistry,
only MAb distribution to the capillary compartment is detected, with no signal in brain
parenchyma. This is due to the fact that the brain extra-vascular volume is nearly 1000-
fold greater than the brain capillary endothelial compartment, which is <1 nL/g brain. The
1000-fold dilution causes a complete loss of histochemical signal in the parenchymal
compartment. However, when transport of the TfRMAb across the blood-brain barrier
(BBB) is measured with a more sensitive technique using radioisotopes, such as emulsion
autoradiography or the capillary depletion technique, then it is shown that >90% of the
TfRMAb that binds the capillary undergoes transport through the BBB and into brain
parenchyma. The rapid rate of trancytosis across the BBB is supported by the numerous
demonstrations of in vivo pharmacological effects in brain following intravenous
administration of drug attached to molecular Trojan horses that target BBB transcytosis
systems.

The BBB TfR mediates the trancytosis of holo-transferrin (Tf) from the blood to the
brain and through the capillary endothelial compartment. The holo-Tf then undergoes
receptor-mediated endocytosis into brain cells via the brain cell TfR, which is abundant on
brain cells. After release of the iron in brain cells, the apo-Tf undergoes reverse
endocytosis to brain interstitial fluid, followed by reverse transcytosis across the BBB via
the endothelial TfR, which is expressed on both the luminal and abluminal membranes of
the capillary endothelium in brain. The rapid rate of reverse transcytosis of apo-Tf across
the BBB in the brain to blood direction was demonstrated with the Brain Efflux Index
technique.




