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Abstract

Gene therapy for neurological disorders has attracted significant interest as a way to reverse

or stop various disease pathologies. Typical gene therapies involving the central and peripheral
nervous system make use of adeno-associated viral vectors whose questionable safety and
limitations in manufacturing has given rise to extensive research into non-viral vectors.

While early research studies have demonstrated limited efficacy with these non-viral vectors,
investigation into various vector materials and functionalization methods has provided insight into
ways to optimize these non-viral vectors to improve desired characteristics such as improved
blood-brain barrier transcytosis, improved perfusion in brain region, enhanced cellular uptake and
endosomal escape in neural cells, and nuclear transport of genetic material post- intracellular
delivery. Using a combination of various strategies to enhance non-viral vectors, research groups
have designed multi-functional vectors that have been successfully used in a variety of pre-clinical
applications for the treatment of Parkinson’s disease, brain cancers, and cellular reprogramming
for neuron replacement. While more work is needed in the design of these multi-functional
non-viral vectors for neural applications, much of the groundwork has been done and is reviewed
here.
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Investigation of various strategies to overcome extracellular and intracellular barriers for improved
gene delivery in neuronal applications utilizing non-viral vectors.
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[l. Introduction

1. Overview

Gene therapy is a rapidly growing market across the world with over 700 gene therapy
clinical trials ongoing as of 2019, seeking to solve a variety of diseases and disorders, such
as Parkinson’s Disease,12 Cystic Fibrosis3# and various types of cancer®® at the genomic
level. Current clinical applications in gene therapy make use of adeno-associated viral
vectors (AAVs) due to their unmatched gene delivery efficiency but limitations in max gene
size, disputed safety, high cost of production and lack of ease in scalability has drawn the
desire for an alternative for gene delivery applications.”- Significant attention in research
has been given to non-viral vectors with the hope of developing a system that matches

the gene delivery ability without these constraints, but the majority have fallen short due
to the numerous biological hurdles needed to overcome. Research in non-viral vectors for
gene delivery covers a wide breadth of various nanoparticles including cationic polymers,
cationic liposomes, carbon nanotubes (CNTSs), and inorganics.8-10 Within each of these
broad categories there is a never-ending list of materials, combinations, synthesis routes or
functionalization methods that give rise to an infinite pool of non-viral vectors with their
own distinct characteristics, specifically designed to overcome specific biological barriers
needed for gene delivery in desired applications.

In non-viral vector design, there is a delicate balancing act of interconnected properties
that govern the key areas of efficiency, cytotoxicity, cellular uptake, endosomal escape/
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avoidance, DNA loading, release of DNA, biodistribution and clearance, and ease of
production/functionalization that has made the search for an optimal vector a difficult one.
A nanoparticle might exhibit a high transfection rate but is limited by its cytotoxicity and

a change that reduces cytotoxicity might inhibit its transfection efficiency or changes to
promote improved blood-half life and biocompatibility might inhibit efficient loading of the
genetic material. It is a delicate dance that has demonstrated the need for more research in
order to accomplish the goal of an alternative to AAVs for neuron specific applications. In
this review we identify the numerous barriers in non-viral gene delivery for nervous system
applications and investigate the current methods researchers are investigating to overcome
these hurdles. We will also look at preclinical application of multifunctional designed non-
viral in a variety of models to highlight the advancement and potential of non-viral vectors
to be used in gene therapy.

2. Short-Comings of Viral Vectors

When it comes to viral vectors, their ability to deliver genes is unmatched by nonviral
vectors but do suffer from numerous drawbacks that could limit their widespread adoption
in gene delivery in the central and peripheral nervous system. While gene therapies
utilizing AAVs have demonstrated safety and long-term efficacy in clinical trials for various
applications, evidence has emerged that these vectors can lead to both an innate and
humoral response that can lead to limited transgene expression and can lead to significant
inflammation.11:12 More specifically, a number of groups have identified significant toxicity
and limitations for repeat dosing with AAVs following intracranial injections intended

for central nervous system gene delivery.11-14 One such group identified significant
inflammation and expression of Class | multiple histocompatibility antigens with the
persistent state of AAV vector remaining a potential target for destructive immune response
that can lead to local demyelination of surrounding neurons.1# Another group identified
chronic brain inflammation 3 months after treatment with cytotoxic gene therapy for the
treatment of gliomas with significant presence of macrophages/microglia, astrocytes and T
lymphocytes cells throughout the brain leading to widespread secondary demyelination.13
Lastly, one group demonstrated that dosing with recombinant adeno-associated virus vector
(rAAV?2) of rats that were pre-immunized with repeat dosing of rAAV2, demonstrated high
levels of neutralizing antibodies that prevented viral transduction in the brain, resulting

in limited gene expression in the central nervous system region, highlighting potential
limitations in repeat dosing using similar viral serotypes.12

In order to efficiently deliver genes, viral particles must be able to reach target cells in

the nervous system while also limiting off-target effects. A number of barriers exist for

viral particles to reach target cells including the blood-brain barrier (BBB),1® diffusion
through the extracellular matrix (ECM) of brain tissue,16 and availability of viral receptors
on target cells.1” Additionally, the liver and spleen have been shown to effectively filter out
systemically injected viral particles before reaching the brain and the heart and muscles have
been shown to be non-target organs that can be transduced, leading to potential toxicity.18

Lastly, viral particles suffer from a number of manufacturing and scalability problems that
they have sought to overcome in the past 20 years including limitations in the maximum size
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of genes able to be carried by AAVs to 4.7 kb for packing of foreign DNA,° a high cost to
manufacture drawing into question the economic scalability, and presence of cell impurities
in all currently utilized vector production schemes.20

3. Current Barriers for Non-Viral Vectors

The delivery of genetic material to neurons using non-viral vectors requires a number of
steps throughout the process to work effectively in order to achieve efficient gene delivery.
Inhibition at early stages of the delivery process will have detrimental effects on the
remaining down-stream events and limit the gene delivery ability. This means that while
specific design strategies can be implemented to overcome individual biological hurdles
(Fig.1), special consideration must be made to ensure they do not negatively impact the
non-viral vector’s ability to overcome preceding hurdles and must take into consideration
all the steps involved in the gene delivery process. In order to effectively develop and
implement rationale-driven design strategies, the key biological hurdles experienced by
non-viral vectors must first be identified and understood. Currently, the primary biological
roadblocks identified consist of widespread delivery to the central and peripheral nervous
system neurons, cellular uptake of the vector by the target cell, endosomal escape and
nuclear entry following DNA release.10:21

In delivery to the central nervous system following systemic injections, the vectors have to
be able to efficiently cross the blood-brain barrier whose purpose is to prevent unwanted
molecules and materials from entering into the brain and spinal-cord space. While this
barrier can be surpassed through the use of alternative invasive injection methodologies, an
ideal non-viral vector would be injected systemically and possess the ability to transverse
this biological barrier on its own.22 Once inside the brain region, the vector must be

able to navigate the region of the brain to the desired targets while simultaneously

avoiding uptake by surrounding glial cells and sequestration by the surrounding ECM. This
surrounding ECM is rich in glycosaminoglycans, proteoglycans, glycoproteins, hyaluronan
and chondroitin sulfate whose negative charges are capable of interacting with the cationic
surface charges displayed on traditional cationic polyplexes and lipoplexes, resulting in
sequestration of these particles before reaching the surface of the target cells.23-27 Not only
do these functional structures seen in the ECM provide an electrostatic barrier, but also
provide a steric barrier that must be overcome through the use of small, highly-condensed
nanoparticles to overcome sequestration.2’-29

Once the vector has reached the target cell of interest, it must be able to interact with the
cellular surface or associated proteins to help facilitate cellular uptake either through basic
electrostatic interactions or receptor-mediated interactions. A number of properties of the
non-viral vector will ultimately dictate how it interacts with the cellular surface and by
which process the vector is internalized.3? Once internalized by the cell, the nanoparticles
are typically encapsulated inside an endosomal compartment, where efficient escape from
these compartments into the cellular cytoplasm is crucial for high transgene expression. As
the endosome matures, it becomes increasingly acidic and eventually fuses with vesicles
containing hydrolytic enzymes to form lysosomes. Here vectors carrying genetic material
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that were unable to escape into the cytoplasm are enzymatically cleaved into smaller
constituents for eventual expulsion from the cell as waste.3°

