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ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerative disorder resulting in debilitating
dementia with progressive loss of motor functions. Genetic modulation of neurotrophic factors and
apolipoprotein E (ApoE) have emerged as powerful strategies offering preventive and protective
effect against AD pathophysiology. Brain derived neurotrophic factor (BDNF), apolipoprotein E2
(ApoE2) and vgf (non-acronymic) which play a major role in neuronal plasticity, synapse
formation, amyloid-beta regulation and cognition, are found to be reduced in the brain of AD
patients. However, delivery of such large polar proteins (BDNF, ApoE2 and vgf) across blood
brain barrier (BBB) is one of the most challenging tasks. Therefore, in this study, we developed
and optimized liposomal nanoparticles capable of delivering gene encoding for BDNF, ApoE2 and
vgf to the brain in a targeted manner. These nanoparticles were surface modified with glucose
transporter-1 targeting ligand (mannose) and various cell penetrating peptides to promote selective
and enhanced delivery to brain. Dual-modified nanoparticles demonstrated homogenous size
between 150-200 nm with positive zeta potential. These nanoparticles demonstrated ~50% higher
transport across in vitro BBB model and showed significantly higher transfection of encapsulated
pDNA in bEnd.3 cells, primary astrocytes and neuronal cells. Surface functionalized nanoparticles
also demonstrated significantly higher transport (~7% of injected dose/gram of tissue) and gene
transfection (1.5 - 2 times higher than baseline level) across BBB following single intravenous
administration in C57BL/6 mice without any signs of toxicity. Furthermore, liposomal
nanoparticles encapsulating pPBDNF tested in early (6-months) and advanced stages (9-months) of
transgenic APP/PS1 mouse model of AD showed good functional efficacy. The dual-modified
nanoparticles enhanced BDNF expression by ~2 times and resulted in >40% (p<0.05) reduction in

toxic amyloid-beta in 6- and 9- months old APP/PS1 mice brains compared to their age-matched



untreated controls. Plaque load was reduced ~7 and ~3 times (p<0.05), respectively, whereas
synaptic proteins, synaptophysin and PSD-95, were found to be increased by >90% (p<0.05) in
both age groups of transgenic mice following BDNF treatment using dual-modified nanoparticles
in comparison to their age-matched controls. Moreover, no untowardly adverse effects were
observed throughout treatment, suggesting a safe and effective strategy for treatment of AD

pathophysiology.
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1. INTRODUCTION
1.1. Background and Significance
1.1.1. Alzheimer’s Disease

One of the major progressive lifetime neurodegenerative disorders of the CNS is
Alzheimer’s disease (AD) accounting for 60-80% of dementia cases around the world.! AD is
generally classified into familial AD, which is early-onset (<65 years of age), seen in 5% of AD
population, and sporadic AD which is late-onset age (>65 years of age) seen in 95% of AD
population. This disease currently affects more than 5 million people in the US alone and is
predicted to rise by 3-fold by 2050. The cognitive, social and behavioral impairment due to AD
leads to an increase in the socioeconomic burden on the lives of AD patients, their families, as well
as the country. AD economic cost to the US is around $305 billion in 2020 alone.? Rapid
progression and lack of treatment options makes AD the 6™ leading cause of death in the US. It is
of grave concern that deaths from AD have increased by 146% from the year 2000. Mortality
related to AD is mainly due to aspiration pneumonia and serious infections in the later stage of the
disease. Therefore, AD treatment capable of halting the disease progression will offer a huge
benefit. Currently approved treatments of AD only help in the management of its symptoms.
Researchers are working to develop innovative therapies aimed towards maintenance of cognitive
functions, behavior, and attenuation of disease progression.?

The pathophysiology of AD involves the accumulation of amyloid beta (abeta) plaques and
neurofibrillary tangles (NFTS) in the brain.®> Abeta deposits are present as diffuse and neuritic
plagues extracellularly whereas NFTs are composed of hyperphosphorylated tau (ptau) protein
intracellularly.® Additionally, imbalance of neuronal signaling molecules alongside loss of

synaptic proteins are also characterized as important markers in AD.*° The extent of the damage



to the synapses prior to the overload of ptau or abeta in the brain are chief reasons associated to
AD related dementia.®’ Besides these markers, inflammation of the CNS was shown to be closely
associated with the progression of AD.® Abeta protein has been linked to neuroinflammation,
neurodegeneration, and cognitive decline. However, therapies using neurotrophic factors were
found to attenuate these adverse effects associated with the abeta protein.®!

Brain-derived neurotrophic factor (BDNF), a neurotrophic factor, has been considered of
highest therapeutic value in the treatment of AD. This crucial protein helps in neuronal plasticity,
synapse formation, and long term potentiation.'? Activation of TrkB receptor via BDNF leads to
differentiation, plasticity, and survival of neurons in the CNS as well as in the peripheral nervous
system (PNS).:® Additionally, it is linked to the activation of translational machinery and protein
synthesis in neurons.!* Decreased levels of BDNF protein are frequently associated with
neurodegeneration in the hippocampus and cortex regions of AD patients.*>" Moreover, loss of
BDNF signaling has also been implicated in the increase of APP and activation of amyloidogenic
pathways.*® This also results in the downregulation of neurotrophin stimulated protein, vgf (non-
acronymic). Vgf plays crucial role in memory formation, learning, enhancement of synaptic
activity, and neurogenesis.'®2¢ Vgf expression can be stimulated by neurotrophin-3 (NT-3), BDNF
or nerve growth factor.?”?® Rescuing the levels the BDNF or vgf protein has shown to attenuate
AD related phenotypes including reduction in the abeta toxicity and neuroinflammation.?®-33
Apolipoprotein E (ApoE) is another major factor associated with the clearance of abeta. ApoE has
three isoforms, ApoE2, ApoE3, and ApoE4, which differ at two positions in their amino acid
sequence.3* The ApoE4 isoform has been found to accelerate disease progression in sporadic as
well as familial AD patients.®>3® Conversely, ApoE2 isoform has been found to be protective in

nature and delays the onset of AD.%¢37 The presence of two copies of ApoE4 in the genome is one



of the most significant risk factors for developing late-onset AD.*® Furthermore, the accretion of
toxic reactive oxygen species (ROS) in the brains of AD patients, has also been strongly suggested
as a possible mechanism for the development of AD. The brain consumes the most amount of
oxygen (~20 %) compared to other organs, making it more vulnerable to ROS-mediated toxicity.3
The repair process of oxidative damage leads to overexpression of APP, leading to abeta
accumulation and cell death in AD patients. 04!

