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The failure of therapeutic agents to cross the blood-brain bar-
rier (BBB) has been a major impediment in the treatment of
neurological disorders and brain tumors. We have addressed
this issue using an immunoliposome nanocomplex (designated
scL) that delivers therapeutic nucleic acids across the BBB into
the deep brain via transcytosis mediated by transferrin recep-
tors. We validated brain delivery of payloads after systemic
administration by monitoring uptake of fluorescently labeled
payloads and by confirming up- or down-modulation of spe-
cific target gene expression in the brain, mainly in neuronal
cells. As proof of concept for the therapeutic potential of
our delivery system, we employed scL delivering an siRNA
targeting tumor necrosis factor alpha to suppress neuroinflam-
mation and neuronal apoptosis and to protect mice in lethal
endotoxemia triggered by bacterial lipopolysaccharide. Brain
delivery of therapeutic payloads via scL has major implications
for the development of treatments for neurological disorders
and brain tumors.

INTRODUCTION

The blood-brain barrier (BBB), comprised of brain capillary endothe-
lial cells forming extremely tight junctions, is a highly selective diffu-
sion barrier that protects brain parenchyma from blood-borne path-
ogens, toxins, and other potentially harmful substances in the blood."
The entry of many therapeutic molecules from blood to brain is
also significantly blocked by the BBB."> Despite major advances in
the understanding of the molecular pathways involved in neurolog-
ical disorders, the use of therapeutic agents with the potential to act
on these pathways has often been significantly limited by their
inabilities to traverse the BBB.” As a result, many current drugs
only produce minimal impact and marginal benefit in neurodegener-
ative processes. Similarly, the BBB contributes to primary and
metastatic brain tumors being particularly refractory to chemo- and
bio-therapeutics.

Various strategies have been employed to address this lack of access to

the brain by therapeutics, including direct intraventricular injection,”

5,6

intrathecal or intranasal administration to avoid the BBB,™" or inva-

sive strategies involving mechanical or chemical disruptions of the
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BBB.” '’ However, disruption of BBB to allow entry of therapeutic
agents would concurrently compromise the normal protective role
of the BBB with potential for brain toxicity or secondary infec-
""" Moreover, many of these approaches are not amenable
to the multiple doses of medicines to treat chronic disorders that
require long-term interventions.”

tions.

Therapies based on small interfering RNA (siRNA) possess notable
potential advantages over other therapeutic approaches. However,
the realization of the promise of siRNA therapeutics requires that
the siRNA be protected from degradation/clearance and delivered
into the cytoplasm of relevant target cells to silence their targeted
mRNAs. It is crucial to develop a non-invasive, effective, and clini-
cally feasible means to transport therapeutic agents including
siRNAs across the BBB. One approach has been the design of a
delivery system that mimics neurotropic viruses by using short
synthetic peptide derived from rabies virus glycoprotein conjugated
to cell-penetrating peptides.'*'® This strategy successfully demon-
strated the gene silencing by an siRNA in animals with traumatic
brain injury having a partially disrupted BBB.'> Another strategy
takes the advantage of endogenous transport machinery to gain
access to the brain. Due to the low permeability of the BBB, the brain
parenchyma depends on different molecular transport systems to
maintain homeostasis.'"® Non-invasive strategies can exploit these
intrinsic mechanisms to transport macromolecules into the brain
using a natural process known as a receptor-mediated transcytosis
(RMT). Examples of receptors engaging in RMT across the BBB
include those for transferrin (Tf), insulin, and insulin-like growth
factors.>®'”"'? The Tf/Tf receptor (TfR) system, which naturally
mediates cellular uptake of iron carried by Tf, has been focused
upon as a pathway capable of carrying macromolecules into the
brain.”**' However, despite the perceived potential of anti-TfR
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Figure 1. Systemic Administration of scL Nanocomplex Results in Localization of Payloads in Mouse Brain

(A and B) Mice were intravenously injected with controls or scL carrying fluorescence-labeled oligonucleotide (6FAM-ODN, green). (A) Maestro imaging of brain at 24 hr
post-injection. The fluorescence image is overlaid on the bright-field image in mid-sagittal view. Representative images from untreated (UT) mice are shown along with
those from mice injected with free 6FAM-ODN, untargeted Lip-6FAM-ODN, and scL-6FAM-ODN targeting the TfR. (B) The fluorescence signal in mouse brains was
quantified. Data are represented as mean + SD (n = 2 to 7 mice per group). *p = 0.004. (C and D) Time course study of the systemic delivery of scL carrying fluorescent-
labeled oligonucleotide (Cy5-ODN, red) to mouse brain. (C) Maestro imaging of serial coronal sections of the brain at the indicated time after intravenous injection of
scL-Cy5-ODN are shown along with brains from UT mice. (D) Quantitation of Cy5 fluorescence in (C) was plotted as a function of time post-administration of the

scL-Cy5-ODN.

antibody-therapeutic conjugates and promising data in animals, no
BBB-traversing agent using this approach has been approved as a

drug for human use.' %2

Employing a single-chain fragment from the variable region of
an anti-human TfR monoclonal antibody (TfRscFv), we have devel-
oped a BBB-crossing liposome (designated scL). Compared to the
full-length TfR monoclonal antibody, TfRscFv has advantages
including the superior stability as well as a smaller size amenable to

16
’ In order to

less cumbersome manufacturing than an intact IgG.
secure high concentrations of drug reaching the brain, scL is made
of cationic lipids forming a small unilamellar liposome capable of
efficient encapsulation of various payloads. The scL nanocomplex is
approximately 100 nm in diameter, including its targeting moiety
and payload. We have confirmed the scL can be used for delivery of
various nucleic acids (e.g., oligonucleotide [ODN], siRNA, > plasmid
DNA,** or c¢DNA) into the brain. We have examined the delivery of
payload and efficacy of target gene modulation in the brain after the
systemic (intravenous) administration of scL-based nanocomplex.
Here, we demonstrate not only delivery of the nucleic acid-based
payloads to the brain but also document their ability to modulate
neuronal gene expression and apoptosis and to protect mice from
otherwise fatal neuroinflammation triggered by bacterial lipopolysac-
charide (LPS).

