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Abstract. The development of gene- and RNA interference (RNAi)-based therapeutics represents a
challenge for the drug delivery field. The global brain distribution of DNA genes, as well as the targeting
of specific regions of the brain, is even more complicated because conventional delivery systems, i.e.
viruses, have poor diffusion in brain when injected in situ and do not cross the blood-brain barrier
(BBB), which is only permeable to lipophilic molecules of less than 400 Da. Recent advances in the
“Trojan Horse Liposome” (THL) technology applied to the transvascular non-viral gene therapy of
brain disorders presents a promising solution to the DNA/RNAIi delivery obstacle. The THL is
comprised of immunoliposomes carrying either a gene for protein replacement or small hairpin RNA
(shRNA) expression plasmids for RNAI effect, respectively. The THL is engineered with known lipids
containing polyethyleneglycol (PEG), which stabilizes its structure in vivo in circulation. The tissue
target specificity of THL is given by conjugation of ~1% of the PEG residues to peptidomimetic
monoclonal antibodies (MAb) that bind to specific endogenous receptors (i.e. insulin and transferrin
receptors) located on both the BBB and the brain cellular membranes, respectively. These MAbs
mediate (a) receptor-mediated transcytosis of the THL complex through the BBB, (b) endocytosis into
brain cells and (c) transport to the brain cell nuclear compartment. The present review presents an
overview of the THL technology and its current application to gene therapy and RNAI, including

experimental models of Parkinson’s disease and brain tumors.
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INTRODUCTION

The delivery of DNA fragments coding for genes and
expression cassettes [i.e. short hairpin (sh) RNA] to tissues in
vivo represents the limiting step in the development of gene
therapy and RNA interference (RNAi) protocols and clinical
trials. Naked DNA is subjected to endo/exonuclease-mediated
degradation and it is not transported through cellular barriers
(1, 2). Targeting the central nervous system (CNS) with DNA
therapeutics is even more complicated due to the presence of
the blood-brain barrier (BBB), which is only permeable to
lipophilic molecules of less than 400 Da (3). The use of
human viruses as brain DNA delivery systems has been ex-
tensively explored during the last 2 decades with disappoint-
ing results. The latter has been associated with preexisting
immunity, immunological response induced by the viral coat
protein, and inflammation that led to demyelination (4-14).
Cationic lipids are widely used for transfection of cell with
DNA in tissue culture models in vitro, and its potential
application in vivo was also investigated. However, cationic
lipid-DNA complexes are either unstable in vivo or form
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large molecular weight aggregates that deposit in the
pulmonary vascular bed (15-17).

A promising alternative approach for delivery of DNA
genes to the CNS is the “Trojan Horse Liposome” (THL)
technology (2,18-21) (Fig. 1a). In THLs, the DNA is en-
capsulated in the interior of a liposome, which insulates the
DNA from nuclease degradation. The DNA-encapsulated
liposome is constructed with polyethyleneglycol (PEG) that
stabilize the liposome increasing the plasma residence time
(22,23). A small fraction of the PEG molecules, i.e. 1-2%,
are then engineered with peptidomimetic monoclonal anti-
bodies (MAD) that target BBB and brain cell receptors, i.e.
insulin (IR) and transferrin (TfR) receptors, respectively
(Table T) (2,18-21). Thus, the liposome acts as a molecular
Trojan horse, as the MAbs on the surface of the liposome
trigger receptor mediated transcytosis through the BBB, and
transport via endocytosis to the nuclear compartment in
brain cells (Fig. 1c). Using the appropriate combination of
both targeting MAbs on the surface of the THL and cell-
specific promoters in the gene to be delivered, it is possible to
produce cell-specific expression of the gene of interest in the
brain of rodents and primates (2,18-21,24,25). With the
recent development of both chimeric and humanized MAbs
directed to the IR, the THL technology is also applicable to
humans (26,27).

The present review presents an overview of the THL
technology and its current application to gene therapy and
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Fig. 1. Engineering of Trojan Horse liposomes (THL). a A diagram representing a THL. A supercoiled plasmid DNA is encapsulated in the
interior of the liposome. The gene may encode for a protein/enzyme or for a short hairpin RNA (shRNA) for an RNAIi protocol. For the
former, the coding sequence (cds) can be driven by specific or widely read promoter (Pro) and contains a polyadenylation signal (pA). In the case
of shRNAs, its expression is under the influence of the U6 promoter and the cds terminates with the T5 terminator sequence for RNA
polymerase III. The surface of the liposome is conjugated with several thousand strands of 2,000 Da polyethylene glycol (PEG) to stabilize the
liposome in blood. The tips of 1-2% of the PEG strands are conjugated with a targeting ligand such as a receptor (R)-specific monoclonal
antibody (MAb) (Table I), which triggers transport of the THL across biological barriers in vivo. THLs can be engineered to target cells in
tissue culture and in vivo in experimental models in different species (Table I). In most applications, THLs are engineered with a single type of
MAD to target both the BBB and brain cells in the same species. However, in an experimental mouse model of a human brain tumor, the THL
is engineered with both the 8D3 mouse transferrin receptor (7fR) MAb (MAbI) to target the R1 and the 8314 human IR MAb (MAb2) to
target R2. Thus, the THL is transported through the mouse BBB via receptor-mediated transcytosis, and later through the target human
glioma cell membrane via endocytosis (21). b Transmission electron microscopy of a THL. Mouse IgG molecule tethered to the tips of the
PEG molecules in a THL were bound by a conjugate of 10 nm gold and an anti-mouse secondary antibody (30). The position of the gold
particles illustrates the relationship of the PEG extended MAb and the liposome. Magnification bar =20 nm. ¢ The 3-barrier model for gene
therapy of the brain. Following intravenous injection, the transgene-THL must clear three barriers in series to be able to reach the nucleus for
expression: (1) the blood-brain barrier (BBB), (2) the brain cell membrane (BCM), and (3) the nuclear membrane. As discussed above in a,
THLs can be engineered with a single type of MADb to target the same receptor in both the BBB and BCM (R1), or with two different MAbs
to target different receptors at the BBB and the BCM, e.g. R1 and R2, respectively. a Modified from (57). b From (20).

RNAI, including experimental models of Parkinson’s disease
and brain tumors.

THE TROJAN HORSE LIPOSOME (THL)
TECHNOLOGY

The engineering of THL applied to gene therapy begins
with the construction of stealth pegylated liposomes contain-
ing a supercoil plasmid DNA molecule (Fig. 1a). The mixture
of naturally occurring lipids has been optimized for the
encapsulation of plasmid DNA and it is comprised of 93% 1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC),
3% didodecyldimethylammonium bromide (DDAB), 3%
distearoylphosphatidylethanolamine (DSPE)-PEG2000 and
1% DSPE-PEG2000-maleimide (28). The latter being used
for conjugation of the tissue- and specie-specific target MAb
(Fig. la, Table T). The total net charge of the liposome is

slightly anionic as the POPC is neutral, DDAB is cationic
and the both PSPE-PEGs are anionic. The lipid mixture is
prepared in chloroform and the solvent is evaporated under a
stream of nitrogen (28). Following hydration of the lipid
mixture in Tris buffer (pH="7.4) the plasmid DNA is added,
and the lipid-DNA solution is subjected to repeated freezing-
thawing cycles. Thereafter, the encapsulation of DNA and
sizing of the THL are completed by forced extrusion through
a series of polycarbonate filters of reduced pore size, i.e. from
400 to 50 nm, respectively, to form liposomes of 80-100 nm
diameter (28). The use of **P-nick translated DNA as tracer
allows for calculation of the yield of DNA encapsulation. In
a typical batch prepared with 20 umol total lipid mixture
and 150 pg plasmid DNA, 20-30% DNA encapsulation is
obtained (18,21). The DNA in excess, i.e. either free DNA or
DNA bound to the exterior of the liposome, should be
removed from the preparation by digestion a mixture of
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Table I. Targeting MAbs in THL and Target Tissue