Based on all evidence, the present understanding of underlying AD mechanisms includes
genetic risk factors, imbalance of neurotrophic factors, oxidative stress, and microtubules
instability.*>“® The search for genetic risk factors in AD has led to the identification of more than
21 distinct loci in the genome.** Therefore, delivery of gene-based therapeutics, such as plasmid
DNA (pDNA), short interfering RNA (siRNA), messenger RNA (mMRNA), to the brain has a huge
potential for developing disease modifying therapies for AD. These treatment modalities can
restore normal cellular functions permanently or induce characteristic cell proliferation to replace
lost cells. However, in practice, delivery of genetic material is plagued with several hurdles
including its encapsulation, stability, transport to target site, and efficiency of
expression/suppression of the target protein. Moreover, the presence of the blood-brain barrier
(BBB) impedes the delivery of therapeutics to the CNS. Therefore, here we summarize the recent
advances in the treatment of AD using non-viral gene therapies. Various barriers to gene therapy
are also discussed briefly. The importance and need for developing non-viral gene delivery vectors
are emphasized followed by detailed intervention into various non-viral gene delivery methods for

AD.



1.1.2. Barriers to Gene Therapy

The success of gene therapy heavily relies upon development of a gene delivery system
that can safely deliver the therapeutic gene to its target site. However, multiple extracellular and
intracellular barriers make it a challenging task for the gene delivery vectors to transfer the
therapeutic gene into the target cells. Major barriers to non-viral gene therapy are discussed below.
1.1.2.1. Extracellular Barrier

Extracellular barriers are unavoidable due to the interaction between the non-viral vector
and the extracellular environment. Interaction between the delivery vector and extracellular
components can lead to rapid elimination or degradation of the therapeutic carriers resulting in
ineffective therapy. The therapeutic half-life of the gene delivery system depends on the
physicochemical stability of the therapeutic gene and the carrier system. Intravenous
administration is typically the chosen route of administration for gene therapy. However, nucleases
present in the physiological fluids can degrade an unprotected therapeutic gene within minutes
following its systemic availability.*® This can be overcome by encapsulation of gene inside
nanoparticles or complexing it with a cationic polymer that is able to prevent its interaction with
extracellular enzymatic environment.*%° Post complexation of the gene of interest, colloidal
stability of these complexes or nanoparticles is another serious concern in the physiological fluids.
The high amount of salts present in the blood can result in the aggregation of these complexes.®!
Incorporation of polyethylene glycols (PEG) or helper lipids such as 1,2-
dioleoylphosphatidylethanolamine (DOPE) and cholesterol have shown to be effective in
improving the colloidal stability of such complexes.’?®® Lastly, the size, shape, and
physicochemical properties of the nanoparticles can result in their leakage into organs such as the

liver and spleen due to the presence of fenestrated and discontinuous endothelium with pore size



greater than 100 nm.>® Depending on the desired site of action, these properties must be
accordingly altered for maximizing therapeutic efficacy while minimizing off-target adverse
effects.
1.1.2.2. Intracellular Barrier

Inside a cell, intracellular barriers function to compartmentalize the biological functions
within each organelle. However, intracellular barriers act as hurdles in the path of gene delivery
vectors, leading to ineffective transport to the nucleus or degradation of the foreign genetic
material. The endocytosis pathway is the chief pathway for internalization of non-viral vectors.
Following endocytosis, the delivery system is engulfed in vesicles with low pH called endosomes
which culminate into enzymatic degradation of the genetic cargo. Therefore, non-viral gene
delivery systems heavily rely on the escape properties of the vector from the endosome to the
cytoplasm. There are four major barriers, specifically endosomal escape, cytoplasmic trafficking,
nuclear localization, and vector unpacking, which a gene delivery vector needs to overcome to
obtain efficient transfection efficiency. Following endocytosis, the incapability of gene delivery
vector to escape endosome leads to its trafficking into the lysosome which contains acidic pH of
~4.5 along with various enzymes such as lipases, nucleases, and proteases capable of digesting
most nucleic acids.®” Therefore, various mechanisms have been developed to escape this vesicle
such as destabilization of endosome membrane, proton sponge effect, and use of fusogenic or pore-
forming peptides.®®>° Post successful release of therapeutic material into the cytoplasm, pDNA
must travel to the nucleus to express the gene of interest, whereas mMRNA, miRNA, and siRNA
show their action outside the nucleus. Since the half-life of the foreign genetic material is around
60 minutes in the cytoplasm, owing to the presence of cytosolic nucleases, this presents a major

obstacle for pDNA for nuclear entry.®%6! Several studies have shown the involvement of



microtubules and dynein motor proteins in the translocation of pDNA to the nucleus, which can
be increased by incorporating different transcription factor binding positions, such as cyclic AMP
response-element binding protein (CREB) within the plasmid.®2-% Subsequent entry of pDNA into
the nucleus can occur in at least three different ways, such as during the breakdown of the nuclear
membrane during the process of mitosis, via nuclear pores, and transportation across the nuclear
membrane using kariophilic proteins.®¢®” Finally, unpacking of the vector inside the nucleus is
assumed to be an essential step in gene expression, although the influence of vector/gene
dissociation on gene expression is difficult to understand and remains unclear.
1.1.2.3. Blood Brain Barrier