Lastly, following endosomal escape, the vector carrying the genetic material or the genetic
material itself must be able to diffuse or be actively transported through the cytoplasm

of the cell to the nucleus and across the nuclear envelope in order to elicit a functional
response. Research has shown that larger vector and genetic material constructs have slower
diffusion properties and therefore must be aided by some form of active transport to reach
the nucleus.31:32 Additionally, the pores of the nuclear envelope are less than 40 nm in
diameter, thereby restricting the type and amount of genetic material that can enter the
nucleus in non-dividing cells without the aid of nuclear transport proteins.3!

lll. Strategies Investigated

1. Brain Transcytosis

Expression of exogenous genes in the brain /n vivo has been previously accomplished with
both viral and non-viral vectors through the use of invasive intracranial administration of
therapeutics. While this does allow circumvention of the highly selective brain capillary
walls composing the blood-brain barrier, the possibility for repeat administration for
therapeutic effects might limit the widespread utilization of these invasive routes of
administration, highlighting the need for a vector capable of independent cranial entry
through this barrier.

Avrising from the highly selective permeability nature of the blood-brain barrier, substantial
endogenous protein machinery exists that facilitate transport of needed molecules across
this barrier into the brain. Researchers have sought to hijack the mechanisms of these
transport systems to help facilitate transcytosis of non-viral vectors into the brain. One such
group??, identified the transferrin receptor (TfR) or insulin receptor as a viable candidate

to target due to its previous success in shuttling of peptides or antisense agents across the
BBB /n vivo. Immunoliposomes were used to encapsulate either a pGL2 plasmid encoding
for the firefly Photinus pyralis luciferase gene. Functionalization of the poly(ethylene
glycol)-chains (PEG) of these immunoliposomes with an anti-rat transferrin receptor, OX26
monoclonal antibody (mAb), resulted in individual immunoliposomes with an average of
39 conjugated molecules of OX26 mAb. While an increase in off-target cellular uptake

and faster blood clearance rate in rats was observed, a significant increase in brain uptake
was also observed that resulted in uptake levels similar to those of neuroactive small
molecules such as morphine. Transgene expression of firefly luciferase gene in the brain
that peaked at 48hrs was only observed with OX26 mAB functionalized immunoliposomes
demonstrating the crucial role these targeting agents played in facilitating transcytosis and
gene delivery for liposomal vector in the brain with 7 v administration. The effectiveness
of this monoclonal antibody for promoting brain uptake of liposomal based nanoparticles
was seen in a number of studies conducted by this group.33-3% Confirmation that this
receptor can be exploited by a polymeric based system was observed by another group that
functionalized polyamidoamine (PAMAM) with transferrin protein rather than a monoclonal
antibody. They demonstrated similar effects with approximately 2-fold higher particle
uptake and gene delivery in the brain over the naked vector.36 While the TfR facilitates
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central nervous system gene delivery following /7 v. administration, substantial off-target
transgene expression was observed in these studies with one study showing transgenic
protein expression in liver hepatocytes that was 6-fold higher than the brain due to the
abundance of TfR proteins on hepatocyte plasma membranes which may limit its adoption
in non-viral vectors designed for clinical usage.??

Additional research into possible strategies to present in BBB endothelium cells that

can facilitate transcytosis of large non-viral vectors has resulted in a number of other
different possible targets. Due to its high degree of neurotropism /7 vivo and its ability to
transverse the BBB, the rabies virus was investigated as a possible source of a targeting
ligand.3” Phage display of the rabies viral glycoprotein (RVG) that functions to facilitate
binding and entry of the rabies virus into neurons via nicotinic acetylcholine receptors,
yielded a 29-amino acid peptide capable of selectively binding to the same receptors

with high affinity. /n vitrobinding studies in multiple cell lines revealed selective peptide
binding to Neuro2a and primary neurons demonstrating the potency of this targeting ligand
to facilitate neuron specific delivery and transcytosis. Functionalization of this peptide
with a nine d-arginine DNA binding moiety facilitated the binding of siRNA. /n vitro
assays looking at the silencing activity of green-fluorescent protein (GFP) of this novel
vector carrying anti-GFP siRNA demonstrated the ability of this vector to enter Neuro2a
cells, escape the endosome and release anti-GFP siRNA to elicit silencing activity that
was comparable to Lipofectamine. Investigation in a functional in vivotest utilizing GFP-
transgenic mice demonstrated the ability to silence GFP activity in the brain following

£.v. administration. It is worth noting that unlike the use of transferrin ligands, there

was no off-target silencing observed in the spleen and liver. Future work exploring the

use of the RVG peptide demonstrated similar enhancement in BBB transcytosis effects

in both polymeric and liposomal based systems. Functionalization of poly(mannitol-co-
polyethyleneimine) vectors with this targeting ligand increased accumulation of vectors
inside the brain by approximately 5.9-fold while also limiting systemic off-target effects.38
Liposomes functionalized with the same RVG moiety also demonstrated increased levels
of vector delivery across the BBB over naked vectors with no off-target effects.3? The
high cell-specificity of the RVG targeting ligand makes it an ideal candidate as it promotes
transcytosis, enhanced cell-specific uptake and no off-target effects.

A number of other receptors and their ligand counterparts have been used successfully to
improve polymeric, dendrimer and liposomal vector uptake across the blood-brain barrier.
These include angiopep-2 (TFFYGGSRGKRNNFKTEEY) ligands to target low-density
lipoprotein receptor-related proteins,4041 leptin30 (30-amino-acid peptide derived from an
endogenic hormone-leptin) to target leptin receptors on brain capillary endothelial cells,*?
TGN peptide (TGNYKALHPHNG),4344 and a peptide sequence isolated from the LIM
Kinase 2 protein (LNP, KKRTLRKNDRKKRC).4

Alternatively, one nonviral method of gene therapy that has shown promise is the use
of gold nanorods or gold nanoparticles (GNRs).#6-48 These nanoparticles and nanorods
have been garnering interest due to their biocompatibility, small size, and their surfaces
that can be modified to incorporate cationic charges to facilitate a stable electrostatic
complexation with the anionic genetic material for therapeutic purposes. In a Transwell
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BBB model, approximately 40% of the GNRs-siRNA had diffused through the BBB
mimetic layer while native siRNAs was only capable of reaching 1% uptake in the opposite
well highlighting the natural ability of GNRs to permeate through biological barriers
without the need for specific ligands or functional groups.#” Further optimization and
novel exploration of gold nanoparticles as a viable non-viral vector in central nervous
system (CNS) applications yielded enhanced /n vivo BBB and neuron targeting of gold
nanoparticles through encapsulation by RVG-neuron targeted exosomes.*8

While it may be difficult to design non-viral vectors intended for CNS application

around /. v. administration due to the selective nature of the BBB barrier, other routes of
administration that are less invasive relative to intracranial injections exist and have been
utilized to deliver gene therapies to the brain. While utilizing these alternative routes
allows circumvention of the BBB, they are not without their own biological barriers

and design considerations. Intracerebroventricular injections that administer therapeutics
directly into cerebral lateral ventricles allow for delivery of materials into the CNS through
cerebrospinal fluid (CSF), bypassing the BBB. However, vectors must be able to be rapidly
transported out the CSF across the ependymal cell border and capable of penetrating

the brain parenchyma.*® PAMAM dendrimers functionalized with C-12 lipid chains and
unfunctionalized amino PAMAM dendrimers were investigated as possible vectors that
could be delivered through the CSF. While unmodified PAMAM dendrimers were capable
of crossing the ependymal border and achieving widespread diffusion through the brain
parenchyma, lipid functionalized dendrimers were found localized along the ependymal cell
border with no presence in the brain parenchyma.>®

While functionalization of non-viral vectors with various non-specific and specific BBB-
targeting moetities has shown promising results in improving transcytosis, recent literature
has demonstrated that adsorption of endogenous proteins (protein corona) can affect the
effectiveness of these targeting moieties and the ability of non-viral vectors to undergo
transcytosis.>1-53 In two such studies, functionalization of non-viral vectors with PEG
spaces and Transferrin ligands resulted in significantly higher cellular uptake in BBB
related cells in the absence of serum but this effect was lost in the presence of serum.