Targeting MADb Target Receptor

Experimental Model and Target Tissue

Murine OX26 (77)* rat TfR
Rat 8D3 (78) mouse TfR
Murine 8314 (79) human IR

8D3 + 8314 mouse TfR + human IR

human IR
human IR

Chimeric anti-IR (26)
Humanized anti-IR (27)

(a) Rat C6 or RG2 glioma in culture

(b) Rat C6-790 in cultures

(c) In vivo transport via rat BBB and rat brain cells
(neuron and glial). Gene delivery

In vivo transport via rat BBB and rat brain cells
(neuron and glial). Gene delivery

(a) Human U87 glioma cultures

(b) In vivo transport via primate/human BBB and brain
cells (neuron and glial). Gene delivery

(a) Experimental human brain tumors in scid mice.

(b) In vivo transport via mouse BBB and brain primate/
human cells (neuron and glial). Gene delivery

Gene delivery in humans

Gene delivery in humans

*Reference

DNA endonuclease I and exonuclease III to avoid interfer-
ence with the conjugation to the target MAb (28). At this
point, the construction of DNA encapsulated in stealth or
pegylated liposomes was completed. However, even though
the stealth liposomes have increased stability and plasma
residence time in vivo, they lack tissue target specificity (29).
For example, pegylated liposomes carrying plasmid DNA
expression vectors, but no specific MAD on its surface (Fig. 2a),
are unable to transfect human US87 cells and induce expression
of the gene products for a period of up to 48-72 h (Fig. 2c) (30).
On the contrary, if the pegylated liposomes are engineered with
a tissue-specific MAD on its surface to form THLs (Fig. 2b), it
is possible to transfect cells with the exogenous gene and to
induce its expression in as early as 24 h following incubation
(Fig. 2c) (30). In this case, the THL was packaged with the
8314 anti-human IR MAD (Table I), which is directed to the
extracellular domain of this receptor and that does not interfere
with the normal binding of insulin at physiological concen-
trations (24,25,30). Thus, following incubation of U87 cells with
the 8314-THL carrying an antisense mRNA expression plasmid
directed to nt 2,317-3,006 of the human epidermal growth
factor receptor (EGFR) transcript, designated clone 882 (30),
there is more than 70% reduction in the rate of thymidine
incorporation (Fig. 2c, THL complex designated PIL/882).
Similar experiments were performed with a lacZ expression
plasmid encapsulated in 8314-THLSs, and more than 90% of the
U87 cells were positive in the histochemical detection of B-
galactosidase (30).

The construction of the THL is then completed by
conjugation of the MAD that directs its delivery to the DSPE-
PEG2000-maleimide used in the engineering of the liposome
(above). The MAD is thiolated with Traut’s reagent and
conjugated to the maleimide group of the DSPE-PEG, and
the THL is finally purified from unconjugated material by
Sephacryl CL-4B column filtration (28). The use of *H-
labeled MAD as tracer allows for calculation of the conjuga-
tion yield, as well as the number of molecules of MADb per
THL. In a typical batch, 35-65 molecules of MAbs are conju-
gated per THL (18, 21). A transmission electron microscopy
of a THL is shown in Fig. 1b. The THL was prepared with
mouse IgG and then incubated with an anti-mouse secondary
antibody conjugated to 10 nm gold particles. The latter

illustrates the relationship of the PEG-extended MAb and
the liposome (Fig. 1b) (20).

The specificity of the THL is given by the different MADb
conjugated to the liposome surface (Fig. la). A panel of
specie-specific peptidomimetic MAbs has been developed
(Table I) and their efficacy in delivering THL to brain dem-
onstrated in experimental animals (2,18-21,24). For example,
the 8314 murine MAb to the human IR and the OX26
murine MAD to the rat TfR are used to target human and rat
tissues, respectively (Table T). The OX26 TfRMAD is active
only in rats, and the 8314 human IRMAD is active only in
humans or Old World primates such as the rhesus monkey
(Table T) (18,19,24,31-33). When targeting brain cells, the
THL must traverse both the BBB in vivo and the tumor cell
plasma membrane (BCM) behind the BBB (Fig. 1c). Owing
to high expression of the TfR or IR on both the BBB and
BCM barriers, the targeting MADb enables the sequential
receptor-mediated transcytosis of the THL across the BBB
followed by the receptor-mediated endocytosis of the THL
into the brain cell (Fig. 1c). THLs have also been successfully
constructed to target human tumor cells in a scid mouse
model wherein dual targeting MAbs were directed to the
mouse TfR and human IR, as in the case of the 8D3 and the
8314 MADs, respectively (Fig. 1, MAbl and MAb2) (21).
Recent developments in the engineering of chimeric and fully
humanized MAbs directed to the human IR provides the
necessary tools for the application of the THL technology to
humans (26,27).

The THL technology enables gene delivery to brain cells
and the nuclear accumulation of the potential therapeutic
gene within the target cells was also demonstrated (30).
Figure 3 shows the confocal microscopy of human U87 glioma
cells incubated with THL packaged with fluorescein-labeled
882 plasmid DNA encoding the antisense RNA construct
directed to the human EGFR. There is a rapid uptake of the
fluorescein-labeled THL with a principally cytoplasmic accu-
mulation at 3 h (Fig. 3a). On the contrary, the fluorescein-
labeled DNA is mainly localized in the nuclear compartment
at 24 h (Fig. 3b). Receptor-mediated endocytosing pathways
may enable the movement of ligands from the extracellular
space to the nuclear compartment, and this process may
facilitate the delivery of THL to the nucleus (31,34,35).
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Fig. 2. Effect of the targeting MAb in THLs. a Structure of a
pegylated liposome (PL) carrying plasmid DNA without targeting
MAD. b Structure of a pegylated immunoliposome (PIL) or THL
carrying DNA. ¢ The effect of the targeting MAb in PL was
investigated in human US87 cells determining the biological activity
of an expression plasmid encoding for an antisense mRNA directed
to the human epidermal growth factor receptor (EGFR), named
clone 882 (30). Clone 882 is driven by the SV40 promoter and
reduces the thymidine incorporation into the U87 cells in a dose
dependent manner (30). The PLs in a, lacking the targeting MADb,
were packaged with clone 882 and designated PL/882 (¢). The THLs
in b carrying the targeting 8314 human IR MAb were packaged with
either clone 882 or a SV40-luciferase expression vector, and
designated PIL/882 or PIL/790, respectively (c). The PIL/882
produced a >70% reduction in the thymidine incorporation into the
U87 cells as compared with the luciferase negative control PIL/790
(¢). Clone 882 encapsulated in PLs without targeting MAb (PL/882,
¢) lacked biological activity, and the rate of thymidine incorporation
was linear and identical to the curve of the negative control PIL/790.
From (30).
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There are three areas in the design of the THL that may
affect substantially the levels and specificity of the expression
of the exogenous gene to be delivered, these are (a) the
targeting ligand, (b) introduction of regulatory sequences in
the plasmid DNA as in the case of cis-regulatory elements,
and (c) the use of tissue specific promoters in the plasmid
DNA. The targeting ligand represents an important factor in
determining the levels of expression of the exogene to be
delivered with the THL. Studies performed with the lucifer-
ase reporter gene named clone 790 (30), which is driven by
the SV40 promoter and carries the Epstein-Barr nuclear
antigen (EBNA)-1/oriP capable of episomal replication (36),
demonstrated marked difference in the levels of the reporter
gene following THL transfection of human US87 cells as
compared to rat RG2 glioma cells (Fig. 4) (31). The THL
encapsulated with clone 790 plasmid DNA, and designated
790-THL, was targeted to human US87 cells with anti-human
IR 8314 MAD, and to rat RG2 cells with the anti-rat TfR
0X26 MAD (Table I). Figure 4 shows that the levels of the
reporter gene expressed in human cells via the IR were 100-
fold higher than the gene expression via the rat TfR. The
peak luciferase gene expression in U87 cells was seen at 7
days, and these levels were still detected at 21 days following
a single initial transfection with the 790-THL (Fig. 4a). On
the contrary, the maximum expression of luciferase in the rat
RG2 cells was observed at day 3, and the levels of the
transgene were minimal at 10 days (Fig. 4b). Data suggest
that (a) the choice of the targeting ligand determines the
levels of the expression of the exogenous gene, and (b) the
insulin receptor represents the preferred pathway for deliv-
ery of transgenes to cells with the THL technology.