The most complex hurdle for gene delivery to the brain is the presence of the BBB. BBB
is a network of tight cellular junctions and cerebral blood vessels that prevents the entry of toxins
into the brain parenchyma. It acts as a barricade separating the circulatory blood from the brain
tissue. BBB strictly regulates the transport of metabolically essential compounds to the brain by
forming an enzymatic and physical blockade that restricts the infiltration of foreign molecules
inside the brain.%® Endothelial cells of the vasculature in the brain majorly comprise the BBB,
connected via tight junctions and adherens, with pericytes forming a scant layer on the abluminal
side. These tight junctions are less than 1 nm in diameter, severely restricting the entry of almost
all macromolecules such as proteins and nucleic acids, and ~98% of small molecules.®®
Conversely, the distribution of various transmembrane proteins (adherens, claudins, and zona
occludens) along the BBB helps in maintaining its integrity and facilitates the diffusion of low
molecular weight hydrophobic molecules. The brain endothelium is further surrounded by end-
foot processes of the astrocytes and a basement membrane. Under normal physiological

conditions, microglia and neurons are also vital for the conventional integrity of the BBB.” Thus,



BBB by its explicit design poses a major hurdle for the transportation of therapeutic molecules to
the brain parenchyma for the treatment of CNS disorders. Since, conventional methods for
delivering therapeutics to the brain included BBB disruption or direct intracerebral injections,
discovering and developing less invasive brain targeting routes has gained lots of attention over
the past decade. This has also resulted in an increase interest in generating in vitro BBB models to

assess new modalities for therapeutic delivery to brain.
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Figure 1. Potential route to the central nervous system following administration of a typical
therapeutic.

The development of in vitro BBB models is of high significance for not only brain targeted
therapeutics but also for translational research. Although, BBB model should ideally encompass
all physiological and molecular characteristics of an in vivo system, current models are far from
ideal. Over the last decade, improvement of existing methods with introduction of new
technologies has resulted in significant modeling development of in vitro BBB. Numerous
approaches had been explored to mimic BBB such as utilization of static and dynamic platforms
incorporating immortalized, primary or stem cells with varying structural complexity. Even though
primary cells offer various advantages by being analogous to the in vivo system, they are plagued
with issues such as availability, yield, and purity.”* On the other hand, immortalized cells may help
overcome limitations of primary cells, but they may exhibit altered expression of tight junction
proteins, transporters and insensitivity to glial cells.”? Keeping this in mind, appropriate scientific

risks must be taken in understanding the limitations while doing justice to the research conducted.



Immortalized endothelial cells for developing BBB model can be derived from different sources
including murine (RBE4, bEnd.5, and bEnd.3), humans (HBB19, TY10, and HCMEC/D3) and
porcine brain endothelial cells.”? HCMEC/D3, RBE4 and bEnd.3 are majorly utilized to develop
BBB either alone or in combination with other cells.” Under static conditions, BBB models
consisting endothelial cells monolayer, seeded on a semipermeable membrane, are the most simple
and feasible to develop. However, these monolayer models lack modulating stimuli provided by
neighboring glial cells for barrier development.” Therefore, BBB models consisting endothelial
cells in combination with astrocytes or pericytes or both are generally employed for conducting
permeability studies of the investigated therapeutic.” Incorporation of multiple neurovascular cell
types results in improved model paracellular tightness via stimulation of junctional proteins
expression.”"™ Additionally, glucocorticoids are also involved in the regulation of BBB properties
along with signaling from adjacent cells.”® Previous studies have demonstrated enhanced
expression of junctional proteins (occludins and claudins) in endothelial cells of murine, porcine
and human origin post glucocorticoid addition.””! Inclusion of such factors overall results in the
improvement of transendothelial electrical resistance (TEER) and prevention of BBB disruption.
Hydrocortisone and dexamethasone are commonly employed glucocorticoids for modulating
tightness of in vitro BBB models.

Various strategies have been explored to circumvent BBB to facilitate the transport of
carrier vector to the brain parenchyma (Figure 2). These strategies include paracellular transport
post disruption of tight junctions, carrier mediated transcytosis and adsorption mediated
transcytosis. Paracellular transport across BBB via opening of tight junctions can be associated
with brain disorder such as AD or can be achieved using stimuli such as ultrasounds or magnetic

fields.82-8* Another successful strategy used over the past several decades is solute carrier mediated



and receptor mediated transcytosis to shuttle therapeutics inside the brain. This generally achieved
using specific ligands to target various solute carriers (glucose transporters, amino acid
transporters and organic anion transporting polypeptide) or receptors (insulin receptors, transferrin
receptors, low-density lipoprotein receptors and neurotropic virulence factor receptors) present on
BBB.% Similar to carrier mediated transcytosis, adsorption mediated transcytosis is initiated via

electrostatic interactions between cell membrane and the carrier vector.

Brain Parenchyma \

Figure 2. Active and passive translocation across the blood brain barrier. (Key: BEC: Brain
endothelial cells, SCMT: Solute carrier mediated transcytosis, RMT: Receptor mediated
transcytosis, AMT: Adsorption mediated transcytosis)
1.1.3. Viral vs. Non-viral Gene Therapy

Since discovering the inherent ability of viruses to transfer genetic material to the cell

nucleus, it is not surprising that viruses were utilized for initial advancements in gene therapy.