This demonstrated that the absorption of serum proteins and formation of a protein corona
mitigated the ability for cellular receptors to recognize grafted targeting moieties /n7 vitro.
While loss of enhanced targeting was seen in vitro, similar experiments /in vivo showed
partial retention of targeting ability and improved brain transcytosis despite the protein
corona.52:53 Another study further demonstrated the importance of the protein corona on
BBB-transcytosis by tailoring the surface composition of their non-viral vector to promote
adsorption and specific orientation of brain-targeting apolipoproteins (ApoE, ApoJ, ApoAl)
for improved brain transcytosis.>! The importance and influence of protein absorption seen
in both /n vitro and in vivo work not only highlights the care needed when designing
non-viral vectors but also in experimental design as results seen /n vitro might not correlate
to /n vivo efficacy.
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2. Diffusion in Extracellular Matrix

For many applications, non-viral vectors will require the ability to adequately diffuse
throughout brain tissue following transcytosis or local injection to be considered an effective
alternative to viral based methods. Research into vector diffusion throughout the brain
parenchyma has revealed that size, surface charge and lipophilicity of the particle are
influential characteristics as the ECM acts as both an adhesive and steric barrier.27:54

In one such experiment,®® the researchers attempted to synthesize a biodegradable polymer,
poly(B-amino ester) (PBAE), that could penetrate the brain tissue (PBAE-BPN) through
functionalization with PEG to limit ECM sequestration by neutralization of the cationic
surface charge contributed by the PBAE polymer. PBAES are a unique class of polymers
utilized in gene delivery efforts because they possess multiple positively charged amine
groups for complexation with genetic material, readily cleavable ester bonds within the
backbone for enhanced degradation, pH buffering capacity, and minimal cytotoxicity.>® In

a recent study, Green and associates®’ explored the use of newly developed PBAEs with bio-
reducible and non-reducible properties to deliver miRNA mimics to glioblastoma (GBM)
tumors. The synthesized PBAE-BPN had a diameter roughly half that of non-PEGylated
PBAE vectors and a near neutral zeta potential of +2.5mV compared to the original of
35.3mV. Ex vivo diffusion studies in rat brains demonstrated the effectiveness of designing
smaller, neutrally charged vectors as the PEGylated PBAE vectors witnessed a 20-fold
increase in diffusion rate and a 50-fold increase in average displacement of GFP transgene
expression from the injection site. It should also be noted that even though the PEG barrier
mitigated interaction with the ECM and membrane proteins, the barrier did not inhibit
effective cellular internalization and gene delivery efficiency that has been observed in other
works.?8:59 While it is unclear whether the improvement in diffusion of these PBAE vectors
in this study is attributed to the decrease in size or neutralization of surface charge by the
dense PEG shield, other studies have illustrated the effectiveness of a dense PEG shield

or anionic surface charge for non-viral vectors to promote diffusion in the brain.27:28.54
However, a similar experiment conducted using cationic PAMAM dendrimers demonstrated
that the small size of the vector was sufficient in facilitating widespread diffusion despite
the cationic nature of those vectors. When these dendrimers were functionalized with a
hydrophobic C12 lipid, diffusion was completely stopped at the injection site as a result of
stronger lipophilic interactions with the surrounding cell membranes and ECM.%0

In addition to modification to non-viral vectors, other techniques like pressure-driven flow
provided by convection enhanced delivery (CED) have been explored in conjunction with
non-viral vectors to improve their diffusion in the brain.28:60-62 These methods may aid

in more widespread and evenly distributed delivery across the brain, as well as improved
permeation in glioblastomas During CED, fine intracranial catheters are implanted and
deliver therapeutics along a pressure gradient from the catheter tip and extracellular

space allowing for controlled and homogenous distribution throughout the injection area.28
Research in this area has highlighted the importance of specific vector properties, such as
sub-100nm size and neutral or anionic surface charge in order to adequately utilize CED
as steric hindrance or electrostatic binding can’t be overcome via CED. PEGylated PBAE
vectors that previously demonstrated superior diffusion and widespread transgene expression
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in the brain without CED5®, demonstrated improvement in the total volume of vector
diffusion and transgene expression distribution in the brain when delivered with CED.>
Anionic, non-PEGylated polymers also demonstrated the same benefit using CED over their
cationic counterpart with widespread dispersion of particles and transgene expression.28
However, while the transgene expression level was more widespread from the injection site,
there was no difference in the overall level of protein expression in the brain when compared
to its cationic version. This phenomenon of increased distribution of gene expression but

no increase in expression level in the brain was also seen in studies utilizing anionic and
cationic liposomes of similar sizes for gene delivery in the brain with CED delivery. A
4-fold increase in distribution of anionic liposomes over the traditional cationic lipoplexes
was witnessed but despite this increase in volume distribution by utilizing an anionic
liposome vector, transgene expression throughout the brain was surprisingly lower compared
to cationic liposomes.28 While improvements could be made in optimization in size and
DNA condensing of anionic vectors, PEGylation of cationic particles for CED seem to have
the added benefit of limited inhibition of cellular interaction and uptake that affords it both
improved diffusion and transgene delivery.

3. Targeting in Neurons

In the central and peripheral nervous system, a number of different cell types exist that

can be divided into two broad categories: glial cells and neurons. Glial cells, which consist
of astrocytes, oligodendrocytes and microglia cells, do not participate directly in electrical
signaling but provide supportive functions that help define synaptic contacts and maintain
the signaling abilities of neurons. Glial roles that are well-established include maintaining
the ionic milieu of nerve cells, modulating the rate of nerve signal propagation, modulating
synaptic action by controlling the uptake of neurotransmitters, providing a scaffold for
some aspects of neural development, and aiding in (or preventing, in some instances)
recovery from neural injury.63 Neuron cells, on the other hand, primary function is the
conduction of electrical signals over long distances. These different cellular functions result
in varied biophysical properties, like receptor protein expression, that researchers can seek
to capitalize on for the goal of achieving cell-specific delivery to limit potential off-target
effects. Strategies of specific targeting ligands to achieve cell-specific delivery will typically
be accompanied by increased cellular uptake of vectors if the targeted receptor is involved in
receptor-mediated transport functions.

Trisioaloganglioside (Gtyp) receptors, expressed on the outer membrane, is one such
receptor of interest for neural applications due to the fact that it exists almost exclusively in
nerve cells so targeting of these proteins could improve cell-specific association/attachment
of non-viral vectors that could promote cellular uptake of target cells while minimizing off-
target effects. The effectiveness of targeting of this receptor is seen in the high neurotoxicity
and potency of botulinum and tetanus clostridial neurotoxins that arises from their ability
to selectively bind to peripheral neurons with a high affinity prior to cellular entry.54