The second factor affecting the levels of expression of
the exogenous gene in the engineering of THL is the
introduction of regulatory sequences in the plasmid DNA.
Luciferase reported genes carrying the EBNA-1/oriP, like
clone 790, are capable of episomal replication and produced
higher and sustained levels of expression than plasmids
lacking this region, although the EBNA-1 is less active in
rodents (37). Cis-regulatory sequences are also important
regulatory elements that bind to trans-acting factors to mod-
ulate the expression of transcripts, and these cis-elements
can be incorporated in the engineering of the plasmid to be
encapsulated in the THL. A 200 bp region of the bovine
glucose transporter type I (Glutl) 3-untranslated region
(UTR) has a marked stimulatory effect on the expression of
the Glutl transcript via increased stability of this mRNA
(38). The effect of this regulatory sequence was investigated
in a gene construct encoding for the rat tyrosine hydroxylase
(TH) (Fig. 5) (20). The Glutl cis-element produces a S5-fold
increase in the levels of TH in both COS and rat C6 glioma
cells, suggesting that the levels of expression can also be
increased with the incorporation of short regulatory sequen-
ces that does not affect the final nucleotide load of the THL.
Additional cis-regulatory elements identified in the 5-UTR
of the Glutl transcript may also be used to produce an
amplified effect on the expression of transgenes (39).

Lastly, the application of tissue or cell specific promoters
in the genetic engineering of the plasmid DNA prevents
ectopic expression and allows brain cell-specific expression of
the transgene of interest in vivo in rodents and primates, and
this is discussed in the next section.
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Fig. 3. Cell uptake of THL packaged with fluorescein-labeled DNA.
Confocal microscopy of U87 cells following 3 h (a) or 24 h (b)
incubation of fluorescein-conjugated plasmid DNA (fluoro-DNA)
encapsulated within human IR MAb THLs. The gray-scale image
was inverted in Photoshop. There is primarily cytoplasmic accumu-
lation 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 intranuclear vesicles is visible at both 3 and 24 h. From (30).

BRAIN EXPRESSION OF REPORTER GENES

Following extensive validation of the THL technology in
tissue culture models of human and rodents (Figs. 2, 3, 4 and
5), the in vivo efficacy of THLs was investigated with
luciferase and lacZ reporter genes in vivo (2,18,19,24).

THLs were packaged with the luciferase expression
vector clone 790 driven by the widely expressed SV40
promoter and carrying the bovine Glutl cis-stabilizing ele-
ment. The 790-THLs were engineered with either the OX26
TfRMAD for studies in rats, or the 8314 human IRMADb for
injection in rhesus monkeys. The dose of DNA encapsulated
in THL administered intravenously was 5 and 70 pg per rat or
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monkey, respectively, which translates into 20 and 12 ng/kg
body weight, respectively. Animals were sacrificed at 48 h and
tissues removed for determination of the levels of the trans-
gene, luciferase (Fig. 6). The exogenous gene is expressed in
brain with levels as high as 10 pg luciferase/mg protein in the
monkey, and also in peripheral tissues that are rich in target
receptor, like liver, spleen and lung; with minimal expression
in kidney and heart (Fig. 6) (24). As previously observed in
tissue culture models of rat and human cells (Fig. 4), there is
a 50-fold raise in the tissue levels of luciferase in the monkey
as compared to ones in rat tissues (Fig. 6a, b). Similar levels
and tissue expression pattern were seen when 790-THLs were
targeted with the 8D3 MAD in mice in vivo (19). The THL is
targeted to brain of rats and monkeys because the brain mi-
crovascular endothelium, as well as the brain cell membrane,
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Fig. 4. Effect of the THL targeting ligand on the expression of the
exogenous gene. Luciferase gene expression in either human U87
glioma cells targeted with the 8314 human IR MAb-THL (a) or rat
RG2 glioma cells targeted with the OX26 TfR MAb-THL gene
delivery system is shown relative to the incubation time following a
single addition of the THL to the medium at day 0. The 8314 MAb
was used in the studies shown in a and the OX26 MAD was used in
the studies reported in b. The luciferase clone 790 plasmid DNA was
used in both studies. The culture medium was replaced at days
denoted by the closed arrows, and the cells were trypsinized and sub-
cultured on days denoted by the open arrows. Data are mean = S.D.
(n=3 dishes/time point). When the human IR is targeted with 790-
THLs, there is a marked increase and sustained expression of the
transgene as compared with rat TfR. From (31).
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Fig. 5. Effect of DNA regulatory sequences on the expression of the
exogenous gene in cultured cells. Tyrosine hydroxylase (TH) activity
in either COS-1 cells or C6 rat glioma cells transfected with one of
five different expression plasmids in cell culture with Lipofectamine.
Clones 883 and 908 are derived from pCEP4, which contains
EBNAT1/oriP elements, and clones 877 and 878 are derived from
pGL2, which lacks the EBNA1/oriP elements. Clones 877 and 908
contain a 200 base pair cis-element taken from the 3™-untranslated
region (UTR) of the Glutl glucose transporter mRNA, and this cis
element causes stabilization of the transcript (38). The latter
produced a 5-fold increase in the levels of TH in both cell lines.
Clone 922 is a pGL3 luciferase expression plasmid and this clone
produced no measurable TH enzyme activity in either cell line
(control=ctrl). Data mean + SE (n=4 dishes per point). From (20).

is enriched in either the TfR or the IR (Fig. 1). The high
levels of expression in monkey or human tissues by targeting
the insulin receptor were associated with the property of this
receptor to target the nuclear compartment (Fig. 3). In
addition, lower levels of expression of the clone 790 reporter
gene in rodent cells may also be related to the fact that the
EBNA-1 may not play a crucial role in these cells.