RESULTS

In Vivo Brain Targeting via Systemically Delivered scL-Based
Nanocomplex

To demonstrate the improved delivery of payload into the brain, we
compared the transport of fluorescently labeled ODNSs in vivo by
intravenously injecting either 6-carboxyfluorescein phosphoramidite
(6FAM)-conjugated ODN encapsulated in scL nanocomplex with a
targeting moiety (scL-6FAM-ODN), nanocomplex without a target-
ing moiety (Lip-6FAM-ODN), or free 6GFAM-ODN without encapsu-
lation in nanocomplex (all at 100 pg of 6FAM-ODN/mouse).
Twenty-four hours after a single bolus injection intravenously, the
fluorescent signal was assessed in brains using the Maestro in vivo
imaging system. With scL-6FAM-ODN treatment, an intense fluo-
rescent signal was evident throughout the brain, especially in the
cerebellum, cerebral cortex, and hippocampus regions (Figure 1).
Accumulation of 6FAM-ODN is maximized by encapsulation in
scL, with the fluorescent signal being significantly stronger with
scL-6FAM-ODN than with either non-targeting Lip-6FAM-ODN
nanocomplex or free 6FAM-ODN (Figures 1A and 1B).

To understand the distribution of ODNs delivered by the scL nano-
complex, we evaluated the coronal sections of brain at a various
time after the systemic administration. In this experiment, BALB/c
mice received a single tail-vein injection of scL nanocomplex carrying
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Figure 2. Systemic Administration of scL-Based Nanocomplex Carrying the GFP Gene Results in Transgene Expression in Mouse Brain

(A) Mice were intravenously injected once with controls or scL carrying GFP plasmid DNA (30 pg of GFP plasmid DNA/mouse). Maestro imaging of mouse brain was
performed at 48 hr after the single tail-vein injection. The fluorescence image is overlaid on the bright-field image in mid-sagittal view. (B-D) Other mice were repeatedly
intravenously injected with scL-GFP (at 30 ng of GFP plasmid DNA/injection/mouse), i.e., every 12 hr for a total of three injections. (B) Maestro imaging of serial coronal
sections of mouse brain was performed at 24, 36, and 48 hr after the last injection. (C) GFP fluorescence quantitated and plotted as a function of time. Data are represented as
mean + SD (n = 2 mice per each time point). (D) Higher-resolution immunofluorescence microscopy confirmed GFP expression in hippocampus (CA1) and cortex of mouse
brain at 48 hr after the last injection of scL-GFP. Red arrows, blood vessels; white arrows, neurons; yellow arrows, possible neurons, glia, or cross-section of vessels. Scale

bar, 75 um.

cyanine 5 (Cy5)-labeled ODN (at 25 pg of Cy5-ODN/mouse) and
fluorescent signal examined in the coronal sections of the brain every
6 hr following the injection. A strong fluorescent signal was seen in
several areas of mouse brain (e.g., hippocampus, cortex, and cere-
bellum) (Figure 1C). As early as 6 hr post-injection, a significant pres-
ence of Cy5 fluorescence was observed with the signal peaking at 12 hr
and decreasing but still detectable by 48 hr post-injection (Figures 1C
and 1D). Taken together, these results demonstrate that the scL-based
nanocomplex has the ability to deliver payloads across the BBB after
systemic administration in mice.

scL-Mediated Transgene Expression In Vivo

Using a GFP expression plasmid as a payload, we wanted to confirm
the enhanced delivery of payload into the mouse brain. BALB/c mice
received a single intravenous injection of either GFP plasmid DNA
encapsulated in scL (scL-GFP), the complex lacking a targeting moi-
ety (Lip-GFP), or free GFP plasmid DNA (all at 30 pug of GFP plasmid
DNA/mouse). Forty-eight hours after the injection, the expression of
the transgene was assessed by determining the fluorescence intensity
of GFP in the brain using Maestro (Figure 2A). The green fluores-
cence emanating from GFP was observed throughout the brain after
injection of scL-GFP. Virtually no fluorescence was detected in brains
of mice that received either non-targeting Lip-GFP nanocomplex or
free GFP plasmid DNA. These results are similar to those of Figure 1,
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where 6FAM-ODN was used as a payload. However, unlike the fluo-
rescence from 6FAM-ODN, the signal when using the GFP gene as
payload requires escaping from the endosomal compartment fol-
lowed by transcription into GFP mRNA and its translation into
protein.