From this knowledge a 12-amino acid peptide chain, Ten-eleven Translocation-1 (Tet1,
HLNILSTLWKYR), was identified through phage display that demonstrated improved
selective binding to several different neuronal cell lines including pheochromocytoma cells
(PC12), primary motor neurons, and dorsal root ganglion cells (DRG), relative to control
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human embryonic kidney-293 (HEK293) cells.®® This amino acid sequence has been used
to functionalize a number of different non-viral vectors to improve the specificity of the
vectors to neuronal types.56-70 In one such /n vitro study,’® Tet1 peptide was functionalized
to 25k branched polyethyleneimine (PEI) and compared against unmodified PEI. In a cell-
binding assay using neuron-like differentiated PC-12 cells, Tet1-PEI demonstrated superior
interaction with the cell surface relative to unmodified PEI. The increase in cellular binding
from the Tetl was lost when assayed using non-neuronal 3T3 fibroblasts and the increase
in cellular binding was successfully attributed to the receptor-mediated binding of the Tet1-
PEI by a free-ligand competition assay. Arising from the interaction between the ligand
and cell-surface receptor, transfection efficiency in PC-12 cells of the Tet1-PEI polyplexes
carrying plasmids encoding for Firefly Luciferase was improved by 7-fold over unmodified
PEI demonstrating the effectiveness of this strategy to improve gene delivery in neuron-like
cells. Cellular uptake studies conducted in primary dorsal root ganglion (DRG) neurons
co-cultured with primary astrocytes showed DRG neuron specific improvements in cellular
binding with no cellular uptake seen in primary astrocytes, demonstrating the targeting and
specificity of the Tetl login to certain cells present in the nervous system,

In vivowork conducted using cationic 25k bPEI functionalized with PEG and the Tetl
neuron targeting agent demonstrated similar neuron targeting properties that were witnessed
previously in vitro.**87 These neuron-targeting polyplexes carrying plasmid encoding for a
firefly luciferase reporter gene were injected into the lateral ventricle where they mediated
increased luciferase expression levels in the surrounding brain tissue when compared with
unmodified PEI-PEG polyplexes with 1.5 fold higher expression in the left hemisphere

and a 2.5 fold increase in the right with transgene expression lasting at least 14 days.
Immunofluorescent labeling of brain tissue slices revealed that Tet1-PEI-PEG polyplexes
selectively transfected cells positive for nestin/sox2 and negative for glial fibrillary acidic
protein (GFAP), indicative of neural progenitor cells (NPCs),”! while cells transfected with
polyplexes without the Tetl targeting ligand illustrated a diverse population consisting of
NPCs, glial cells and immature astrocytes. Furthermore, the majority of cells transfected
using the targeted polyplexes stained positive for the G1b receptor while minimal G1b
expression was seen in cells transfected without the ligand highlighting the effectiveness of
using this receptor to target NPCs through this receptor. While this work demonstrates the
ability to target NPCs that have the ability to differentiate to mature neuron progeny, the lack
of transfection witnessed in mature neurons demonstrates the need for synergistic methods
to facilitate transgene expression in non-dividing cells.

In addition to the Trisioaloganglioside family of receptors, high affinity neurotensin (NT)
receptors have been studied as a way to promote cell specific targeting to dopamine neurons
of the nigrostriatal and mesolimbic system.28:72-74 /n vjtro work consisting of poly-I-lysine
(PLL) conjugated with neurotensin ligand demonstrated selective transfection only in NT
receptors expressing cell lines. Expansion of this system to /n vivo delivery of NT-PLL
polyplexes to the substantia nigra region resulted in exclusive GFP expression in dopamine
neurons for up to 15 days.”

Nerve growth factor (NGF) is a member of the neurotrophin family and uses Tropomyosin
receptor kinase A (TrkA) and neurotrophin receptor P75 (P75NTR) as its receptors. The
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neurons that respond to NGF include sensory neurons in the dorsal root ganglia and
trigeminal ganglion. NGF responsive neurons are those cholinergic neurons present in the
basal forebrain, a potential location for gene therapy against Alzheimer’s disease. Thus, the
use of NGF receptors targeting gene vectors could enhance gene delivery for those neurons
and help combat Alzheimer’s disease. In this study,’8 a recombinant polypeptide composed
of NGF modified for DNA binding was synthesized and experimented in PC12 cells, a
neuron-like cell line. Conjugation of the NGF targeting ligand (NL4) to low molecular PEI
with a 10-lysine sequence resulted in a 6-fold increase in transfection rates in neuron-like
PC12 cells when compared to the vector without the targeting moiety. The increase in
efficiency was lost when tested with the NGF-receptor negative COS7 cell line illustrating
the cell specific cellular targeting that can be achieved. The targeting effect of these
receptors was seen Jn vivo when a P75NTR monoclonal antibody (MLR2) was conjugated

to PEGylated polyethyleneimine (PEI-PEG12) to improve gene delivery to motor neurons
using an intraperitoneal injection. Motor neurons located in the lumbar, thoracic and cervical
spaces all demonstrated transgene expression which was not observed without the MLR2
targeting ligand highlighting the importance in gene delivery in neurons of the spinal cord.””

4. Cell Entry

Cells have a number of mechanisms to move substances from the surrounding environment
into their internal environment including simple diffusion, facilitated diffusion and active
transport that depends on the physical and chemical properties of the molecule (Fig.2).21:78
Due to the size of non-viral vectors, cells will use some form of endocytosis active
transport that can be split into two groups: phagocytosis (macropinocytosis) and pinocytosis
with the method of choice dependent on the size of the particle. Particles greater than

500 nm in size are typically phagocytosed by cells such as macrophages and dendritic

cells while particles less than 500 nm will be endocytosed by cells using other various
endocytic pathways.”8 Pinocytosis can then be subdivided into 4 different mechanisms

that depend on the molecular mechanism, with these four types of pinocytosis consisting

of micropinocytosis, clathrin-dependent, caveolin-dependent and clathrin- and caveolin-
independent endocytosis.”® Additionally, a non-endocytic pathway called transduction exists
that involves the direct delivery of vectors into the cytoplasm of cells. While an attractive
mechanism of cellular uptake due to the avoidance of transport vesicles, little is understood
about the mechanisms relative to non-viral vectors. Different cellular uptake mechanisms
mean different endocytic dynamics, intracellular trafficking, organelle association that will

ultimately influence the fate and effectiveness of encapsulated vectors and genetic material
cargo.21.79.80

The exact properties of non-viral vectors that govern the selection of endocytic pathway
used is not well understood but research has shown that size, surface charge, presence of
ligand receptors and choice of vector has some influence in addition to the cell type and cell
membrane composition.#6.78.:81.82 Basjc uptake studies utilizing various cationic and anionic
surface coating on colloidal gold nanoparticles demonstrated improved cellular uptake in
neural progenitor cells for cationic surface coating. The electrostatic interaction between
cationic groups of vectors and the anionic moieties of cell-surface proteins and associated
macromolecules results in non-specific cellular adhesion. This interaction can result in
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increased cellular uptake via clathrin-mediated endocytosis.*6 A similar phenomenon was
observed when studying the effect of chemical modification of PAMAM dendrimers (G4)

on cellular internalization in hippocampal neurons shown in Fig.3. Cationic PAMAM
dendrimers that were unmodified were able to enter into neurons through classic clathrin-
mediated endocytosis but when functionalized with PEG (PP50) or anionic acrylate groups
(PAc), complete inhibition of cellular uptake was observed due to the neutralization of the
cationic amino groups.®® While promotion of non-specific interaction between target cells
and non-viral vectors by modifications of surface charge or non-specific ligands can improve
cellular association, the subsequent cellular uptake in neural cells is lethargic due to the slow
membrane recycling rate.83 Additionally, particles uptaken by the classical clathrin-mediated
endocytic pathway will be subject to enzymatic degradation when the endosome fuses with
enzymatic vesicles to form lysosomes. The slow uptake process of cationic vectors by neural
cells and the fact that recent research has pointed to caveolin-dependent cellular uptake as a
driving force in successful gene delivery due to the avoidance of lysosomes?L:79 highlights
the need for more targeted methods through the attachment of receptor ligands to the surface
of non-viral vectors to improve cellular uptake and gene delivery in desired cells.

Transferrin receptors are one such possible target for improving cellular uptake in target
cells8 that was previously discussed in its role of promoting transcytosis across the BBB.
In addition to being expressed in capillary endothelial cells in the BBB, this endocytosis-
promoting receptor has also been identified in the plasma membranes of neuron cells in the
brain and serves a similar function in the transport of iron-transferrin complexes into these
cells.85-87 PEGylated immunoliposomes that were functionalized with transferrin mAb not
only demonstrated improved transport of non-viral vectors across the BBB but also resulted
in high levels of transgene expression of B-galactosidase in hippocampal neurons due to
higher levels of receptor expression in these cells.2?