Time course studies performed with the 790-THL in
either rodents or primates showed that the peak of luciferase
expression occurs 48 h following injection of a single THL
dose, and that these levels decline thereafter as a function of
time. Episomal plasmid DNA gene expression in cultured
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cells in vitro or in organs in vivo is transitory when the vector
DNA is not integrated in the host genome or the selection
pressure of the transgene is not maintained with the ap-
propriate selecting agent, i.e. neomycin, as in the case of in
vitro studies. There are two potential mechanisms for the
decline or loss of DNA expression, i.e. promoter inactivation
and plasmid degradation. The levels of luciferase enzyme
activity in monkey brain and liver were correlated with the
levels of clone 790 plasmid DNA transgene by real time PCR
for a period of 14 days following a single injection of 790-
THL (40). Data demonstrated that the luciferase gene
expression in primate brain and liver decays with a t1/2 of
approximately 2 days after the administration of the 790-
THL (40). In parallel, the t1/2 of the decay of the plasmid
DNA in these tissues was similar, i.e 1-2 days, suggesting that
the transient duration of the luciferase gene expression is
mainly due to plasmid degradation (40).

The expression distribution of an exogenous gene
throughout the brain, as well as peripheral tissues, was
investigated at the cellular level with a lacZ reporter gene
driven by the SV40 promoter (19,24). THLs encapsulated
with the SV40-lacZ plasmid, and designated SV40-lacZ-THL,
and with targeted either the 8D3 TfRMADb for studies in
mice, or the 8314 human IRMAD for injection in rhesus
monkeys (Table I). Animals were sacrificed 48 h following
the injection of the SV40-lacZ-THL for histochemical
detection of the B-galactosidase (Fig. 7). Gene expression
was widely detected through the cortical and subcortical
structures of mouse and monkey brain, with a greater gene
expression in gray matter relative to white matter (Fig. 7).
The latter was also evident throughout the cerebellum (Fig. 7c).
On the contrary, the p-galactosidase histochemistry of control
un-injected primate brain shows no B-galactosidase activity
(Fig. 7b). Light micrographs of the primate brain shows gene
expression within the choroid plexus epithelium, the ependy-
mal lining of the ventricle and the capillary endothelium of
the adjacent white matter (Fig. 7d). The gene expression was
also confirmed within the neurons of the occipital cortex
showing the columnar organization of this region in primate
brain (Fig. 7e). Finally, the molecular and granular layers of
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Fig. 6. In vivo gene expression following systemic administration of THLs packaged with a luciferase expression plasmid. Luciferase gene
expression in the brain and other organs of the adult rhesus monkey (a) and adult rat (b) measured at 48 h after a single intravenous injection
of the THL carrying the plasmid DNA. Data are mean + SE. The plasmid DNA encoding the luciferase gene used in either species is clone
790, which is driven by the SV40 promoter (30). The THL carrying the DNA was targeted to primate organs with the 8314 human IRMAb and

to rat organs with the OX26 TfRMAb. From (24).
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the cerebellum and the Purkinje cells were also positive for
the transgene (Fig. 7f). Confocal studies were able to coloc-
alize the expression of the B-galactoside in different regions of
the brain with either the neuronal nuclei (neuN) antigen or
the glial fibrillary acidic protein (Gfap), demonstrating the
exogenous gene is expressed in both neurons and astrocytes
following injection of the THL (19,24). The ectopic expression
of the B-galactosidase with the SV40-lacZ vector was also
observed in tissues expressing either the TfR or the IR,
mainly liver (not shown) and spleen (Fig. 7, top left).

For particular gene therapy protocols, it would be
desired to avoid expression of the exogenous gene in tissues
other than brain. This is possible with the engineering of the
expression plasmid, which incorporates a tissue or organ
specific promoter (19). A lacZ expression plasmid was

SV40-lacZ-THL Gfap-lacZ-THL

Fig. 7. In vivo gene expression following systemic administration of
THLs packaged with a B-galactosidase expression vector. Effect of an
organ-specific promoter. (Top) B-galactoside histochemistry was
performed on mouse brain and spleen removed 2 days after an i.v.
injection of THLs carrying a B-galactosidase plasmid driven by either
the SV40 promoter (SV40-lacZ-THL) or Gfap promoter (Gfap-lacZ-
THL. THLs were packaged with the 8D3 anti-mouse TfR-MAb.
(Bottom) B-Galactosidase histochemistry of brain removed from
either the Human IRMADb-THL injected rhesus monkey (a, ¢, d, e,
and f) or the control, uninjected rhesus monkey (b). The plasmid
DNA encapsulated in the THL is the pSV-p-galactosidase expression
plasmid driven by the SV40 promoter. a is a reconstruction of the two
halves of a coronal section of the forebrain. ¢ shows half-coronal
sections through the primate cerebrum and a full coronal section
through the cerebellum; the sections from top to bottom are taken
from the rostral to caudal parts of brain. d, e and f are light
micrographs of choroid plexus, occipital cortex, and cerebellum,
respectively. All specimens are B-galactosidase histochemistry with-
out counter-staining. The magnification in a and b is the same and
the magnification bar in a is 3 mm; the magnification bar in ¢ is 8§ mm;
the magnification bars in d-f are 155 pm. (Top) From (19). (Bottom)
From (24).
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constructed with the human Gfap promoter (i.e. nucleotides
—2163 to +47) followed by the lacZ open reading frame (orf)
and by the mouse protamine-1 3-UTR. THL were packaged
with this Gfap-lacZ plasmid and the 8D3 MAD to target its
delivery to mouse tissues in vivo (19). Animals were
sacrificed 48 h following the injection for B-galactosidase
histochemistry (Fig. 7, top panel). The expression of B-
galactosidase in brain with the Gfap-lacZ vector was widely
detected, as previously seen with the SV40-lacZ plasmid
(Fig. 7, top left), including cortical and subcortical structures
(Fig. 7, top right). On the contrary, there was no expression
of the transgene in peripheral tissues like spleen (Fig. 7),
liver, heart or lung (not shown). Data demonstrate that it is
possible to avoid expression of exogenous genes in peripheral
tissues, and to specifically direct its expression to the central
nervous system, using the THL technology and a brain specific
promoter in the expression plasmid. Further studies also
demonstrated the exquisite specificity of another tissue-
specific promoter in the engineering of THL carrying the lacZ
gene under the opsin promoter, and showed that the expres-
sion of this transgene is restricted to the eye in primates (1).