To further understand the cellular distribution of GFP reporter pro-
tein expression in mouse brain, we evaluated the coronal sections of
brain at a various time after the systemic administration. In this
experiment, BALB/c mice received an intravenous injection of scL-
GFP nanocomplex (at 30 pug of GFP plasmid DNA/injection/mouse)
every 12 hr for a total of three injections. The expression of GFP was
assessed by Maestro imaging at 24, 36, and 48 hr after the last intra-
venous injection (Figure 2B). GFP expression was evident in the serial
coronal sections of brains of scL-GFP-treated mice. A time course
showed that, relative to the level in the untreated brain, the expression
of GFP gradually increased out to 48 hr after the last injection (Fig-
ure 2C). Further immunofluorescence analysis of mouse brain at
48 hr after the last injection of scL-GFP showed abundant green fluo-
rescence in brain regions of hippocampus and cortex of mice treated
with scL-GFP (Figure 2D), indicating that TfR-targeted nanocomplex
traversed the BBB to deliver the genetic payload that is expressed in
adult neurons. In the deep brain, GFP fluorescence was observed in
neuronal cells and blood vessels in the hippocampus and cortex.
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Figure 3. TfL-Mediated Systemic Delivery of GFP cDNA to Rat Brain
Resulted in Expression of Exogenous GFP in Neuronal Cells in the Cortex
Rats were intravenously injected with non-targeted Lip-GFP or targeted TfL-GFP
carrying GFP cDNA (100 pg of GFP cDNA/rat). Immunofluorescence imaging of
GFP expression at 36 hr post-injection. Parvaloumin (red); Nissl staining (blue).
Scale bar, 50 pm.

Using another TfR-targeting nanocomplex, we further verified the
brain targeting in rats to attest the crossing of the BBB being mediated
by TfR. In this experiment, we have observed a similar finding in rat
brains when rat Tf was utilized as a targeting moiety (in the TfL nano-
complex) instead of TfRscFv (in the scL nanocomplex). This change
in the targeting moiety on the nanocomplex was necessitated by the
fact that our scFv recognizes the mouse TfR but not the rat TfR.
GFP ¢DNA (100 ng cDNA/injection) encapsulated in either TfL or
Lip (lacking a targeting moiety) was administered as a single bolus in-
jection via a catheterized jugular vein in anesthetized rats. After 36 hr,
GFP ¢DNA delivered by non-targeted Lip produced no detectable
GFP-positive cells in the brain (Figure 3, top panel). In contrast, de-
livery of GFP cDNA injected as the TfL-GFP nanocomplex yielded
abundant GFP expression in the cortex (Figure 3, middle panel).
GFP-positive cells exhibited a morphological phenotype of neurons.

Immunohistochemistry using interneuron marker parvalbumin and
Nissl staining revealed the neuronal network in the cortex. Punctate
parvalbumin staining was observed around GFP-positive neurons,
which are also labeled via Nissl staining (Figure 3, bottom panel).
These results confirm the crossing of the BBB being mediated by
TfR and the feasibility of using TfR-targeting nanocomplexes (both
scL and TfL) for gene delivery to neurons in the brain. More signifi-
cantly, the delivered payloads, both plasmid DNA and cDNA, were
intact to be expressed via transcription and translation once inside
neurons and not trapped in endosomes.

Silencing of SOD1 in Mouse Brain by scL-Based Nanocomplex
To investigate the therapeutic applicability of scL-based nanocom-
plexes for neurological disorders, we examined the silencing of
a disease-related gene by scL-delivered siRNA in mouse brain.
An siRNA targeting mouse copper/zinc superoxide dismutase 1
(SOD1) was used for these in vivo studies. The mutation of
SOD1 is a hallmark of amyotrophic lateral sclerosis (ALS) and
silencing of mutant SOD1 holds potential in the treatment of
ALS. BALB/c mice were intravenously injected with scL-encapsu-
lated SOD1 siRNA (scL-siSOD), unencapsulated siSOD, or control
siRNA encapsulated in scL at 180 pg of siRNA/injection, and
brains examined for SOD1 mRNA and SODI enzyme activity.
Twenty-four hours after a single injection, about 15% reduction
of SOD1 mRNA was observed in brains of mice treated with
scL-siSOD compared to untreated controls (Figure 4A). However,
no significant change was observed in brains of mice treated with
control siRNA encapsulated in scL. Similarly, SOD1 enzyme activ-
ity in the brain was decreased in mice treated with scL-siSOD
by >30% compared to the untreated controls, while no significant
change was detected in brains of mice given control siRNA encap-
sulated in scL (Figure 4B). We also monitored for changes in
the SODI protein level by western blot analysis (Figure 4C) and
confirmed a significant silencing of SOD1 protein levels (~54.7%
reduction) 24 hr after treatment with scL-siSOD nanocomplex.
No significant reduction of SOD1 protein levels was observed
with control control siRNA encapsulated in scL treatment. These
results demonstrate that scL enables the systemic delivery of a
therapeutic siRNA to the brain and the down-modulation of a
target gene in the brain. This ability to modulate gene expression
using an siRNA was not dependent upon any disruption of the
BBB. Rather, the delivery system utilizes the brain’s own TfR-
mediated RMT process and thus holds promise for the use of
siRNA-based therapeutics to treat chronic neuronal disorders
like ALS.