While cell specific ligands can be used to promote cellular uptake in specific cell types,
there are a number of targeting moieties or cell-penetrating peptides that lack specificity

in targeting due to the presence of these receptors in multiple cells. Three such examples

of non-specific targeting moieties that have been explored in their role in cellular uptake

in neural gene delivery applications are TAT (GRKKRRQRRRPQ), RGD (GYGGRGDSP)
and R8 (RRRRRRRR).”>:88-90 Efficient internalization of some AAVs is mediated by the
presence of five RGD motifs contained in the viral penton base that allow it to bind

to integrins present on the surface of cells. 88 while Tat targeting ligands derived from
human immunodeficiency virus (HIV-1) vectors exhibit strong binding affinity to cell
surface heparan sulfates and more specifically, glycosaminoglycan structures of the heparin
sulfate found near cellular surfaces.®! By using these two ligands to functionalize PEI/DNA
polyplexes, one group succeeded in improving the cellular uptake in differentiated neurons.
Both TAT-PEI/DNA and RGD-PEI/DNA demonstrated enhanced cellular uptake and
transfection efficiency relative to unmodified vectors with RGD functionalized polyplexes
exhibiting slightly better uptake and transfection. 92 Studies looking at the effect of the
density of RGD moieties on a PEG based non-viral vector revealed that while increasing
density of the ligand resulted in higher cellular association, it did not result in higher cellular
uptake and transfection over the benefit seen in vectors modified with one ligand. 93
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While some of the aforementioned cellular uptake strategies are inherently non-specific,
abnormal transcriptional or translational upregulation of targetable cell-surface receptors
that occurs in many disease states can be exploited to promote preferential uptake in
diseased cells. For example, while transferrin receptors are observed in multiple cell types
in the brain, upregulation of TfR is observed in dopaminergic (DA) neurons in Parkinson’s
Disease, making them an attractive receptor to target.% Non-viral vectors for gene therapies
can be designed with this phenomena in mind to promote preferential uptake in diseased
cells 95. One such study demonstrated this effect by designing a RGD-PEG-PE| vector

to target the overexpression of a5b3 integrins observed in U87 glioblastoma cells. These
RGD-PEG-PEI/DNA vectors demonstrated a 4-fold increase in tumor cell uptake relative to
vectors without the RGD moiety.%

It is important to note that many vector design strategies that looked to utilize

the aforementioned cellular uptake strategies and PEGylation to promote improved
biocompatibility, blood circulation and prevent aggregation in ionic environments®’
highlighted the importance of the positioning of the cell uptake moieties.5%98 Previous work
in this dual-strategy that incorporated a PEG spacer to help protect bioactive molecules
demonstrated lower cellular uptake and gene transfer due to the steric hindrance and
covering of parts of the bioactive ligand arising from the PEG spacer.?0 Further investigation
of this work in optimizing positioning of the PEG shielding in relation to the targeting
moiety, revealed that incorporation of an RGD ligand at the end of a PEG spacer rather than
onto the base PEI polymer alongside PEG functional groups, enhanced cellular uptake /n
vitro. Using the same vector /71 vivo demonstrated no adverse effects to blood circulation
time but had the added benefit of improved target uptake which led to improved gene
transfer.96 Multi-functional design of nanoparticles intended for /v administration Jin vivo
that will utilize PEG shielding to promote desired pharmacokinetics and targeting ligands for
improved cell uptake must make note of the possible inhibitory interaction between the two.

5. Endosomal Escape

Endosomal escape is one of the main barrier of non-viral gene delivery as failure to

escape into the cytoplasm following cellular endocytosis results in the genetic material and
vector being degraded in the acidic and enzymatic environment of maturing endosomes and
lysosomes.2L.79 Difficulty in overcoming this barrier is a multi-pronged problem stemming
from the lack of mechanistic understanding of the different endocytic and endosomal
pathways, how these endosomal pathways differ between cell types, how non-viral vectors
and their properties influence these pathways, how different endosomal processes interact
with each other and how different disease states alter endosomal pathways and mechanisms.
The interconnected nature of these questions makes it impossible to generate a one-size-fits-
all strategy to achieve efficient endosomal escape, highlighting the need for rationale-driven
design built around the clinical application, cell targets and non-viral vector requirements.
While a universal method might not exist, over the years there have been a few prevailing,
but still debated, %9 strategies that researchers have used during the design of the non-viral
gene delivery vectors: proton-sponge effect to promote osmotic lysis and endosomolytic
agents that disrupt the membrane or fusogenic agents that allow for vector fusion or pore
formation (Fig.4).30
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Polycations, such as polyethyleneimine, have been hypothesized to escape from the
endosomal and lysosomal pathways through a mechanism known as the proton-sponge
effect. This hypothesis is based on the large buffering capacity at acidic pH values arising
from the abundance of amino groups found in these polycations. Unprotonated amines of
these polycations can absorb protons as they are pumped into maturing endosomes and
lysosomes, resisting the drop in pH that normally occurs during this process. Resistance to
the pH change associated with maturing endosome results in continued influx of protons into
the endosome which will be accompanied by an increase in Cl- ions and water. Swelling

of the polymer from repulsive forces coupled with osmotic swelling from the influence of
water causes the membrane to rupture and release the vector. 100.101 Not every polycation,
like poly-I-lysine (PLL), is known to elucidate this effect due to lack of buffering capacity
arising from lack of amino groups that can be protonated. However, the high effectiveness
of other cationic gene delivery vehicles, such as poly(amido amine) dendrimers, lipo
polyamines and other imidazole-containing polymers are believed to be attributed to the
proton-sponge mechanisms. 101 Many recent strategies looking to capitalize on improving
this phenomenon have looked to functionalize existing polymers with polycationic peptides
(cell penetrating peptides), imidazole terminal groups, designing new polymers such as
poly(beta-amino esters) and acid-sensitive moieties.102.103 With the other strategy of using
endosomolytic/fusogenic agents, researchers have tried to mimic and apply to non-viral
vectors 104-106 the perfectly evolved process by which endocytosed viruses undergo a
conformational change triggered by endosomal microenvironments that allows for fusing
of the virus with the endosomal membrane.101.107 \jith these strategies, researchers have
utilized the acidification of the endosome to trigger phase transition in liposomes that
allow them to fuse with the endosomal membranes or trigger the release an endosomolytic/
fusogenic peptide or small molecule that can disrupt the cell membrane.108

These recent advances in strategies and modification of non-viral vectors for improved
endosomal escape in various applications and cells has already been reviewed in detail.

30 While many of those strategies utilized in other cell lines could be adopted with

success in neural cells, it is important to investigate and review methods that have

already been explored in neural cells and investigate possible future steps. One such

study made use of R8, an arginine containing cell-penetrating peptide (CPP). Cationic
guanidine moieties facilitate interaction with sulfates found on glycol-membrane proteins
of cells while hydrophobicity of the CPP allows for insertion into the cell membrane
facilitating endosomal escape. R8 functionalized PEI-600-Cyclodextrin demonstrated
improved transfection efficiency in a C6 cell line which the author attributed to an increase
in endosomal escape facilitated by the R8 functionality.19° Another study made use of a
22-amino acid long fusogenic peptide (GLFEAIAEFIEGGWEGLIEGCA) that was derived
from the amino-terminus of influenza virus hemagglutinin HA?2 that is capable of fusing into
the lipid bilayer of endocytic vesicles to improve the gene delivery of the PLL based vector
both in vitroand in vivo.™

from Carrier

Research utilizing &Storm imaging for single particle tracking of DNA-PBAE polyplexes
has been essential to better understand the intracellular fate of polyplexes following
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endosomal escape. Rierra and colleagues demonstrated that while cells might contain a
high number of polyplexes inside the cell following endocytosis and endosomal escape,
failure for DNA to de-complex from the carrier at the perinuclear or nuclear regions limited
transfection efficiency. Furthermore, the extent of GFP expression in cells was directly
correlated to the amount of free DNA observed in the nucleus of cells, highlighting the
need for strategies that allow for efficient release of DNA from polymers once inside the
cell.110 Studies conducted using lipoplexes demonstrated a similar phenomenon in which

a liposomes’ ability to mix and fuse with the endosomal membrane did not correlate with
DNA transfer efficiency as release of DNA from the lipoplex during this process was also
required.111-115