DNA and RNA-based therapeutics were successfully delivered in mammalian cells using
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lentivirus vectors resulting in permanent modification in dividing cells via integration of foreign
nucleic acid in the genome of the target cells. Genetic modification of cells achieved in this manner
can typically lead to a permanent cure for various genetic disorders. Regarding disorders related
to the CNS, most clinical trials on gene therapy adopted the method to directly introduce the virus
particles in brain parenchyma via neurosurgical infusion in order to avoid the need to cross the
BBB.8 However, this technique is associated with serious downsides such as spatial restrictions
and surgery-related side effects.®’” Less invasive routes such as intracerebroventricular (ICV) or
intrathecal (IT) injections have also been explored for viral vector based gene therapy.88®°
Moreover, systemic administration of viral particles has also been explored for ubiquitous and
non-invasive gene therapy in the brain.®%! Still, these methods result in high off-target effects due
to peripheral biodistribution, significant loss of virus particles, along with significant
immunogenicity and toxicity concerns.®>%® Since virus particles have the potential to provoke
strong immune responses with high levels of cytokines, safety is the foremost consideration in the
development of viral gene therapies.®* Co-administration of immunosuppressants with virus-based
gene therapies is adopted in numerous clinical approaches to address immunogenicity issues.
Reasonably, such therapies requiring dosage for prolonged period can severely compromise a
patient’s immune response, elevating risks of contracting other opportunistic disorders.®
Furthermore, small packaging capacity, low titers, integration, modification of genome in the germ
cells, and activation or potential to combine with endogenous viruses resulting in a new virus agent
are some additional concerns associated with viral vectors, which has urged researchers to find
safe and effective non-viral-vectors for gene therapy.®

Non-viral gene therapy provides various advantages with respect to biocompatibility,

localized gene transfection, and cost-effectiveness. Non-viral vectors are chiefly composed of
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natural or synthetic compounds with low cytotoxicity and immunogenicity. These vectors usually
contain high packaging capacity for genetic cargo along with ease of surface modification
compared to their viral counterparts.®® Moreover, non-viral particles are easier to manufacture and
can be injected multiple times without inducing any strong immune responses.®® Although non-
viral vectors are not as efficient as viral vectors in terms of transfection efficiency and duration of
gene expression, exciting advancements over the past decade have made non-viral gene therapy
clinically relevant. Overall, non-viral vectors offer great flexibility in terms of their design,
physicochemical characteristics, size, surface modification with different targeting moieties and
other small molecules providing a major advantage over viral gene delivery systems.
1.1.4. Non-viral Gene Therapy for Alzheimer’s Disease

Over the past decade, non-viral gene therapy has attracted increasing interest due to its
various advantages over its viral counterparts. Moreover, advancements in non-viral gene delivery
technology has led to their increasing contributions in clinical trials.%® Non-viral gene therapy can
be broadly categorized into physical or chemical methods. The physical methods of gene transfer
use physical force to allow entry of therapeutic genes inside the cells, eliminating the need for a
specific gene carrier for transportation purposes. Most common physical methods for gene therapy
include microinjection, electroporation, gene gun, hydrodynamic injection, magnetofection, and
sonoporation (Figure 3). These methods offer certain advantages such as simplicity and safety
over other methods. However, understandably gene delivery through these methods to internal
organs requires surgical interventions in order to access the target site.®” Chemical methods utilize
compounds of synthetic or natural origin to deliver an exogenous therapeutic gene inside the cells.

Several advantages associated with such methods include simplicity biocompatibility, and
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proficiency for sizable production. Various physical and chemical methods for non-viral gene

delivery to the brain are discussed in the following sections (Table 1).
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Figure 3. Various methods for non-viral gene therapy to treat Alzheimer’s Disease.
1.1.4.1. Electroporation

Electroporation is a technique used to deliver DNA inside the cells with the help of
electrical pulses that permeabilize the cell membrane to deliver negatively charged DNA along
with the electric field. This technique is widely used in vitro for transfection in cells, which
otherwise show poor transfection efficiency using other common methods such as lipofection or
calcium—phosphate.®®® The effectiveness of electroporation in vivo was first demonstrated in 1991
in the skin of newborn mice.%° More than 50 clinical trials have been documented since then using

electroporation-based DNA transfer method in patients for various disorders including cancer and
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HIV.10%103 various attempts have also been made to develop DNA vaccines for the treatment of
AD using this technique. DNA electroporation immunization via intramuscular administration has
been explored in mice models of AD in an attempt to reduce abeta. Moreover, gene vaccine
administration via intramuscular route has shown to increase transfection efficiency and vaccine
immunogenicity by several folds.1%* Sha et al. had developed a novel vaccine (p(abetas-10)10-MT)
that results in the expression of melatonin with ten repeats of abetas-10.2% This vaccine was tested
in 3 months age Tg-APPswe/PSEN1dE9 (Tg) mice administered via electroporation
intramuscularly in the hind leg. Post 10 immunizations 3 weeks apart, the vaccine was able to
induce a high titer of antibodies against abeta. This enhanced antibody level resulted in the
reduction of plaques in mice brains with improved cognition assessed by the Morris Water Maze
Test.2% A similar vaccine, p(abetas-10)10-mIL-4, resulted in the expression of interleukin-4 (IL-4)
with ten repeats of abetas-10, was tested in 8-month age APP/PS1 transgenic mice.%® The group
administered the vaccine intramuscularly in the left hind leg at every 2-weeks interval and at 4-
weeks intervals post third vaccination for a total of 9 injections. This resulted in the clearance of
abeta with improved cognition and inflammation reduction in the brains of transgenic mice.'%
Electroporation has also been assessed in the macaques. AV-1955 vaccine was developed and
administered in rhesus macaques inducing a strong IgG antibody response against abeta in animals
receiving both low and high doses of vaccine.?” Similar results were found when the same vaccine
was administered in rabbits,1%
1.1.4.2. Gene Gun