Suppressing Neuroinflammation by scL-Delivered Anti-TNF-o
siRNA

We have further investigated the therapeutic applicability of scL to
a disease model using LPS-triggered neuroinflammation in mice.
In this model, tumor necrosis factor alpha (TNF-a) plays a critical
role in mediating inflammation and neuronal apoptosis, and so the
silencing of the TNF-a could be particularly beneficial in reducing
the neuroinflammation that is triggered by LPS.
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Figure 4. Systemic Administration of scL-siSOD Downmodulates SOD1 in
Mouse Brain

Mice were intravenously injected with scL-siSOD nanocomplexes (180 ng of SiRNA/
mouse). Negative control siRNA (siCTRL) was also complexed with scL
(scL-siCTRL) for injection. Twenty-four hours after sSiRNA administration, brains
were examined for SOD1 mRNA (A) and SOD1 enzyme activity (B) and compared to
brains from UT mice. Data are represented as mean + SD (n = 7 to 10 mice per
group). *p < 0.05. (C) Western blot analysis assessing changes in SOD1 protein
levels in mouse brain 24 hr after siRNA administration. **p < 0.001.

Initially, we tested whether TNF-a secretion could be suppressed
using scL nanocomplex delivering anti-TNF-a siRNA (scL-siTNF).
Raw 264.7 murine macrophage cells were transfected with scL-
siTNF and stimulated with LPS 24 hr later to examine the
effects of the transfected siRNA on the LPS response. Comparisons
were made for TNF-ao mRNA levels in the cell pellet as measured
by RT-PCR (Figure 5A) and for secreted TNF-a level in the cul-
ture supernatant as quantitated by ELISA (Figure 5B). Both
TNF-o. mRNA and secreted TNF-a of cells pretreated with control
siRNA encapsulated in scL increased 47-fold and 205-fold,
respectively, after LPS treatment. When cells were pretreated
with scL-siTNF, TNF-o. mRNA and secreted protein after LPS
treatment increased 24-fold and 96-fold, respectively. These values
represent ~48% and ~53% reduction in TNF- mRNA and
TNF-a protein, respectively, in cells treated with the anti-TNF-o
siRNA as a nanocomplex compared to an analogous nanocomplex
carrying the control siRNA. These results support the feasibility of
using scL-siTNF to suppress the production of the inflammatory
cytokine.
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Figure 5. scL Suppresses TNF-a Production in Cell Culture and Delivers
siRNA into Mouse Brain Cells In Vivo

(A and B) Raw 264.7 cells were transfected with siTNF or control SiRNA complexed
with scL followed by LPS treatment 24 hr after transfection. TNF-o. mRNA levels (A)
in cells and secreted TNF-a protein (B) in culture medium were assessed in triplicate
4 hr after LPS treatment. Data are represented as mean + SD. *p < 0.001,
**p < 0.05. (C) Quantitative analysis of the siTNF uptake in mouse brain cells using
RT-PCR. Mice were intravenously injected with scL-siTNF nanocomplexes (180 ng
of siRNA/mouse). At 24 hr after a single injection, the physical presence of siTNF
was determined. Data are represented as mean + SD (n = 2 to 3 mice per group).
*p < 0.001.

Based on the promising results in cell culture, we proceeded to test
whether scL could deliver siTNF to mouse brain cells in vivo and to
assess the therapeutic benefit of this agent. BALB/c mice received a
single intravenous injection with free siTNF or siTNF complexed
with either scL or Lip (lacking a targeting moiety). Twenty-four hours
after the siRNA injections, brain cells were isolated and magnetically
fractionated into astrocyte, microglia, and neuron using microbeads.
The physical presence of siRNA in each brain cell fraction was as-
sessed by TagMan small RNA assays (Figure 5C) with U6 small nu-
clear RNA (snRNA) used as an endogenous control. The highest level
of TNF-a siRNA that accumulated in brain cells was in mice treated
with the siRNA delivered via scL-siTNF. Among the major brain cell
types, neurons showed the highest uptake of siTNF. A much lower
accumulation of TNF-o siRNA was detected in the brain of Lip-
siTNF-treated mice. These results confirm the delivery of the payload
to the brain cells by the TfR-targeting scL nanocomplex.

We had hypothesized that scL-delivered siTNF would be able to sup-
press TNF-o production in vivo and by doing so would impede the
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Figure 6. scL-Delivered TNF-a siRNA Protects Mice in Lethal Endotoxemia In Vivo

(A) Mice were intravenously injected with scL-siTNF nanocomplexes and challenged with LPS as indicated. PBS was injected as a control. (B and C) At 1 hr after LPS
injection, the changes in the level of TNF-a. mRNA (B) and TNF-a protein (C) in mouse brains were assessed by RT-PCR and ELISA. Data are represented asmean + SD (n=5
to 10 mice per group). *p < 0.001, **p < 0.05. (D) Survival was assessed at 24 hr after intraperitoneal injection of LPS (n = 10 mice per group). (E) Representative images of
TUNEL staining of brain 24 hr after LPS injection (20 x magnification). Scale bar, 200 um.