BRAIN EXPRESSION OF THERAPEUTIC GENES

In order to determine if the delivery of therapeutic genes
to the brain is possible with THL, the gene replacement of
the tyrosine hydoxylase, TH, was attempted in vivo in a
model of Parkinson’s disease (PD) (33). PD is associated
with a loss of dopaminergic neurons in the substantia nigra,
which terminate in the striatum (42,43). The rate limiting
enzyme in the synthesis of dopamine is TH, and a potential
treatment for PD is TH gene replacement therapy. Studies
were performed in the rat 6-hydroxydopamine (6-OHDA)
model, and with THL packaged with the clone 951 TH
expression plasmid driven by the Gfap brain specific pro-
moter (33). The expression vector 951 also contains the
bovine Glutl 3-UTR cis-stabilizing element (38). The Gfap -
TH-THLs were constructed with the OX26 MAD to target
the rat TfR (Table I). The intracerebral injection of 6-
OHDA produced 98% reduction in the levels of TH in the
ipsilateral striatum as compared with the contralateral or
non-lesioned control animals (Table IT). Three weeks follow-
ing the lesion, animals were tested for the apomorphine-
induced contralateral rotation. Rats turning more than 160
times in 20 min, or more than 8 rotation per minute (RPM),
were designated as having a successful lesion and they were
treated with TH gene therapy a week later. Animals were
divided in two groups and administered with 10 pg 951 DNA
encapsulated in the THL, which were engineered with either
the OX26 MAD to target the rat TfR or the mouse IgG2a as
negative control (33). The apomorphine-induced contralat-
eral rotation test was repeated 3 days following injection of
either gene therapy construct. Prior to the treatment, animals
had apomorphine-induced contralateral rotations that ranged
9-23 RPM in either group (Fig. 8a, b). In the group
administered with the 951-THL with the IgG2a (negative
control), the number or rotations per minute increased in all
animals (Fig. 8a). On the contrary, in the rats injected with
the 951-THL-OX26 gene therapy there was a marked
reduction in the apomorphine-induced contralateral rotation
per minute (Fig. 8b). The comparison of the total rotations in
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Table II. Tyrosine Hydroxylase in Brain and Peripheral Organs in the Rat 3 days after Intravenous Injection of Gene Therapy

TfRMAb-THL/877 (pmol/h/mg,)

TfRMAb-THL/951 (pmol/h/mg,)

Organs Saline (pmol/h/mgp,)
Ipsilateral striatum 128+27
Contralateral striatum 6,445+523
Ipsilateral cortex 176 +30
Contralateral cortex 150+36
Heart 29+3
Liver 13£2
Lung 42+13
Kidney 24+2

5,177 + 446%* 5,536 +395%
5,832+391 5,713+577
132+16 184+38
150+24 135+25
45+8 31+3
130+28%* 18+6
74+22 30+6

35+5 31+8

*p <0.01 difference from saline group (ANOVA with Bonferroni correction; n=4 rats per group). Rats were lesioned with intra-cerebral
injections of 6-hydroxydopamine; 3 weeks after toxin injection the rats were tested for apomorphine-induced rotation behavior; those rats
testing positively to apormorphine were selected for gene therapy, which was administered intravenously 4 weeks after toxin administration;

all animals were euthanized 3 days after gene administration. From (3)

both groups following treatment is shown in Fig. 8c and
shows a 82% reduction in the TH gene therapy group as
compared to the negative control group (p<0.005). The
therapeutic effect of the TH gene replacement was correlated
with the levels of TH determined by enzyme activity (Table IT)
or immunocytochemistry (Fig. 9). The latter performed in
coronal sections of brain shows complete normalization of
the immunoreactive TH in the striatum of 6-OHDA lesioned
rats 3 days after a single injection of the TfR-targeted THL
carrying the TH gene (Fig. 9a—c). In contrast, lesioned
control animals treated with the non-targeted THL show a
marked reduction in the immunoreactive TH (Fig. 9d—f). The
levels of the TH enzyme were also normalized in the
ipsilateral striatum (Table IT). More studies in the 6-OHDA
PD rat model were conducted using the THL technology, but
using the widely read SV40 promoter driving the expression
of the TH gene, i.e. clone 877 (Table II) (20). Similar data
were obtained both the restoration of the TH expression
pattern in brain and in the reduction of the apomorphine-
induced contralateral rotation (20). The only difference

between these studies performed with the SV40 or the Gfap
promoter was a 10-fold increase in the levels of TH activity
seen in liver of animals injected with the SV40-TH construct,
which is not seen with the Gfap-TH plasmid (Table II). The
stability of the TH enzyme is associated with the availability
of the biopterin cofactor, and the expression of the TH
enzyme is found in regions of the brain that express GTP
cyclohydrolase 1 (GTPCH) (44-46). The GTPCH is also
expressed in peripheral tissues, like liver (47), which supports
the increased expression in liver TH activity when this
transgene is driven by the SV40 promoter (Table IT) (20).
The gene therapy of this PD model with either SV40- or
Gfap -TH plasmids produced normalization of the TH
expression pattern in lesioned animals, and without expres-
sion of supranormal levels of TH activity in this or other
regions of the brain (Table II) (20,33). This observation
parallels findings observed in TH transgenic mice, which
showed only a minor increase in either immunoreactive TH
or TH activity in striatum despite a 50-fold increase in the
level of TH mRNA in the substantia nigra (48). Data from
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Fig. 8. Effects of tyrosine hydroxylase (TH)-gene therapy on apomorphine-induced rotations. The apomorphine-induced rotations per minute
(RPM) were measured over a 20 min period in individual rats at 1 week before treatment and at 3 days after a single intravenous injection of
10 pg per rat of clone 951 plasmid DNA encapsulated in a THL. a The 951-THL is targeted with the mouse IgG2a isotype control antibody
(negative control). b The 951-THL is targeted with the TfR-MAD. ¢ Comparison of the total rotations in the two groups at 3 days after
treatment. The average RPM is 22+3 and 4+3 (mean + SD) in animals treated with the control mIgG2a-THL and the TfR-MAb-THL,
respectively. The animals that received the TH gene therapy had a marked reduction in the number of rotations as compared to the ones of

the non-targeted THLs (p <0.005). From (33).
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Fig. 9. Levels of TH in brain following TH-gene therapy in the 6-OHDA Parkinson’s disease model. The TH immunocytochemistry was
performed in rat brain removed 72 h after a single intravenous injection of 10 pg per rat of clone 951 plasmid DNA encapsulated in THL
targeted with either the TERMAD (a, b, ¢) or with the mouse IgG2a isotype control (d, e, f). Coronal sections are shown for three different rats
from each of the two treatment groups. The 6-hydroxydopamine was injected in the medial forebrain bundle of the right hemisphere, which
corresponds to right side of the figure. Sections are not counterstained. The animals that received the TH gene therapy had a normalization of
the brain TH levels as compared to the animals administered the non-targeted THLs, which showed complete lost of immunoreactive TH in

the same region. From (33).

these transgenic TH mice and the TH gene therapy suggest
that the expression of the TH gene is regulated at the post-
transcriptional level in brain, so that the striatal TH activity is
maintained within a narrow range (49), and by neurons
expressing the GTPCH cofactor gene.

BRAIN EXPRESSION OF shRNA/RNAi GENES

Another application suitable for the THL technology is
RNA interference (RNAi) (50), which represents one of the
most potent mechanisms of gene downregulation (51). RNAI
has been extensively demonstrated in cell culture by lip-
ofection with RNA duplexes. However, the delivery of short
RNA fragments to cells in vivo in mammals is problematic
owing to the rapid degradation of the RNA. Short hairpin
RNA (shRNA) mimics the structure of the RNAi duplex,
and shRNAs can be produced in cells following the delivery
of expression plasmids encoding the shRNA. This shRNA is
then processed in the cell by the enzyme dicer to form an
RNA duplex with a 3-overhang and this short RNA duplex
mediates RNAi or post-transcriptional gene silencing (52,53).
RNAI activity has been shown in cell culture by transfecting
cells with plasmids producing shRNAs, using gene delivery
systems comprised of either cationic polyplexes or retroviral
vectors (52-56). However, as discussed above, cationic DNA
polyplexes (i.e. lipofection) or retroviral vectors do not cross
the BBB and do not allow for gene delivery to the brain
following systemic administration (3). RNAi-based gene
therapy offers promise for the treatment of cancer and other
brain disorders like Alzheimer’s disease, and recent develop-
ments demonstrated that it is possible to engineer THL
delivery systems for shRNA expression vectors with thera-

peutic efficacy directed at the human EGFR in an experi-
mental human brain tumor model in mice (21, 57).