Biolistic particle delivery system, also known as a gene gun, was first designed for genetic
transformation in plant cells.1® Later, this technique was successfully employed for gene delivery

in mammals.**%'! Gene gun as a technique is relatively simple, fast, and highly effective. It
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delivers gene of interest to the target tissue without any toxic chemicals. Also, this technique is
independent of the type of cell and size of the plasmid. Another major advantage of this technique
is that delivered gene directly enters the nucleus of the cell, evading the endo-lysosomal enzymes,
preserving the dose of the therapeutic gene. Since this technique efficiently delivers a small dose
of a gene to induce responses, it is an effective method for genetic immunization. Several studies
have been performed to assess DNA based abeta immunization therapy in mice.*'22% In 2006, Qu
et al. group showed the effectiveness of DNA abetas, immunization in transgenic mouse models
of AD.11212L |Immunization against abetas, reduced its concentration by 41% and plaques by 50%
in the brains of APPswe/PS1DeltaE9 transgenic mice.!*22! These results were later confirmed by
other groups, which results in a strongly polarized Th2 immune response, increasing confidence
in immunization against abeta.’??> Thereafter, vaccines were developed against full-length abeta,
unlike previous studies, which used parts of the abeta peptide to avoid damaging Th1l T cell
response.!'%12 A recently developed DNA vaccine against abetas, tested in rabbits and non-human
primates (rhesus monkeys) via intradermal immunization using gene gun demonstrated a high
antibody response with no signs of inflammation.*?4?> Mounting evidence has shown that DNA
abetas> immunization is safe and effective for possible clinical trial in AD patients.
1.1.4.3. Dendrimers

Since their discovery in the early 1980s, dendrimers have laid the foundation for a whole
new range of novel strategies for non-viral therapeutic gene delivery applications.*?® Dendrimers
are composed of synthetic macromolecules exhibiting branched, monodispersed, and distinct tree-
like structures. It consists of a central core acting as an origin from which various highly branched
tree-like structures originate in an organized and symmetrical manner. Their distinct molecular

structure benefits them in attaining well-defined size with relatively low PDI (polydispersity
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index).*?” Moreover, the high density of dendrimer terminal groups provides numerous
conjugation sites for therapeutics or targeting molecules, enabling their use for targeted drug as
well as gene delivery. The presence of amine groups on the surface helps in condensing DNA or
RNA units into dendriplexes via electrostatic interactions.'?8-1! Moreover, the presence of tertiary
amines can enable the endosomal escape of these nanoparticles through proton-sponge effect.'3!
Alkaline modified dendrimers have commonly been used as efficient gene delivery vectors for
RNA and DNA based therapeutics.*?’

The evaluation of gene therapy using dendrimers for the treatment of AD has not been
explored much. Over the past decade, we were only able to find 3 studies that explored dendrimer-
based gene delivery system for the treatment of AD. In 2016, Lie et al. developed amine-rich
dendritic structures comprised of L-lysine monomers.'*?> These poly-L-lysine dendrigraft were
used for the delivery of BACE1-AS shRNA to the brain post systemic administration. The
cleavage of APP to form abeta peptide is through B-site APP cleaving enzyme 1 (BACEL). The
BACEL1 enzyme activity was found to be elevated in patients with AD, predominantly in neuronal
cells surrounding abeta plaques.t®334 The poly-L-lysine dendrigrafts were targeted to the brain
using a 29-amino acid peptide called rabies virus glycoprotein (RVG), which targets nicotinic
acetylcholine receptors extensively present on brain cells and BBB.**® Hence, gene targeting to the
brain for silencing the expression of BACE1 mRNA using poly-L-lysine dendrigrafts is a
promising approach to decrease the abeta burden.*® This study demonstrated the reduction in the
level of BACE1 mRNA in AD mice post-treatment with nanoparticles complexed with shRNA
against BACEL, further leading to the reduction of abeta formation in mice brain. These
nanoparticles were also able to attenuate the advancing of AD behavioral indicators.'®?

Interestingly, BACE1 gene silencing efficacy using dendrimers was also studied recently using
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SiRNA in vitro as well as in vivo. These dendrimers were surface modified to target brain neurons
utilizing Apo A-1 and NL4 peptide. Apo A-I protein was used for targeting scavenger receptor B1
(SRB1) on BBB, whereas NL4 peptide was used to target tyrosine kinase A receptors present on
neurons. These dendrimers resulted in 87.5% BACE1 gene knockdown capacity in vitro in bEnd.3
and PC12 cells.™*” The in vivo efficacy of this treatment was evaluated using mean escape latency
in APP/PS1 transgenic mice, which improved the spatial learning and memory of these AD mice
with no signs of toxicity to the animals.*®
1.1.4.4. Polymers

Polymers are one of the most used materials for gene therapy due to their numerous distinct
characteristics, such as ease of synthesis, flexibility in structural conformations, biocompatibility,
and biodegradability. These advantages provide a wide range in the designing of polymeric gene
delivery vectors with desired characteristics. The differences in the shape (branched/linear),
molecular weight, as well as number and type of monomer units altogether affect the
physicochemical properties of the resulting polymeric vectors. There are various natural and
synthetic polymers that exhibit desired characteristics to be used as gene delivery vectors. The
major complexing mechanism for polymers to associate with the gene of interest is electrostatic
interactions between gene and polymer chains, which also protects the therapeutic gene from
enzymatic degradation. These polyplexes can be surface modified with different ligands to target
or improve internalization into cells.**® Various cationic polymers have been explored, however,
poly-L-lysine (PLL) and poly(ethylenimine) (PEI) are the most widely used synthetic polymers by
researchers around the globe. Alternatively, chitosan is one of the most widely used natural
polymer used as a gene delivery vector. Chitosan is a naturally derived cationic carbohydrate

polymer which is an attractive candidate as a gene delivery vector due to its biodegradability and
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wide safety profile.!*® Given the various strengths of these polymeric vectors, they provide a
promising approach as a non-viral gene delivery technology for the treatment of AD.