apoptosis and neuroinflammation triggered by LPS. To test this hy-
pothesis, BALB/c mice were given intravenous injections of either
siTNF or siCTRL encapsulated in either the TfR-targeting scL-based
nanocomplex or in an analogous liposomal vector lacking a targeting
moiety. After three injections at 24 hr intervals, mice were challenged
with LPS 24 hr after the last injection (Figure 6A). To assess the down-
modulation of the gene targeted by siTNF, the levels of TNF-oo mRNA
were measured in the brain (Figure 6B). One hour after LPS challenge,
TNF-oo mRNA level in brains of control siRNA encapsulated in scL-
treated mice increased approximately 25-fold compared to those of
brains from PBS-treated mice (no LPS). In contrast, with scL-siTNF
treatment, the TNF-oo mRNA levels in brains were reduced by nearly
57% compared to those in brains of mice treated with control siRNA
encapsulated in scL. About a 30% reduction was observed in brains of
mice treated with Lip-siTNF. Suppression of TNF-a. production was

further assessed on protein level in the brain by ELISA (Figure 6C).
One hour after LPS challenge, TNF-a levels in the brain increased
about 7-fold in mice given control siRNA encapsulated in scL
compared to those of PBS-treated mice. Treatment with scL-siTNF
suppressed TNF-a. production by ~35% in the brain compared to
control siRNA encapsulated in scL treatment whereas only an
~10% decrease of brain TNF-a was seen in the Lip-siTNF treatment
group. Twenty-four hours after the LPS challenge, the survival of an-
imals was assessed (Figure 6D). Under the current experimental con-
ditions, 90% of the mice died from the lethal effects of LPS when the
mice had been pretreated with the control siRNA in the form of con-
trol siRNA encapsulated in scL. In contrast, 90% of the animals sur-
vived when they were pretreated with scL-siTNF. Without targeted
delivery, Lip-siTNF was found to be partially protective with 50% sur-
vival rate. However, this protective effect with Lip-siTNF might be
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due to the silencing TNF-a in peripheral macrophages rather than
neuronal, considering that Lip-siTNF failed to deliver siRNA to brain
cells in Figure 5C. The increased survival seen in mice pretreated with
scL-siTNF clearly demonstrates the benefit of blocking TNF-a,, a key
mediator of inflammation, in this model of acute neuroinflammation.

We assumed that the survival benefit seen with scL-siTNF was due to
impeding the neuronal apoptosis that accompanies LPS-triggered
neuroinflammation. To examine directly the effects of TNEF-a
silencing on LPS-induced neuronal apoptosis, brain sections obtained
from the surviving mice were assessed utilizing a TUNEL stain (Fig-
ure 6E). Brains of the mice treated with either control siRNA encap-
sulated in scL or Lip-siTNF showed extensive TUNEL-positive stain-
ing (brown staining of nuclei) in the hippocampus, cortex, and
cerebellum areas. In contrast, brains of mice treated with scL-siTNF
had very few TUNEL-positive apoptotic cells resembling brains of
PBS-treated mice without LPS treatment where the brain sections ap-
peared more blue than brown. Collectively, our results support the
contention that scL nanocomplex-mediated siRNA delivery can sup-
press TNF-a production and reduce the lethal effects of LPS in a
mouse model of neuroinflammation.

DISCUSSION

It is clear that the human brain requires iron for numerous metabolic
processes and acquires iron from the blood via TfR-mediated trans-
cytosis of diferric Tf. Taking advantage of this Tf/TfR system,
attempts to transport therapeutics across the BBB have been made
(e.g., bispecific antibodies).”>*° Although the utilization of TfR to
cross the BBB has been investigated in rodents for decades, success
in translating these findings to humans remains elusive.”” The issue
causing some such therapeutics to fail is connected to the affinity of
the antibodies being used, the pH dependence of their dissociation
from the TfR, and how differences between antibodies influence the
fate of both the antibody conjugate and the TfR to which it binds.””
In an in vitro model for the human BBB based on an immortalized
human cerebral microvascular endothelial cell line, it has been shown
that an anti-TfR antibody with appropriate affinity and pH depen-
dence crosses this in vitro BBB model via TfR-mediated transcyto-
sis.”” Similar considerations also come into play when using gold
nanoparticles coated with the ligand Tf,*® where the density of Tf
on the gold nanoparticles determines the avidity with which the par-
ticles are bound to the TfR of the BBB endothelial cells and the pene-
tration efficiency across the BBB.

In the present study, we have utilized a novel non-viral vector for sys-
temic delivery of therapeutic nucleic acids to the brain and shown the
practical utility of this approach by confirming down-modulation of
targeted genes and by preventing LPS-induced neuronal apoptosis in
the brains of mice. Our data strongly support the feasibility of using
TfR-targeting scL-based nanocomplexes for delivery of therapeutic nu-
cleic acid payloads across the BBB and into neurons. As demonstrated
by in vivo fluorescence imaging and quantitative PCR detecting of the
payloads in the brain, the scL nanocomplex, but not untargeted nano-
complex, successfully delivered payloads across the BBB. These data
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indicate that specific TfR binding is responsible for and critical to the
observed brain-targeting capability of scL. In scL, TfRscFv facilitates
the complex to undergo RMT, a pathway normally used to increase
uptake of macromolecules (e.g., Tf) into the brain.?® Our TfRscFv,
which is derived from a monoclonal antibody to the human TfR, has
the cross-reactivity with mouse TfRs, but not with rat TfRs. We
were able to test brain delivery in mice using scL nanocomplex,
whereas we used rat Tf as a targeting moiety in TfL nanocomplex for
brain-targeting study in rats. The fact that either anti-TfR scFv or the
TfR’s ligand could serve as the targeting moiety on our nanocomplexes
attests to the crossing of the BBB being mediated by TfR.