While these studies promote the idea that release from the polyplex prior to nuclear entry
results in high transcription efficiency, it is important to note that these authors and other
researchers have observed highly variable nuclear localization and gene expression between
cells with a correlation to cell cycle.11® So while nuclear transport and transcription of
un-complexed DNA in the perinuclear regions might occur more readily in mitotic cells,

the post-mitotic nature of neuronal cells might limit the transcription and gene expression
of DNA released prior to nuclear entry. Additionally, release of DNA from vectors prior to
nuclear transport will limit the efficacy of nuclear targeting strategies utilized. Other studies,
looking at the de-complexion of DNA from non-viral vectors have noted the presence of
partially de-complexed DNA and polyplexes inside the nucleus of cells demonstrating the
nuclear transport of entire polyplexes can also facilitate gene transfer.116-118 One study
demonstrated that only partial decomplexation of the DNA from the polyplex was necessary
for gene transcription to occur. Additionally, this study noted that decomplexation of DNA
from the polyplex inside the nucleus was a rate-limiting step while nuclear transport of
lipoplexes was the rate-limiting step highlighting the need for different strategies dependent
on non-viral vector composition. 118

For polyplexes a number of strategies have arisen in order to promote release of DNA

cargo following endosomal escape. One such strategy, coined “charge reversal”, has been
investigated as it was speculated that a change from a cationic charge to an anionic

charge would promote quick release of packed DNA. One such group designed a polymer,
poly[(2-acryloyl)ethyl(p-boronic acid benzyl) diethylammonium bromide] (B-PDEAEA),
that contained a reactive oxygen species (ROS)-labile group that caused the release of a
quaternary ammonium group that produced a poly(acrylic acid) within two hours upon
oxidation. This quick charge reversal facilitated efficient DNA release following endosomal
escape that led to improved transfection efficiency.11® Similar polymers using this strategy
have been designed to similar effects.120, Reduction of cationic surface-charge of polymeric
based systems through functionalization with hydrophobic domains is another strategy being
investigated to improve DNA release as high surface charge limits DNA release due to its
strong affinity to negatively charged DNA.121-123 pAMAM dendrimers functionalized with
heptafluorobutyric anhydride (fluorodendrimers) showed three-orders of magnitude higher
transfection efficacy over unmodified dendrimers due to efficient DNA release following
endosomal escape.12!
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For liposomal based carriers, the majority of strategies have been centered around alteration
of lipid composition to lower DNA affinity or alter liposome morphology in order to
facilitate release of DNA into the cytoplasm during the endosomal fusion process.124

A number of studies have utilized Dioleoylphosphatidylethanolamine (DOPE) in cationic
liposome formulations to improve DNA release during membrane fusion by increasing
lipophilicity of the liposome allowing for a hexagonal phase morphology.106.125-127
Inclusion of trimeric surfactants into DOPE containing liposomes has been utilized to
improve the stability of these vectors without limiting endosomal escape and DNA
release.128 One group demonstrated that utilization of a mixture of the cationic ester version
of Dioleoylphosphatidylcholine (EDOPC) and Dilinoleoylphosphatidylcholine (EDLPC)
enabled faster DNA release and superior transfection when compared to formulations
utilizing only one of the lipids.12?

7. Entry to Nucleus

Following endosomal escape of non-viral vectors, the genetic material payload must
transverse the cytoplasm to the nucleus to elicit a function response. A number of biological
barriers, like the cytoskeleton, exist inside the cytosol that can result in the sequestration and
limited efficacy of delivered genetic material. Once at the nucleus, larger DNA constructs
must rely on an active process to enter the nucleus as neurons are postmitotic cells and
therefore don’t undergo mitosis where exposure of the nucleus occurs when the nuclear
envelope breaks down. However, smaller genetic constructs are capable of simple diffusion
through the 10nm diameter nuclear pore aqueous channel. 31 Due to the high possibility of
sequestration of large genetic constructs during diffusion139:131 and limited cellular entry,
strategies focused on improving nuclear transport are necessary to facilitate the exertion of
biological effects of DNA constructs post-delivery. One such strategy is the use of peptide
signals rich in basic amino acids, like arginine, that are present in protein transduction
pathways or membrane translocation signals32, like TAT-derived peptides.133.134 |n one
such study, PAMAM that was functionalized with L-arginine residues (PAMAM-Arg)
demonstrated significant improvement in transfection efficiency in Neuro2 cells over
unmodified PAMAM and 25k-branched PEI which was attributed to the high degree of
arginine residues present promoting nuclear localization (Fig.5).13° In facilitated widespread
transgene expression of nuclear localization signals (NLS), groups have investigated peptide
sequences derived from viral vectors to enhance nuclear transport post endosomal escape.
136,137 One such peptide is a 19-amino acid sequence (MAPTKRKGSCPGAAPNKPK)
derived from the simian virus 40 (SV40) major capsid protein Vp1 that has potent

nuclear transport activity.136 This peptide sequence was bound to plasmid DNA carried

by a neurotensin functionalized PLL based vector and assessed for its ability to improve
gene delivery through improved nuclear transport of internalized plasmids DNA. Vectors
utilizing the NLS peptide demonstrated improved gene expression /n vitro over vectors
lacking the NLS peptide and this effect was maintained when vectors were delivered to
dopamine neurons of the substantia nigra /n vivo with gene expression lasting upwards of

2 months.” Liposomes functionalized with M9 sequence from the non-classical nuclear
localization signal that targets transportin-1 of the nuclear envelope demonstrated significant
improvement in transfection efficiency in a variety of neuronal cell lines over liposomes
functionalized with SV40-NLS sequence.138 While this group reported improvements in
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gene delivery efficacy, other groups have had limited success in replicating which leaves the
effectiveness of this non-classical NLS sequence in question. 32139

IV. Applications

While many of the strategies explored focused on demonstrating success in overcoming
singular barriers of non-viral gene therapies, significant work has also been conducted
in constructing more complex and multifunctional vehicles with the goal of overcoming
numerous biological barriers to enable /n vivo demonstration of functional gene delivery
for therapeutic clinical application. It is evident that the design of these multifunctional
vectors is largely rationale driven based on the intended cellular/tissue target, route of
administration, and intended therapy. While non-viral vectors have limited exposure in
clinical trials for neurological diseases and disorders, these promising preclinical studies
demonstrate the potential for clinical presence in the future.

1. Parkinson’s Disease

Parkinson’s Disease is a neurodegenerative disorder characterized by the degeneration of
the nigrostriatal dopaminergic system. More specifically, the loss of dopaminergic neurons
of the substantia nigra that project to the putamen results in depletion of critical striatal
dopamine leading to clinical features of movement impairment consisting of bradykinesia,
resting tremors and rigidity.14.141 Front-line treatment consist of delivery of Levadopa (L-
DOPA), a precursor to dopamine precursor, to the brain to replace lost dopamine. However,
tolerance to this therapeutic requires increased dosages over time that can eventually result
in detrimental side effects, highlighting the potential for gene therapy to offer a more robust
treatment plan.