Over the past decade, polymeric vectors have been used extensively to deliver various
types of siRNAs and plasmid DNAs across the BBB to treat AD. siRNA gene therapy had been
used to influence the neural stem cells (NSCs) for the recovery of CNS.*#! PEG-PEI was used to
deliver siRNA to NSCs. The size of these nanocomplexes was around 200 nm and demonstrated
effective transfection efficiency with low toxicity in NSCs compared to commercially available
reagent lipofectamine. These nanoparticles successfully silenced the Nogo receptor (NgR) gene
expression, which may act as a potential CNS regeneration strategy.*! In another study, PEG-PEI
nanoparticles were used for the delivery of siRNA against ROCKIIl. ROCKII is a transcription
factor, which inhibits growth in an injured environment in the AD brain. The intrathecal injection
of this PEG-PEI/siRNA led to enhance spatial learning in senescence-accelerated mice model of
age related cognitive decline.*> PEG-PEI based nanoparticles were also used to deliver sSiRNA
against BACE1 and APP, which are the major targets of AD. Different micellar nanoparticles were
developed in worm, rod, and spherical shapes, tested to be stable in physiological conditions.
However, in vivo rod-shaped micelles demonstrated the most effective and selective knockdown
of BACE1 gene post intraventricular infusion in mice.}*® Recently, PEGylated poly(2-(N,N-
dimethylamino) ethyl methacrylate) (PEG-PDMAEMA) based nanoparticles were developed and
assessed for their efficiency to deliver siRNA against BACEL in double transgenic APP/PS1
mouse model of AD.'** These nanoparticles were modified with CGN (d-CGNHPHLAKYNGT)
peptide for BBB targeting and QSH (QSHYRHISPAQVC) peptide which helped in its binding to
the abetas 4, having a dissociation constant in the lower micromolar range.#> These nanoparticles

post complexation with siRNA demonstrated the size of approximately 70 nm with no signs of
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aggregation in blood or brain tissues. Evaluation of pharmacokinetic parameters was also
performed post intravenous administration of these nanoparticles, indicating major distribution in
the liver, kidneys and spleen.*** Quantification of injected dose in the hippocampus showed 3.18%
ID/g tissue indicating that QSH surface modification helped in directing these nanocomplexes to
amyloid plaques. The treatment also resulted in effective inhibition of BACE1 expression and its
downstream pathway. Intravenous administration of these nanoparticles also resulted in improved
cognitive performance in transgenic mice evaluated using the Morris water maze test.}#
1.1.4.5. Lipid-based Nanoparticles

Lipid-based nanoparticles are one of the most common and well-explored non-viral vectors
for targeted delivery of therapeutics. These nanocarriers have shown potential for improving the
stability and pharmacokinetics of therapeutic compounds, alongside allowing efficient
internalization in target tissues in vivo. Lipid nanoparticles majorly comprise solid lipid
nanoparticles (SLN) and liposomes. Liposomes and SLN are generally spherical in shape
composed of biodegradable lipids. SLN contains a solid lipid core, which is stabilized by the
presence of surfactants, whereas, liposomes are phospholipid vesicles that are hollow at the center,
enclosing discrete aqueous spaces. Liposomes can be small unilamellar or multilamellar based on
the lipid composition and the method of preparation of these nanoparticles. Liposomes have the
unique property to encapsulate both hydrophobic and hydrophilic molecules, enabling them to
entrap a diverse range of therapeutic moieties. Lipophilic compounds get entrapped into the lipid
bilayer, whereas hydrophilic compounds get inserted in the aqueous core of these nanoparticles.
As a non-viral vector, lipid-based nanoparticles offer numerous advantages such as
biocompatibility, high encapsulation efficiency, and ease of modification to alter physicochemical

and biophysical properties to achieve desired characteristics.
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In the recent decade, various types of lipid nanoparticles have been explored for brain-
targeted delivery of siRNAs and pDNAs to treat AD. One of the most used lipid nanoparticles for
gene therapy are cationic liposomes, which spontaneously self-assemble by electrostatic
complexation with the therapeutic gene for efficient transfection in vitro and in vivo. Cationic
liposomes have been extensively explored for the delivery of various therapeutic genes such as
NGF (nerve growth factor), ApoE2, and siRNA against BACE1 enzyme. Anionic liposomes,
conjugated to a cationic peptide, have also been explored for the delivery of genetic material.
Anionic PEGylated liposomes composed of DOPG: DOPE (1:1) and short cationic peptides have
been utilized to deliver siRNA for BACE1 enzyme for treating AD.#® Although, packaging of
siRNA in the anionic liposomes was found to be less efficient than their cationic counterparts,
anionic liposomes demonstrated superior stability in the presence of serum. These anionic
nanoparticles showed comparable gene silencing with that of Lipofectamine 2000 in vitro in
Neuro-2A cells.* In vivo evaluation of these liposomes was performed in adult Wistar rats (male)
via direct infusion to the striatum in the brain, resulting in silencing of BACE1 mRNA expression
(60%) compared to the control.'*® This study demonstrates the potential of anionic nanoparticles
in gene silencing for treating AD. SLNs have also been explored for the delivery of siRNA against
the BACEL as a nose-to-brain delivery system.*” These SLNs were coated with chitosan to
enhance their paracellular transport across BBB and to increase the mucoadhesive properties of
the system. RVG-R9 peptide was used for complexing siRNA and enhancing neuronal uptake of
the therapeutic gene. Although the authors did not analyze the efficacy of the delivery system,
these nanoparticles were able to efficiently encapsulate and deliver siRNA across the cell