TNF-a plays a critical role in the initiation and maintenance of neuro-
inflammation that can lead to brain tissue destruction via apoptosis and
death. Elevated levels of TNF-o are observed in a number of chronic
neurological disorders, including multiple sclerosis, Alzheimer’s dis-
ease, Parkinson’s disease, and traumatic brain injuries.zz‘”’30 In addi-
tion, the demonstrated role of the TNF-o. pathway in several animal
models of neuronal diseases supports an important role for TNF-a.
in these diseases.”” Thus, targeting TNF-g, in brain offers an attractive
therapeutic strategy that might slow the progression or attenuate the
severity of neuronal diseases.”” Here, we have demonstrated that
TNF-o siRNA complexed with scL effectively down-modulated
TNF-a in vivo, blocked neuronal apoptosis in the brain, and rescued
mice from the lethal effects of LPS. In this animal model, it is difficult
to distinguish the effects of silencing TNF-a. in the brain and peripheral
organs because of the crosstalk between peripheral macrophages and
microglia in the CNS. However, the presence of siTNF in the brain cells
(including neurons and microglia) and the contrasts in the levels of
brain apoptosis between mice treated with brain-targeting scL-siTNF
nanocomplex and non-targeting Lip-siTNF nanocomplex clearly sug-
gests the beneficial effects of the targeted delivery of siTNF to the brain.
These results confirm in vivo the potential of scL-mediated systemic
delivery of therapeutic nucleic acids as a novel therapeutic approach
in the treatment of neurological diseases.

Whereas naked siRNA and other therapeutic nucleic acids are rapidly
destroyed by serum nucleases, use of an appropriate delivery system
makes possible enhanced biological stability, targeted cell uptake, and
the improved pharmacokinetics. We have previously shown that the
encapsulation of either antisense ODN or siRNA forming scL-based
nanocomplexes greatly increased its serum stability and bioavail-
ability in mice.”" The safety of scL-based nanocomplex has been es-
tablished in the completed phase I clinical trial using scL delivering
the tumor suppressor gene wtp53 (in an experimental anti-cancer
agent termed SGT-53)*” and in a second phase I trial using nanocom-
plexes carrying the gene encoding RB94 (in a second experimental
anti-cancer agent termed SGT-94).%* Thus, this method of combining
liposomal encapsulation of payload with targeting the TfR may pro-
vide a safe and useful method to enhance CNS drug delivery to
achieve effective gene modulation in treating acute as well as chronic
neurological disorders that require longer-term interventions. In
these diseases, therapies that do not jeopardize the brain by compro-
mising the BBB would have a clear advantage.
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In addition to mediating the traversing of the BBB, the TfRscFv also
facilitates scL to target tumor cells via receptor-mediated endocytosis
because of the elevated expression of TR on their surface.’* In our
previous studies, we have shown that human glioblastoma cells take
up our nanocomplexes both in culture’ and as orthotopic xenografts
in mice.”> We have demonstrated that the scL actively crosses the
BBB, delivers payloads to brain tumors, and results in robust expres-
sion of payload (exogenous tumor suppressor gene wtp53) in brain
tumors to chemosensitize a drug-resistant malignant glioblastoma
multiforme (GBM).?”° This nanocomplex (SGT-53) in combination
with the chemotherapeutic agent, temozolomide, is currently being
tested in phase II clinical trials for a recurrent GBM (ClinicalTrials.
gov Identifier NCT02340156), a disease having a grim prognosis
with existing therapeutic modalities.

Because there is a differential vulnerability of neuronal subpopula-
tions in neurodegenerative diseases,” incorporations of additional
neurotropic targeting moieties may enable the selective recognition
and delivery to the susceptible subpopulation of brain cells without
interfering with relatively healthy neurons. Further studies to localize
the payload and to modulate gene expression in different cell types in
the brain are warranted. Although further investigations are also
needed to elucidate the mechanism, the payload is clearly released
from the complex inside the cells in that scL-delivered plasmid
DNA or siRNA are functional in vivo in gene expression or silencing,
respectively. Our previous observations suggest that 6FAM-ODN
moves from the endosomes to the cytoplasm and then to the nucleus
with increasing times of uptake by brain tumor cells in mice after sys-
temic administration of scL-6FAM-ODN.**** The results shown here
with a payload consisting of a gene encoding GFP confirm movement
out of the endosomes into the nucleus (for transcription) and cyto-
plasmic translation of GFP mRNA.

In summary, we have shown that scL nanocomplex provides a tool for
targeted delivery of therapeutic nucleic acids to the brain in vivo.
These findings indicate that therapeutics can be formulated as nano-
complexes so as to circumvent a critical barrier of CNS delivery, i.e.,
the BBB. The ability to actively cross the intact BBB via RMT mark-
edly enhances the prospect of nucleic acid-based therapeutics for
the treatment of neurological disorders. In principle, scL-mediated
delivery can also provide a method for delivery of other therapeutic
and diagnostic molecules such as chemotherapeutic drugs or imaging
contrast agents across the intact BBB.

MATERIALS AND METHODS

Complex Preparation

A cationic liposome comprising 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) and dioleolylphosphatidyl ethanolamine (DOPE)
ata 1:1 molar ratio (Avanti Polar Lipids, Alabaster, AL), referred to as
Lip in this study, was prepared using the ethanol injection method as
described previously.” In brief, both lipids in ethanol were injected
quickly into 55°C water in a test tube while vortexing. The test tube
was vortexed for an additional 20 min while cooling to room temper-
ature.” scL was prepared by mixing the Lip with a TfRscFv solution

and incubated at room temperature for 10 min. Nucleic acid payloads
(ODN, DNA, or siRNA) were then added to the TfRscFv-Lip solu-
tion, mixed, and incubated at room temperature for 10 min. The ratio
of TfRscFv to Lip to payload can be varied, resulting in complexes
with different transfection efficiencies.>” For in vitro experiments,
the complex was further diluted with serum-free DMEM (Mediatech,
Manassas, VA). For animal injections, dextrose (Hospira, Lake
Forest, IL) was added to a final concentration of 5%. The size and
zeta potential of the complex was determined by dynamic light
scattering at 25°C with a Zetasizer Nano ZS System (Malvern Instru-
ments, Malvern, UK).