One type of gene treatment for Parkinson’s Disease (PD) is tyrosine hydroxylase (TH)
replacement therapy. TH is the rate-limiting enzyme in the dopamine synthesis process and
therefore significantly contributes to the loss of dopaminergic neurons. TH therapy aims to
deliver the TH gene to the nigral-striatal neurons and therefore restore the dopaminergic
neurotransmitter release in the striatum. Additionally, TH needs to be selectively expressed
in this region of the brain without ectopic TH expression in the cortex or organs not in

the brain; ectopic as TH expression can lead to unwanted high levels of dopaminergic
activity in the peripheral organs. This study aimed to build on previous experiments3>

which used pegylated immunoliposome (PIL) to deliver TH to a rat brain containing
6-hydroxydopamine (6-OHDA) and showed increased TH expression in the nigral-striatal
tract and no change of expression in the cortex, as desired. However, this gene delivery

led to ectopic expression in the rat liver due to cyclohydrolase | (GTPCH) being expressed
in the liver while not in the cortex. The ectopic TH gene expression can, however, be
reduced by using a combination of PIL and brain specific promoters. For the purposes of this
study, Glial fibrillary acidic protein (GFAP) has shown to eliminate the unwanted expression
caused by PIL alone and therefore a combination of TH-plasmid under the influence of

a GFAP promoter was created to treat the 6-OHDA-lesioned rats. The PILs were targeted
across both the BBB and the neuronal cell membrane with a mAb to the transferrin receptor.
The SV40-TH gene therapy (control) showed no increase in TH activity in the cortex
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but caused a 10-fold increase in TH activity in the liver. On the other hand, there was

no increase in liver TH enzyme activity from GFAP-TH encapsulated in the PIL. Both
gene therapies additionally completely normalized the TH enzyme activity in the ipsilateral
striatum of the 6-OHDA-lesioned rats. 142.143

Another strategy for treating Parkinson’s Disease is treatment with human glial cell
line-derived neurotrophic factor (\GDNF) but current treatments utilizing this therapeutic
agent rely on chronic infusion which can potentially disrupt the BBB and therefore gene
therapy models could be a viable, safer alternative. NT-polyplex has significantly improved
transfection efficiency in previous studies while also retaining its biodegradability and other
basic features of nonviral vectors.’475:144.145 One group utilized this vector as their method
to deliver genes for hGDNF to the nigral dopamine neurons /in vivo as the endocytosis

of neurotensin with its receptor NTS1 helps transfer the gene into dopamine neurons

for treatment against dopamine neurodegeneration. A single dose of neurotensin polyplex
containing the plasmid pEF-Bos-hGDNF into the substantia nigra of hemi-parkinsonian
rats 1 week after 6-OHDA was injected into the ipsilateral striatum. RT-PCR showed that
hGDNF was expressed in the substantia nigra just 24h after transfection and remained
stable until the end of the study, 3 weeks after treatment as seen in Fig.6A. Behavioral

test analyzing the drug-induced turning behavior after 6-OHDA induced lesions and

after transfection with hGDNF demonstrated reduction in turning behavior over 1 and

3 weeks signaling restoration of dopamine neurons as shown in Fig.6B. Western blot
assays confirmed that hGDNF was expressed in the transfected substantia nigra of all
animals as well as in the ipsilateral striatum showing its axonal transport from the gene
expressing nigral neurons.146 Similar results were obtained when angiopep-2 functionalized
poly-I-lysine (DGL) based vectors were used in place of neurotensin functionalized poly-
I-lysine vectors mentioned above.0 Lastly, a rod-like nanoparticle composed of plasmid
DNA compacted by polyethylene glycol substitute lysine 30-mer peptides was also able to
successfully delivery genes for the overexpression of hGDNF in the striatum 1-3 weeks
after local injection highlighting the effectiveness of different nanoparticles in the treatment
of Parkinson’s Disease.147

In another Jn vivo Parkinson’s Disease modell48.149 the same NT-polyplex146 was utilized
to specifically deliver brain-derived neurotrophic factor (BDNF-flag) genes into dopamine
neurons located in the substantia nigra as dopamine neurons have been shown to degenerate
in the absence of BDNF. Successful gene transfer of the BDNF-flag was demonstrated in

a number of ways but most notably through electromyography activity of the muscles of
the hind limbs as loss of dopamine neurons produces muscle rigidity. Mice treated with

the NT-polyplex demonstrated normalized electromyography activity for up to 2 months
after treatment while saline controls were unable to elicit normalization. Confirmation of
recovered number of TH+ nigrostriatal neurons in the treatment group confirmed analysis
seen in the behavioral test. Overall, the neurotensin polyplex has shown to be a viable
gene vector for gene therapies related to Parkinson’s disease due to its ability to selectively
deliver genes to dopamine neurons in the substantia nigra by using NT targeting ligands to
induce high specificity and efficiency.
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2. Glioblastoma Cancer

Glioblastoma (GBM) is the most common and aggressive form of primary brain tumor

that is defined by the presence of high-grade astrocytic neoplasm with either microvascular
proliferation or tumor necrosis.1>9 Glioblastomas can be divided into subtypes dependent
on molecular differences stemming from genetic and epigenetic differences. Despite the
multimodal aggressive standard of care, extension in median survival time is only marginally
improved stemming from difficulty in therapy distribution and these molecular differences
in glioblastomas highlighting the need and potential for targeted gene therapy.35-150.151
Clinical trials using both viral and non-viral gene therapy methods have fallen short with
limited therapeutic benefit attributed to poor distribution of therapeutic transgene expression
throughout the brain.61 Work previously conducted in design of small PEGylation PBAE
vectors, (DNA-BPN), demonstrated widespread GFP transgene expression /7 vivo when
coupled with convection enhanced delivery.50 Based on this reason DNA-BPN non-viral
vectors complexed with plasmids encoding for suicide herpes simplex virus type-1
thymidine kinase protein (HSV-tk) was investigated for its therapeutic potential in a

F98 orthotopic tumor model in addition to DNA-BPN vectors complexed with plasmids
encoding for tumor suppressor p53 protein evaluated in a GS-9L orthotopic model.

Both models showed similar characteristics seen in previous studies where PEGylated
PBAE polyplexes facilitated widespread transgene expression (Fig.7A-C), which facilitated
significant improvement in medium survival time when compared to non-PEGylated

PBAE polyplexes and saline controls (Fig.7D).2° In addition to this PEGylated PBAE
vector, a vector was designed around the co-delivery of Doxorubicin, a small molecule
chemotherapeutic drug, and pORF-hTRAIL gene agent for the combined therapy of glioma.
The vector was composed of a PEGylated poly-I-lysine (DGL) that utilized a T7 peptide
(HAIYPRH) targeting ligand that has specificity towards the transferring receptor that is
overexpressed in both the BBB and brain glioma cells. The vector exhibited enhanced
cellular uptake in tumor cells and enhanced transcytosis which culminated in a better
therapeutic output using a co-delivery strategy with a median survival time of ~60 days
versus ~35 days for mono-treatment, 152

More recently, RNA interference-based spherical nucleic acids have been developed for
glioblastoma treatment. These vectors consist of a gold or lipid core that is surrounded by a
oligonucleotide shell. In a phase O clinical trial in eight patients with recurrent glioblastoma,
it was found that intravenous delivery of gold nanoparticle core spherical nucleic acids

had no grade 4 or 5 treatment-related toxicities. Further, intravenous delivery resulted in
intratumoral accumulation and Bcl2L12 protein expression reduction.1%3

3. Modulation of NPCs and CNS cell types

Many disease states of neurological disorders and disorders are characterized by the loss

of neurons that can’t be replaced due to the nervous system’s limited potential to generate
new neurons.1®* However, stem-cell like cells do exist in the brain in the subventricular
zone as neural progenitor cells1® that do have the potential to differentiate into neural cells
if provided with appropriate cellular and environmental signals. 156 One group designed

an organically modified silica nanoparticle (ORMOSIL) that was modified with cationic
amino groups to facilitate binding of a genes for fibroblast growth factor receptor 1 (FGFR1)
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to be delivered to NPCs via a subventrical injection in order to induce differentiation

for therapeutic manipulation.157:158 |n a different manner, astrocytes have been recently
shown to be capable of cellular reprogramming into functional neurons through viral
transduction of transcription factors such as Sox2159 and Neurogenin 2160 or into functional
oligodendrocytes through viral overexpression of Olig2.161 One group designed a PBAE
based polymer to explore the potential of non-viral vectors to mimic viral vectors capacity
to deliver transcription factors to direct cellular reprogramming in astrocytes.162 PBAE
based vectors were chosen due to the buffering capacity to promote endosomal escape via
proton-sponge effect, biocompatibility arising from biodegradability, and high customization
of terminal end-groups to promote cellular uptake via caveolae-mediated endocytosis

and improved gene delivery.163 Use of these PBAE vectors to deliver genes for Sox2
expression /n vitro showed that these particles were effectively uptaken by astrocytes

and capable of converting them into Tuj1+ neurons. Likewise, when delivering genes for
Olig2 expression, astrocytes were effectively converted into oligodendrocytes as seen in
presence of oligodendrocyte specific markers in transfected cells. While 7n vivowork was
not conducted using the PBAE based vectors to determine if astrocytes contained within
the CNS can be differentiated into functional neurons or oligodendrocytes, it highlights the
potential use in both /n vitroand in vivo research.162