membrane in Caco-2 cells.'*’
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Recently, our group has explored the potential of liposomes to deliver NGF pDNA to the
brain for the treatment of AD. NGF protein is one of the vital neurotrophic factors required for
proper functioning and maintenance of the central as well as peripheral nervous system.*® These
factors prevent degenerative processes by promoting functioning and development of brain cells.
In AD, regulation of NGF appears to be disturbed leading to neuronal degeneration. Hence, these
essential proteins have been explored extensively to treat AD.2* In these studies, cationic lipid
DOTAP, DOPE (helper lipid), and PEGylated lipid DSPE were utilized to manufacture liposomal
nanoparticles with various targeting ligands for directing the genetic cargo to the brain.'*° In these
studies, pDNA was complexed with chitosan prior to encapsulation inside liposomes, which
further helped in the condensation of the therapeutic gene, protection from nuclease present in
biological fluids, and facilitation of escape from endosomal compartment post endocytosis.*>%152
These nanoparticles were targeted to the brain via modification with transferrin (Tf), a substrate
for transferrin receptor that is present in high density at BBB. Additionally, in order to enhance
the cell penetration and attenuate the competition with physiological substartes, these liposomes
were further modified with cell-penetrating peptides (CPP), penetratin (Pen). TfPen modified
cationic liposomes were 150-200 nm in size and did not demonstrate any toxic effects in vitro and
in vivo. These liposomes were also capable of preventing the degradation of the encapsulated
therapeutic gene in the presence of nucleases.'>>%* Additionally, transfection of NGF protein in
primary neuronal cells led to an increase in synaptophysin protein, a presynaptic marker, which
shows the potential of these nanoparticles to salvage brain cells from synapse dysfunction in AD.
Notably, Tf receptor targeting also helped transport liposomes inside the brain to allow transfection
in brain cells to produce NGF protein in vivo.*>% Interestingly, these nanoparticles were able to

rescue APP/PS1 mice by reducing toxic abeta peptides levels (insoluble and soluble fractions)
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increasing levels of both pre- and post-synaptic markers. Additionally, NGF protein expression
also resulted in neurogenesis in AD mice model evaluated using ki-67 mitosis marker.**® Thus,
gene delivery for selective neurotrophic factors has the potential to treat AD pathology via

reduction in abeta protein, increase of synaptic activity, and neurogenesis.
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Table 1. Non-viral gene delivery methods for the treatment of Alzheimer’s disease.

Delivery Therapeutic cargo Targeting CPP Animal Route of Major effects Ref
technique/ moiety model administration
system
Physical methods
Injection DNA vaccine - - TgCRNDS Intramuscular Reduced plaque load by 36 + 8% and 122
encoding AP gene mice injection in the tibialis insoluble AB42 levels by 56 + 3%
anterior muscle Decreased cerebral amyloid angiopathy
by 69 + 12%
Electroporation  Plasmid encoding - - KunMing Intramuscular Efficient long-term expression of the 157
(50 Vicm, 6 human neprilysin mice injection on the encoded polypeptide
pulses, 20ms (phNEP) hindlimb skeletal
per pulse) muscle followed by
electroporation
Electroporation  DNA vaccine - - APP/PS1 Intramuscular Induced a Th2-type immune response 106
encoding ten tandem transgenic injection in the with high-titer anti-Af antibodies
repeats of Afs-10 fused mice quadriceps femoris Reduced AP deposition and decreased
with mouse IL-4 muscles of left hind inflammation in the mice brain, leading to
(p(AB3-10)10-mIL-4) legs followed by improved cognitive functions
electroporation
Electroporation DNA vaccine - - BALB/C- Intradermal Induced high anti-Ap42 antibody titers 120
with variable encoding AB42 trimer Foxp3 immunization via and low levels of inflammatory cytokines
pulse EGFP/J electroporation Low voltage and short pulse duration led
parameters transgenic to higher 1gG1 antibody level
mice
Gene gun DNA vaccine - - APPswe/PS1  Immunizations on ear Induced a Th2-type immune response 120
encoding AB42 gene AE9 skin using gene gun with high titers of anti-Ap42 antibody
(pSP72-E3L-AB42) transgenic AP42 levels in the treated mice brain
mice decreased by 60-77.5%
Gene gun DNA vaccine - - New Zealand  Intradermal Induced good anti-Ap antibody response %4

encoding AB42 trimer

White rabbits

immunizations into
skin of the outer ear
using gene gun

with no signs of inflammation
Low numbers of IFNy and IL-17
producing cells were detected in spleen
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Table 1. Non-viral gene delivery methods for the treatment of Alzheimer’s disease (continued).

Delivery Therapeutic cargo Targeting CPP Animal Route of e Major effects Ref
technique/ moiety model administration
system
Gene gun DNA vaccine - - Rhesus Intradermall o Induced high antibody response with no 125
encoding AB42 trimer monkeys immunization into the signs of inflammation

skin of the upper inner e T-cell responses revealed no IFN-y- and

arm IL-17-producing cells from PBMCs

using gene gun
Chemical methods
RVG-modified  siBACE1 - RVG BALB/C Intravenous injection e R-PEG-PMT/siBACE1 complexes 158
poly (mannitol- mice exhibited 2.32-fold and 3.03-fold
co-PEI (R- reduction of BACE1 expression in cortex
PEG-PMT) and hippocampus parts of the mice brain
polymer e BACE1 down-regulation was strongly

related with the reduction of AB42 level

PEGylated BACE1-siRNA CGN peptide - APP/PS1 Intravenous injection e  Effective inhibition of BACE1 expression %
poly(2-(N,N- (BBB transgenic e Improvement in synaptophysin level and
dimethyl targeting mice restored cognitive performance in
amino) ethyl ligand), QSH APP/PS1 transgenic mice
methacrylate) peptide (AB-
(PEG- targeting
PDMAEMA) ligand)
polymer
surface-
modified with
both CGN and
QSH peptides.
RVG29 and D-  Plasmid encoding - RVG29 Transgenic Intravenous injection e Reduction of AP level by BACE1-AS 132
peptide BACE1-AS shRNA AD mice knockdown
modified e Simultaneous delivery of the D-protein
PEGylated into brain results in reduction of
dendrigraft neurofibrillary tangles
poly-L-lysine
(DGLs-PEG-

RVG29)
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Table 1. Non-viral gene delivery methods for the treatment of Alzheimer’s disease (continued).