ODNSs and siRNAs

Scrambled ODNs (5'-CTAGCCATGCTTGTC-3’) that were labeled
on the 5 end with either 6-carboxyfluorescein phosphoramidite
(6FAM-ODN) or cyanine 5 (Cy5-ODN) were synthesized and puri-
fied by reverse phase high-performance liquid chromatography
(HPLC) (TriLink Biotechnologies, San Diego, CA). Pre-designed
Silencer Select siRNA targeting mouse SOD1 and Silencer negative
control #1 siRNA were obtained from Ambion (Austin, TX).
A siRNA-targeting mouse TNF-a (5-GACAACCAACUAGUG
GUGC-3') was synthesized at GE Dharmacon (Lafayette, CO).

In Vivo ODN Delivery and Brain Targeting

All animal experiments had been approved by the Georgetown Uni-
versity institutional review board. Athymic nude mice (6 weeks old,
female, Harlan, Indianapolis, IN) received a single intravenous injec-
tion with 6FAM-ODN complexed with either scL (scL-6FAM-ODN),
Lip (Lip-6FAM-ODN), or as free 6FAM-ODN (all at 100 pg of
6FAM-ODN/injection). Twenty-four hours after the injection, brain
sagittal slices were imaged with Maestro in vivo fluorescence imaging
system (CRi, Woburn, MA). The images were analyzed, and the fluo-
rescence intensity quantified using the vendor’s software (Maestro
2.10.0). Fluorescence intensity is expressed as photons/cm?/second.
In another study, BALB/c mice (6 weeks old, female, Harlan) were
injected with scL-Cy5-ODN (25 pg of Cy5-ODN/injection) via the
tail vein. Every 6 hr post-injection up to 48 hr, brains were harvested
and cut into coronal sections ~2 mm thick using an adult mouse
brain slicer matrix (Zivic Instruments, Pittsburgh, PA). Brain sections
were imaged and analyzed as described above.

In Vivo GFP Expression

BALB/c mice (6 weeks old, female) were intravenously injected with
30 pg of GFP plasmid DNA/injection encapsulated in scL (scL-GFP),
Lip (Lip-GFP), or as free GFP plasmid. Forty-eight hours after a single
injection, brain sagittal slices were imaged with Maestro and analyzed
as described above. In another study, BALB/c mice were intrave-
nously injected with scL-GFP (at 30 ug of GFP plasmid DNA/injec-
tion/mouse) every 12 hr for a total of three injections. Serial coronal
section of brains was imaged with Maestro at 24, 36, and 48 hr after
the last injection. Forty-eight hours after the last injection, brain
slices were imaged by Olympus Fluoview-FV300 laser scanning
confocal system (Olympus, Center Valley, PA). In another study,
anesthetized Sprague-Dawley rats (5 weeks old, female, Harlan)
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were intravenously injected with a single bolus (1 mL) of either TfL
(using Tf instead of TfRscFv as a targeting moiety) or Lip encapsu-
lating GFP c¢DNA via a catheterized jugular vein (100 ng cDNA/
injection). Thirty-six hours later, animals were sacrificed, and brain
coronal sections were stained with mouse anti-parvalbumin antibody
(Millipore, Billerica, MA) and by Nissl staining (Molecular Probes,
Eugene, OR).

In Vivo siSOD Delivery and Gene Silencing

BALB/c mice (6 weeks old, female) were given a single intravenous
injection of scL-siRNA complexes (180 pg of siRNA/injection).
Twenty-four hours later, brains were harvested and total RNA iso-
lated using RNeasy Plus mini kit (QIAGEN, Valencia, CA). Total
RNA was reverse transcribed with Superscript VILO cDNA synthesis
kit (Invitrogen, Carlsbad, CA). RT-PCR was performed using
TagMan gene expression assays for mouse SOD1 (Life Technologies,
Carlsbad, CA) with a StepOnePlus RT-PCR system (Applied
Biosystems, Foster City, CA). Relative SOD1 mRNA expression
was normalized with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA and calculated using the AACt method. The level
of SOD1 enzyme activity in the brain was measured with the SOD
Assay Kit (Cayman Chemical, Ann Arbor, MI). The enzyme activity
is denoted as units per milligram of total protein in brain tissue.

Western Blotting

To determine the expression level of the SOD1, western blot analysis
was performed. Protein was isolated from mouse brain, and 40 pg of
total cellular protein was separated on an 8% SDS-polyacrylamide gel,
transferred to nylon membrane, and hybridized with antibodies
against mouse SOD1 (Santa Cruz Biotechnology, Dallas, TX). An
antibody recognizing GAPDH (Trevigen, Gaithersburg, MD) was uti-
lized as an internal control for protein loading. Chemiluminescent
detection was carried out using Supersignal west dura substrate
(Pierce, Rockford, 1L). Quantification of protein bands was carried
out using Image] software (http://rsb.info.nih.gov/ij/).