V. Conclusion

Research into non-viral vectors has sought to overcome numerous biological barriers, such
as the blood-brain barrier, cell-specific targeting and uptake, endosomal escape and nuclear
transport, in order to advance the gene delivery efficacy to similar levels of that of current
adeno-associated viral vectors. A number of strategies have been explored /n vitroand /n
vivo that have culminated in a number of successful application-based studies that used
multi-functional non-viral vectors to demonstrate efficacy in gene delivery.
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Fig.L.

E)?tracellular and intracellular barriers for non-viral vectors in efficient DNA delivery for
neurological applications, including, (1) crossing the blood-brain barrier, (2) diffusion
through extracellular space and sequestration avoidance of non-viral vectors by the extra-
cellular matrix components, (3) avoidance of uptake by immune cells, macrophages, and
microglia and targeting of neuronal cell subtypes, (4) efficient cellular uptake by neuronal
cells using active-transport mechanisms, (5) endosomal escape following endocytosis and
avoidance of degradation by late-stage endosomes and lysosomes, (6) effective release of
DNA from the carrier and (7) efficient transport and diffusion of DNA through cytoplasm
and nuclear entry. Diagram created using Biorender.com.
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Fig.2.

Sc%eme representing the different mechanisms of internalization, including (a)
macropinocytosis, (b) clathrin-mediated endocytosis, (c) caveolae-mediated endocytosis, (d)
clathrin and caveolae-independent endocytosis and (e) transduction. Dashed lines represent
alternative pathways. Reproduced with permission from ref (21).
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Fig. 3.

Intgernalization study of different dendrimers in hippocampal neurons over time
demonstrating effect of surface charge on internalization of polyplexes. G4 dendrimers

are unmodified cationic dendrimers, PP50 are dendrimers with 50% of functional groups
replaced with polyethylene glycol, PAc are dendrimers modified with 2-carboxyethyl
acrylate anionic groups and PFO are dendrimers modified with folate groups. Hippocampal
neurons were incubated with different -conjugated dendrimers (green). MAP2white) was
used to mark neurons and DAPI (blue) for nucleus. (A) Neurons were incubated for 30 min
with the indicated dendrimer (0.5 pM), washed, and processed for immunocytochemistry.
Both normal confocal (top panel) and transmitted light (bottom panel) images are shown for
a better visualization of the internalized molecules. (B) Neurons were incubated for a period
of 6 h with the indicated dendrimers (0.5 uM) following the same protocol as in panel A.
Scale bar = 10 um. Reproduced with permission from ref. (58).
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Fig.4.
Illustration of proposed endosomal escape mechanisms based on vector type. Reproduced

with permission from ref. (30).
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Fig. 5.
Transfection of primary cortical cultures with GFP-expressing plasmid using PAMAM-Arg,

PAMAM, or PEI. Primary cortical cells were transfected with pEGFP-N1 (1 ug DNA per
4x10° cells/well) using PAMAM-Arg (A,B,C), PAMAM (D,E,F) or BPEI (G,H,l). At 48 h
post-transfection, cells were washed, fixed in 2% paraformaldehyde, and permeabilized with
0.1% Triton. Images were obtained by immunostaining neurons with anti-Neu N antibody
(A,D,G) and EGFP fluorescence (B,E,H) are presented. The right panels are overlays of the
two preceding images. The numbers of Neu N-positive cells and GFP-positive cells counted
in 20 randomly selected regions from two independent experiments are presented (J). Data
represent averages + SEM. x p<0.05, xx p<0.01. Scale bar presents 50 um. Reproduced with
permission from ref. (135).
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Fig.6.

Dc?pamine content recovery and its correlation with the hemiparkinsonism remission
following intranigral transfection of pEF-Bos-hGDNF. (A) The partial recovery of dopamine
content. Each value represents the mean+SEM of independent measurements in three rats.
(B) Correlation analysis between the recovery of dopamine levels in the striatum and the
reduction of drug-induced turning behavior in hemiparkinsonian rats with pEF-Bos-hGDNF
transfection. Values from nine rats were included in the correlation analysis; three animals
were control rats with lesions caused by 6-OHDA injection, three animals were pEF-Bos-
hGDNF-transfected rats evaluated 1 week after transfection, and three animals were pEF-
Bos-hGDNF-transfected rats evaluated 3 weeks after transfection. *Significantly different
from DMEM and pGreen Lantern-1-injected control groups; P<0.05, two-way ANOVA and
Bonferroni posttest. Reproduced with permission from ref. (146)
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Fig. 7.
In vivo distribution, transgene expression and therapeutic effect in 9L GS-bearing rat brain

tissues following CED of DNA-loaded nanocomplexes. (A) Representative image showing
the distribution of PBAE-CN (Cy3; green) and PBAE-BPN (Cy5; red) in the 9L GS-bearing
rat brain. DAPI (blue) staining indicates cell nuclei and co-localization of PBAE-CN and
PBAE-BPN is depicted in yellow. Dashed line delineates the boundary between healthy and
9L GS tumor tissues. Scale bar = 300 um. (B) Image-based quantification of volume of
nanocomplex distribution in 9L GS-bearing rat brain tissues. Data represents the mean +
SEM (n = 3 per group). Difference is statistically significant (*p < 0.01). (C) Representative
fluorescence images demonstrating p53 transgene expression mediated by CED of PBAE-
CN (left) and PBAE-BPN (right). Scale bar = 100 um. (D) Kaplan-Meier survival curve

of an orthotopic 9L GS model following CED of nanocomplexes carrying plasmid DNA
encoding p53 (i.e. pC53-SN3) or normal saline (n = 10-11 per group). Differences are
statistically significant compared to groups treated with normal saline (*p < 0.01) and
PBAE-CN (p < 0.00001). Reproduced with permission from ref. (29)
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Table 1:

Various non-viral vectors and their gene delivery target used in specific in vivo models

Page 36

Application Non-viral vector Gene Delivered Cellular Target Ref.
Parkinson’s Disease PEGylated Immunoliposomes TH gene nigral-striatial neurons [142]
Amine-modified ORMOSIL eGFP nigral-striatial neurons [157]
Angiopep-modified PEGylated-PLL hGDNF gene DA neurons [40]
Neurotensin-modified PEGylated PLL hGDNF gene DA neurons [146]

Neurotensin-modified PEGylated PLL BDNF gene DA neurons [148,149]
PEGylated lysine 30-mer peptide hGDNF gene DA neurons [147]
Glioblastoma Cancer PEGylated PBAE HSV-TK F98 orthotopic GBM [29]
PEGylated PBAE Tumor suppressor p53 GS-9L orthotopic GBM [29]
T7-PEGylated-PLL pORF-hTRAIL + Doxorubicin U87 MG GBM [152]
Angiopep2-PEI-PLL HSV-TK u87 GBM [164]
siRNA-coated gold nanoparticles Bcl2Likel2 GBM [153]
Cellular Modulation ORMOSIL FGFR1 NPCs in SVZ [162]
PBAE Olig2 and Sox2 Astrocytes (/n vitro) [157]
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