THL may be engineered with shRNA expression vectors
driven by the U6 promoter and encoding a TS5 terminator
sequence for RNA polymerase III after the 3-end of the
shRNA (57). Proof of this concept was demonstrated with
the production of THL packaged with anti-luciferase sSiIRNA
expression plasmids and an intra-cranial brain cancer model
of rat glioma cells permanently transfected with the lucifer-
ase gene (32). The anti-luciferase shRNA expression plas-
mids encodes for a 25-mer stem and an 8-nucleotide loop
(Fig. 10a). The biological activity of the anti-luciferase SIRNA
expression plasmid clone 952 was investigated in human U87
glioma cells in tissue culture and co-transfected with the
luciferase expression vector clone 790 (32). In cells transfected
with clone 952, the luciferase activity was suppressed 91 and
87% at 2 and 4 days of incubation, respectively. The silencing
effect of clone 952 on the expression of luciferase was
reproduced by either lipofection or THL targeting the human
IR (32).

The efficacy of clone 952 in silencing the luciferase gene
was investigated in vivo in a rat brain tumor model (Fig. 10).
C6 rat glioma cells permanently transfected with the lucifer-
ase expression plasmid clone 790 (38), and designated C6-790
cells, were injected into caudate-putamen nucleus of Fischer
CD344 adult rats. These animals developed large intra-cranial
brain cancers, and the size of the cancer at 14 days after
implantation is shown in Fig. 10b. The rats were intravenously
injected with 10 pg/rat of clone 952 plasmid DNA encapsu-
lated in THLs at 10 days after tumor implantation, when the
tumors occupied about 25% of the cranial volume. The THLs
were constructed with the OX26 TfR MAD to target trans-
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Fig. 10. In vivo validation of THLs packaged with an anti-luciferase sShRNA plasmid in an intra-cranial brain cancer model. a Sequence and
secondary structure of the shRNA encoded by clone 952 that targets the luciferase mRNA. b Coronal section of autopsy brain at 14 days after
implantation of C6-790 rat glioma cells in the caudate-putamen of adult Fischer CD344 rats (180-200 g). The C6 cells were permanently
transfected with clone 790 plasmid DNA, and produce high levels of luciferase when grown as brain tumors in vivo (32). ¢ Luciferase activity
in brain tumor and contralateral brain of controls (saline injected) and shRNA-952 TfR MAb-THL treated rats. At 10 days after C6-790
tumor implantation, the rats were intravenously injected with either saline or 10 pg/rat of clone 952 plasmid DNA encapsulated in THLs
conjugated with the OX26 TfR MAD to target delivery through the BBB and gene delivery to brain tumor cells. Animals were sacrificed 2
days later and luciferase activity quantified. d y-glutamyl transpeptidase (GTP) activity in brain cancer and contralateral brain showing that
THL treatment does not alter the expression pattern of this enzyme. Data are mean + SE (n=4-5 rats per point). From (32).

cytosis through the BBB and gene delivery to brain tumor
cells (Fig. 1, Table I) (32). Animals were sacrificed at 12 and
14 days after tumor implantation, which represents 2 and 4
days after a single intravenous injection of the clone 952
plasmid DNA encapsulated in the TfR MAb-THL. Luciferase
gene expression was inhibited 68% on day 2 after intravenous
administration of the shRNA plasmid encapsulated in the
THL (Fig. 10c). As expected, the luciferase gene expression
in the contralateral brain was negligible when compared to
the levels of luciferase gene expression seen in the tumor
(Fig. 10c). In contrast to luciferase, the RNAI therapy caused
no change in tumor levels of y-glutamyl transpeptidase (GTP)
used as control gene (Fig. 10d). This enzyme is expressed in
many cancers (58), including C6 glioma cells (59).

The combination of the THL gene delivery system and
shRNA expression plasmids allows for a 90% knockdown of
brain cancer specific gene expression (32). This effect persists
for at least 5 days after a single intravenous injection of a low
dose of plasmid DNA, i.e. 10 pg/rat (32). This dose of plas-
mid DNA is estimated to deliver approximately 5-10 plasmid
DNA molecules per brain cell in the rodent (20), which

suggests the THL gene delivery system to brain has a high
efficiency of in vivo transfection. In vivo RNAI is enabled
with this new form of gene delivery system that encapsulates
expression plasmids in THLs, which are targeted to distant
sites based on the specificity of a receptor-specific monoclo-
nal antibody.

A logical extension of this work was to determine if the
combination of shRNA expression vectors and THL tech-
nology was applicable to the treatment of brain cancer by
silencing of genes participating in the oncogenic growth of
these tumors, i.e. the EGFR (21). The discovery of RNAi-
active target sequences within the human EGFR transcript
required several iterations wherein multiple shRNA expres-
sion plasmids were developed (Fig. 11). These findings were
consistent with the suggestion of McManus and Sharp (60),
that approximately 1 out of 5 target sequences yield ther-
apeutic effects in RNAi. A total of six anti-EGFR shRNA
encoding expression plasmids were produced and designated
clones 962-964 and 966-968 (Fig. 11). Three of these
constructs targeted the kinase domain of EGFR (i.e. clones
966-967). Clone 962 was directed to the beginning of the
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Fig. 11. Screening of shRNA constructs directed to the EGFR.
(Top) A series of shRNA constructs directed to the EGFR mRNA
were prepared. Both nucleotide number and the relative position in
the target EGFR mRNA are indicated in the Figure. The U6 shRNA
expression vectors were prepared for each of the target sequences
(21). (Bottom) The RNAI efficacy of anti-EGFR constructs was
investigated in human US87 glioma cells incubated with [*H]-
thymidine for a 48 h period that follows lipofection with the
plasmid DNA of interest. The shRNA clone 967 and the control
antisense-RNA plasmid clone 882 produced maximum inhibitory
effect on the incorporation of thymidine in human US87 cells. Clone
882 is a 700 nt antisense RNA complementary to nt 2317-3006 of the
human EGFR driven by the SV40 promoter and containing the
EBNA-1/oriP elements (30). Data are mean * SE (n=3 dishes).
From (21).