TNF-« siRNA Transfection and Gene Silencing In Vitro

Silencing of TNF-ou expression was monitored in vitro using Raw
264.7 murine macrophage cell line (ATCC, Manassas, VA). Cells
were maintained at 37°C in a 5% CO, atmosphere in DMEM supple-
mented with 10% fetal bovine serum (Sigma, St Louis, MO). Cells
were plated in 6-well plates at 2.0 x 10° cells per well for 24 hr before
transfection. Either control siRNA or TNF-a siRNA encapsulated in
scL nanocomplex, prepared as above in serum-free media, was added
to the wells at a final siRNA concentration of 100 nM. After incuba-
tion for 4 hr at 37°C, the medium was replaced with 2 mL of fresh
complete medium, and the cells were further incubated for 24 hr
before treated with 1 pg/mL of LPS from E. coli 0111:B4 (Sigma).
Four hours after LPS treatment, cell pellet and culture media were
collected.

Detection of TNF-a siRNA in Mouse Brain Cells

BALB/c mice (6 weeks old, female) were given a single intravenous
injection of scL-siRNA complexes (180 pg siRNA/injection).
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TNF-a siRNA were encapsulated in scL nanocomplex or in Lip
without a targeting moiety. Twenty-four hours after injection, brain
cells were isolated using Neural Tissue Dissociation kit (Miltenyi Bio-
tec, Auburn, CA) and Adult Brain Dissociation kit (Miltenyi Biotec).
Isolated brain cells were magnetically sorted for astrocyte using anti-
ACSA-2 microbead kit (Miltenyi Biotec), for microglia using CD11b
microbeads (Miltenyi Biotec), and for neuron using Neuron Isolation
kit (Miltenyi Biotec). Small RNAs were extracted using mirVana
miRNA isolation kit (Ambion). Extracted small RNA was reverse
transcribed with TagMan microRNA reverse transcription kit (Life
Technologies) using siTNF- and U6 snRNA-specific RT primers
(Life Technologies). cDNA samples were subjected to RT-PCR using
TagMan small RNA assays for siTNF and U6 snRNA (Life Technol-
ogies) with a StepOnePlus RT-PCR system. Relative small RNA
expression was normalized with U6 snRNA.

In Vivo TNF-a siRNA Delivery

BALB/c mice (7~8 weeks old, female) were given daily injections for
3 consecutive days (total three injections) of scL-siRNA complexes
(180 pg siRNA/injection, intravenous) as shown in Figure 6A. Either
control siRNA or TNF-a siRNA was encapsulated in scL nanocom-
plex. siTNF was also encapsulated in Lip without a targeting moiety.
Twenty-four hours after the last siRNA injection, mice were intraper-
itoneally injected with E. coli 0111:B4 LPS (30 pg/mouse), and organs
were harvested 1 hr and 24 hr later. Animal survival was assessed
24 hr after LPS treatment.

TagMan Analysis of TNF-a

Total RNAs were extracted from brains using PureLink RNA mini
kit (Ambion). Extracted total RNA was reverse transcribed with
Superscript VILO cDNA synthesis kit, and RT-PCR was performed
using TagMan gene expression assay for mouse TNF-o (Life Tech-
nologies) with a StepOnePlus RT-PCR system. Relative mRNA
expression was normalized with GAPDH mRNA and calculated
using the AACt method.

Measurement of TNF-o Production

Tissue samples were homogenized in radioimmunoprecipitation
assay (RIPA) lysis buffer (Thermo Fisher, Waltham, MA), and super-
natants were collected by centrifugation at 10,000 rpm for 10 min
at 4°C. Cell culture supernatants or serum samples were also
collected. Each sample was assayed by TNF-o ELISA kit (eBioscience,
San Diego, CA) according to the manufacturer’s protocol. In brief,
samples were added to a 96-well plate pre-coated with capture anti-
bodies specific for mouse TNF-a. Enzyme-linked detection anti-
bodies were added to the wells. The intensity of color detected at
450 nm (correction wavelength 570 nm) was measured after addition
of a substrate solution.

TUNEL Staining

Formalin-fixed mouse brains were paraffin embedded and sectioned
at 5 um. TUNEL staining was performed using the ApopTag perox-
idase in situ apoptosis detection kit (Millipore) with minor mod-
ifications. In brief, sections were de-paraffinized with xylenes and
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rehydrated through a graded alcohol series. Heat induced epitope
retrieval (HIER) was performed by immersing the tissue sections at
98°C for 20 min in 10 mM citrate buffer (pH 6.0) with 0.05% Tween.
Slides were pretreated with 3% hydrogen peroxide at room tempera-
ture, 10 mM sodium citrate at 65°C, and equilibration buffer at room
temperature. Slides were exposed to terminal transferase and digoxi-
genin labeled deoxyuridine triphosphate (dUTP) in reaction buffer
for 2 hr at 37°C, stopped in wash buffer, and blocked with 10%
normal goat serum at room temperature. Slides were exposed to
HRP-conjugated anti-digoxigenin antibody (Roche) and DAB chro-
magen (Dako). Slides were counterstained with hematoxylin (Fisher,
Harris Modified Hematoxylin) at a 1:17 dilution for 2 min, blued in
1% ammonium hydroxide for 1 min, dehydrated, and mounted
with Acrymount. Images were captured using Olympus DP70 camera
on Olympus BX61 microscope at 20x magnification.

Statistical Analysis

Results were presented as the mean + standard deviation. All statisti-
cal significance was determined by the analysis of variance (ANOVA)
(SigmaPlot, Systat Software, Chicago, IL). p values of < 0.05 were
considered significant.
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