open reading frame (orf) and clone 964 is complementary to
an area near the end of the orf (Fig. 11). Clone 963 targeted
the 5'-flanking region of the EGFR kinase domain (Fig. 11).
The sequence of the antisense strand of each of the six
shRNAs matches 100% with the target sequence of the human
EGFR (accession number X00588), and they were all directed
to the orf of the EGFR (Fig. 11). The shRNA constructs were
designed as previously described and encompass intentional
nucleotide mismatches (i.e. G-U) in the sense strand to
reduce the hybridization of DNA hairpins during cloning
(21,52). Because the antisense strand remains unaltered,
these substitutions do not interfere with the RNAIi effect
(61). The shRNA expression cassette is engineered with two
overlapping ODNs and this duplex is inserted in the U6
promoter expression shRNA vector. The EGFR knockdown
potency of these six sShARNA encoding expression plasmids
was compared to the EGFR knockdown effect of clone 882,
which is known to reduce the expression of this receptor in
human glioma cells (30,62). Clone 882 encodes for a 700 nt
antisense RNA complementary to nt 2317-3006 of the
human EGFR and is driven by the SV40 promoter (30).
The RNAI effect on the human EGFR was investigated
by measuring the rate of [’H]-thymidine incorporation into
human U87 glioma cells in tissue culture (Fig. 11), since the
EGFR mediates thymidine incorporation into EGFR-
dependent cells (63). A wide range in the reduction of [°H]-
thymidine incorporation at 48 h was observed (Fig. 11). For
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example, no significant inhibition was observed with shRNA
constructs 962 and 963 targeting nucleotides 187-219 and
2087-2119 of the EGFR mRNA, respectively, and with the
negative control clone 959 coding for an empty U6 expression
vector (Fig. 11). On the contrary, clone 967 (nt 2529-2557) was
the most potent clone causing an RNA interference of EGFR
that was similar to the positive control antisense RNA clone
882. In addition, other shRNA constructs, i.e. 966 and 968
targeting nt 2346-2374 and 2937-2965, had an intermediate
effect in the knockdown of EGFR function (Fig. 11). The
thymidine incorporation assay was confirmed by Western
blotting, which showed that clones 967 and 882 reduced the
levels of the EGFR protein (21).

Clone 967 produces an shRNA directed against nucleotides
2529-2557 (Fig. 11), and this target sequence is within the 700
nucleotide region of the human EGFR mRNA that is targeted
by antisense RNA expressed by clone 882 (30). Clone 967 and
clone 882 equally inhibit thymidine incorporation in human
U87 cells (Fig. 11), and this is evidence for the increased
potency of RNAi-based forms of antisense gene therapy. The
clone 882 plasmid contains the EBNA-1/oriP gene element
(30), which enables a 10-fold increase in expression of the
trans-gene in cultured U87 cells (31). Therefore, the increased
potency of the RNAi approach, as compared to antisense gene
therapy, enabled the elimination of the potentially tumorigenic
EBNA-1 element in the expression plasmid.

Additional characterization of the silencing effect of the
shRNA expression vector clone 967 was performed with
human IR-targeted THL in US87 cells. EGF is known to
evoke intracellular calcium signaling in brain tumor cells
(64), and a similar response in human U87 glioma cells was
previously reported (21). Treatment of U87 cells with 0.125
pg/dish clone 967 DNA in THLs resulted in a significant
reduction in the number of cells responding to EGF, whereas
treatment with 0.25-1.5 pg DNA of clone 967 abolished the
Ca** response to EGF in nearly all cells. Clone 967 knocked
down EGFR function in a dose dependent mechanism, with
respect to inhibition of both calcium flux and thymidine
incorporation with an EDs, of approximately 100 ng plasmid
DNA/dish (21).

For the in vivo brain cancer model, human U87 glioma
cells were implanted in the caudate-putamen nucleus of adult
immunodeficient scid mice (21). Without treatment, this mod-
el causes death at 14-20 days secondary to the growth of large
intracranial tumors. Starting on day 5 post-implantation, mice
were treated with weekly intravenous injections of either
saline or 5 pg/mouse of clone 967 plasmid DNA encapsulated
in THLs. These THLs were doubly targeted with the 8314
murine MADb to the HIR and the 8D3 rat MAD to the mouse
TfR (Fig. 1, Table I). The saline treated mice died between 14
and 20 days post-implantation with an EDs, of 17 days (Fig.
12). The mice treated with intravenous gene therapy died
between 31 and 34 days post-implantation with an EDs, of
32 days, which represents an 88% increase in survival time as
compared to the saline treated animals (Fig. 12).

The silencing of the EGFR by clone 967 encapsulated in
the THLs was also demonstrated in vivo, as confocal
microscopy showed a down-regulation of the immunoreactive
EGFR (21). Other evidence for the suppression of the EGFR
in the tumor in vivo was a 72-80% reduction in tumor vas-
cular density in the tumors of mice treated with anti-EGFR
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Fig. 12. In vivo intravenous brain cancer RNAI gene therapy with
THLs and an anti-human EGFR shRNA plasmid. Survival study.
Intravenous RNAIi 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 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 two treatment groups. The time at which 50% of the mice were
dead (EDs) is 17 days and 32 days in the saline and RNAI groups,
respectively. The RNAIi gene therapy produces an 88% increase in
survival time, which is significant at the p <0.005 level (Fisher’s exact
test). From (21).

gene therapy as compared to the vascular density of brain
tumors in mice treated with saline (Table IIT). The EGFR
has a pro-angiogenic function in cancer (65), and suppression
of EGFR function in brain tumors results in a reduction in
vascularization of the tumor (Table IIT). The reduction in
tumor vascular density is not a non-specific effect of THL
administration because there is no reduction in vascular
density in control mouse brain (Table III). A BLAST
analysis of nucleotide sequences of the human EGFR mRNA
(accession number X00588) and the mouse EGFR mRNA
(accession number AF275367) showed there is only 76%
identity in the mouse sequence corresponding to 2529-2557 of
the human EGFR. Therefore, the sShRNA produced by clone
967 would not be expected to effect endogenous mouse EGFR
expression.

The RNAI gene therapy of brain tumors shows an 88%
increase in survival time with weekly intravenous gene
therapy using clone 967 encapsulated in HIR MAb-and TfR
MADb-THLs (Fig. 12). This increase in survival time is not a
non-specific effect of THL administration since prior work
has shown no change in survival with the weekly administra-
tion of THLs carrying a luciferase expression plasmid (32).
The increase in survival obtained with weekly intravenous
anti-EGFR gene therapy is comparable to the prolongation
of survival time in mice treated with high daily doses of the
EGFR-tyrosine kinase inhibitor Iressa (66). However, Iressa
is only active in humans carrying particular somatic muta-
tions of the EGFR (67, 68), and it was not effective in the
treatment of brain cancer expressing mutant forms of the
EGFR (i.e. EGFR VIII) (66). Many primary and metastatic
brain cancers express mutations of the human EGFR (69,
70), and it may be possible to design RNAi-based gene
therapy that will knock down both wild type and mutant
EGFR mRNAs.
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CONCLUSIONS AND FUTURE DIRECTIONS

Recent developments in the gene therapy field using
THL technology have demonstrated that it is possible to
engineer brain DNA and RNAI delivery systems for either
gene replacement or gene silencing, respectively. The intra-
venous administration of THLs allows for widespread
neuronal expression of the transgene because the peptidomi-
metic MADs on the surface of the THL target BBB and brain
cell receptors that induce receptor mediated transcytosis
through the BBB, and transport to the nuclear compartment
in brain cells.

The use of THL technology applied to gene therapy
makes potentially feasible the treatment of inherited diseases
with devastating brain effects (Table IV) (24). The treatment
of acquired brain diseases is also possible with THL
technology, as in the case of Parkinson’s disease and other
neurodegenerative disorders, brain tumors and neuro-AIDS.
Preclinical work has validated the THL technology in a gene
replacement protocol, i.e. Parkinson’s disease, and in an
RNAI application for brain tumors (20,21,33).

This novel formulation for brain tumors (33), comprised
of shRNA expression vectors and THLs, presents advantages
over conventional therapeutics targeting the EGFR both in
terms of specificity and transport to brain tumors via the
vascular route. The shRNA-THL gene therapy is also pre-
ferred over previous antisense expression plasmids (30,62)
because the RNAi formulation lacks the oriP/EBNA-1
element, which may represent a concern for its application
to humans. In addition, many solid cancers express mutant
forms of the EGFR, which are produced from aberrantly
processed mRNAs that contain nucleotide sequences not
found in normal cells (71). These sequences may be used as
shRNA targets to selectively knock down mutant transcripts
in cancer cells. The shRNA expression vectors may also be
designed to target a single nucleotide polymorphism (72).

One of the concerns for the application of the THL gene
therapy technology is the potential ectopic expression of
genes in organs expressing the target receptor (i.e. liver and
spleen). However, this is eliminated with the use of tissue-
specific promoters in the engineering of the expression
plasmid. Preclinical studies in rodents and primates demon-
strated that it is possible to limit the expression of the
transgene to the brain using the Gfap promoter (19, 33), and
most recently to the eye with the opsin promoter (41). In the
case of brain tumors, it may also be possible to restrict
therapeutic gene expression to the cancer cell by placing the

Table III. Capillary Density in Brain Tumor and Normal Brain

Region Treatment Capillary density per 0.1 mm?
Tumor center saline 15+2
RNAj 3+0
Tumor periphery saline 29+4
RNAj 8+1
Normal brain saline 35+1
RNAi 33+1

Mean + SE (n=15 fields analyzed from three mice in each of the
treatment groups). From (21)
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Table IV. CNS Gene Therapy Candidates: Inherited Diseases

Group/disease Gene GenBank Accession ID
Lysosomal storage disorders
MPS-1 (Hurlers) IDUA NM_000203
MPS-II (Hunters) IDS NM_000202
MPS-IITA (Sanfilippo A) SGSH NM_000199
MPS-IIIB (Sanfilippo B) NAGLU NM_016256
MPS-VII (Sly) GUSB NM_000181
Fabry disease GLA NM_000169
Neuronale ceruid liposfuscinosis (NCL1) PPT NM_000310
NCL 2, late infantile (Jansky-Bilschowsky) CLN2 NM_000391
Leukodystrophy (Canavan) ASPA NM_000049
Globoid cell dystrophy (Krabbe) GALC NM_000153
GM2 gangliosidosis I (Tay-Sachs) HEXA NM_000520
GM2 gangliosidosis II (Sandhoff) HEXB NM_000521
GM2 gangliosidosis AB GM2A NM_000405
Spongioform encephalopathy PRNP NM_000311
Transcription factor disorders
Rett syndrome MeCP2 NM_004992
Fragile-X syndrome FMR1 NM_002024
FMR2 NM_002025
Familial dysautonomia IKBKAP NM_003640
Ataxias
Ataxia teleangiectasia ATM NM_138293
Friedrich ataxia FRDA NM_000144
SCA1 SCA1 NM_000332
SCA2 SCA2 NM_002973
SCA3 (Machado-Joseph) SCA3 NM_004993
Triplet repeat (CAG) disorders
Huntington’s disease Huntingtin NM_002111
Spinal-bulbar muscular atrophy (Kennedy) SBMA NM_000044
Dentatorubralpallidoluysian atrophy DRPLA NM_001940
Blindness
Retinitis pigmentosa-1 RHO NM_000539
Peripherin-related retinal degeneration RDS NM_000322
Gyrate atrophy OAT NM_000274
Central nervous system tumor
Neurofibromatosis 1(von Recklinghausen) NF1 NM_000267
Neurofibromatosis 2 NF2 NM_000268
Retinoblastoma RB NM_000321

IDUA alpha-L-iduronidase, /DS iduronate 2-sulfatase, SGSH N-sulfoglucosamine sulfohydrolase, NAGLU N-acetylglucosamine-1-
phosphodiester alpha-N-acetylglucosaminidase, GUSB B-glucornidase, GLA o-galactosidase, PPT palmitoyl-protein thioesterase, CLN2
tripeptidyl-peptidase, ASPA aspartoacyclase, GALC galactosylceramidase, HEXA hexoaminidase A, HEXB hexoaminidase B, GM2A GM2
ganglioside activator protein, PRNP prion protein, MeCP2 methyl-CpG-binding protein, FMR 1 familial mental retardation, /IKBKAP
IkappaBkinase complex-associated protein, ATM ataxia teleaniectasia mutated, FRDA Friedreich ataxia (human frataxin), SCA
spinocerebellar ataxia, SBMA spinal and bulbar muscular atrophy, DRPLA Dentatorubralpallidoluysian atrophy, RHO rhodopsin, RDS
retinal degeneration, slow, OAT ornithine aminotransferase, NF neurofibromin, RB retinoblastoma

From (25)

gene under the influence of a promoter taken from a gene
selectively expressed in brain cancer cells.

The sustained brain expression of the transgene followed
THL administration is variable and depends on the stability
of the plasmid DNA (40). In the RNAi gene therapy protocol
directed against the human EGFR, weekly intravenous
injections of THL causes an 88% increase in survival time
in adult mice with intra-cranial human brain cancer (Fig. 12)
(21). The high therapeutic efficacy of the THL-RNAI gene
transfer technology is possible because this approach globally
delivers therapeutic genes to brain via the transvascular route
through the BBB. The effectiveness of this technology could

be enhanced as new target genes are discovered, as well as by
the simultaneous use of RNAI to knock down tumorigenic
genes and gene replacement of mutated tumor suppressor
genes in brain cancer. The THL gene replacement of tyrosine
hydroxylase in a rat model of Parkinson’s disease produced
normalization of the striatal TH, with decay of the levels of
the transgene to 50 and 90% at 6 and 9 days following
injection (20,33). In the adult Rhesus monkey, the levels of
the exogenous gene are still within therapeutic levels a 2-3
weeks after the administration of THLs (41). The increased
levels and sustained gene expression in the primate brain as
compared to those in rodent brain are due to increased
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nuclear targeting effectiveness of the human IR MAb-THL
construct (24). Therefore, the period of repeat administration
in humans has been estimated to be in the order of a month
(25). The latter may represent a conservative estimation,
since the use of THLs with a genomic form of the TH gene
has recently shown slow acting with longer duration of the
therapeutic action as compared with a cDNA-derived TH
expression construct in a model of Parkinson’s disease (73).
Repeat weekly or monthly injections of DNA-THL are
possible for chronic treatments, as preclinical studies in
rodents demonstrated absence of toxic side effects (74).
Repeated injections of THL would be preferred to perma-
nent integration of the transgene into the host genome (75).
The latter produces random integration that may lead to
mutagenesis and cancer (76).

The THL technology is potentially applicable to humans
at the present time, as the FDA has already approved the
individual components of THLs. For example, the anti-
cancer drug Doxorubicin (Doxil) is currently being marketed
as an FDA approved stealth liposome delivery system.
Secondly, chimeric MAbs have also been approved for
human use (i.e. InflixMAb or Remicade for rheumatoid
arthritis). Therefore, it is possible engineer the THLs with
either chimeric or fully humanized MAbs to the human IR
(26,27), and the latter is probably preferred for prolonged
therapeutic treatments. Both chimeric and humanized MAbs
to the human IR have similar activity in terms of binding to
the human BBB in vitro, or transport across the primate BBB
in vivo, as the original murine MAb (26,27).
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