Delivery Therapeutic cargo Targeting CPP Animal Route of Major effects Ref
technique/ moiety model administration
system
NL4 peptide BACEL1 siRNA NL4 peptide - APP/PS1 Intravenous injection Significantly reduced BACEL RNA level 1%
and (target transgenic Improvement in the spatial learning and
apolipoprotein tyrosine mice memory of APP/PS1 transgenic mice
A-1 (Apo A-l) kinase A
modified receptors
dendrigraft present on
poly-L-lysine neurons), Apo
A-l (target
scavenger
receptor B1 on
BBB)
PEGylated BACE1-siRNA CGN peptide APP/PS1 Intravenous injection Effective inhibition of BACE1 expression 4
poly (2- (N, N- (BBB transgenic Improvement in synaptophysin level and
dimethylamino targeting mice restore cognitive performance in
) ethyl ligand), QSH APP/PS1 transgenic mice
methacrylate) peptide (AB-
(PEG- targeting
PDMAEMA) ligand)
surface-
modified with
both CGN and
QSH peptides.
Transferrinand  Plasmid expressing Transferrin Penetratin APP/PS1 Intravenous injection Reduction of the levels of toxic soluble 156
penetratin dual  nerve growth factor (target transgenic and insoluble AP peptides
functionalized  (pNGF) transferrin mice Improvement in synaptophysin level
liposomes receptor on
BBB)
Transferrinand  Plasmid encoding Transferrin Penetratin C57BL/6 Intravenous injection Dual functionalized liposomes efficiently 49
penetratin dual ~ ApoE2 (pApoE2) (target mice delivered pApoE2 gene into the mouse

functionalized
liposomes

transferrin
receptor on
BBB)

brain and enhanced ApoE2 expression
Formulations were biocompatible and
safe




1.1.4.6. Peptides

Non-viral gene delivery vectors, majorly nanoparticles, have relied heavily on various
brain targeting peptides for their efficient and effective transport across the BBB. Therefore, in
this section we have briefly discussed various peptides commonly used for brain targeting. These
peptides are generally defined as short chain amino acid residues (< 50 amino acids) with extensive
structural properties that enable them to express various functionalities for gene delivery
applications. The popularity of peptide vectors has increased over the past decade due to their
relative stability and ease of modification to achieve high biocompatibility and low
immunogenicity profile of non-viral gene delivery vectors.***%° Large proteins and antibodies
have also been explored with good success, however, activation of immune response and
expensive manufacturing pose as major hurdles in their development. Since peptides are small and
do not possess any rigid structure, they are easier to synthesize and characterize by allowing
modification using various functional groups. Peptides that enable brain targeting in a non-specific
manner are categorized as cell-penetrating peptides (CPPs). These peptides majorly contain small
cationic or amphiphilic amino acid chains which can transport across cellular membranes without
the aid of any transporter or receptor. However, endocytosis remains the major mechanism of
internalization for these CPPs.%6! At first, various CPPs were produced as derivatives of proteins
e.g. penetratin. However, synthetically designed chimeric peptides with desired features of CPPs
have also been successfully produced e.g. RVG-9R. These peptide sequences have been
successfully utilized either alone or conjugated to the surface of various nanoparticles for
delivering therapeutic molecules to the brain.'®2 A recent study utilized R7L10 peptide for
downregulation of the BACE1 gene via CRISPR—Cas9 technology.'®® Nanocomplexes were

prepared using R7L10 peptide and Cas9—sgRNA, and were injected directly inside the brain of 6-
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month old AD mice. These injections resulted in successful targeting of the BACEL gene with
minimal  off-target effects in  mice.l®® In another study, CPP transportan
(GWTLNSAGYLLGKINLKALAALAKKIL), was modified with myristic acid and transferrin
receptor-targeting peptide for Neuro-siRNA therapy.*%* The human placental alkaline phosphatase
(hPAP) reporter assay and luciferase assay were performed in vitro to demonstrate gene silencing
via this peptide/gene complex. However, further in vivo studies are required for validating the gene
silencing ability of this chimeric peptide inside the brain.*64
1.2. Statement of Problem and Research Objective

AD is a serious health issue and the most common form of dementia around the world
causing a huge burden on the public health system. The cause of AD is believed to be due to
complex interactions among genetic, environmental, and lifestyle factors.’®® AD is a chronic
disorder that leads to a progressive decline in various brain functions, including memory,
intellectual, direction, comprehension, logical, linguistic, and judgment ability.*®® High incidence
and huge socioeconomic cost associated with AD makes it a priority for medical research today.
Although rigorous attempts have been made in favor of AD research over past few decades, current
treatments only provide symptomatic relief.*®® Currently, only four drugs have been approved by
the FDA for the treatment of AD, which primarily work to improve the quality of life of affected
patients by managing the symptoms. Unfortunately, none of these drugs can halt the rapid and
lethal advancement of AD progression.'®” Moreover, as the disease advances, the efficacy of these
therapeutics reduces despite their increasing dosage. However, recent advancements in medical

technology have helped in understanding AD pathophysiology. It has been found that neurotrophic

factors and apolipoprotein E (ApoE) are the major factors associated with this disorder,142168
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Neuroinflammation, neurodegeneration, and cognitive decline due to abeta protein can be
potentially rescued by therapies using neurotrophic factors.®*! Brain-derived neurotrophic factor
(BDNF) is a member of the neurotrophic factor family that has been considered of highest
therapeutic value in the treatment of AD. BDNF plays a major role in neuronal plasticity, synapse
formation, and long term potentiation.'> BDNF protein activates its receptor, TrkB, which leads to
differentiation, plasticity, and survival of neuronal cells in the CNS as well as in the peripheral
nervous system (PNS).** Additionally, BDNF is linked to the activation of translational machinery
and protein synthesis in neurons.'* Decreased levels of BDNF protein are frequently associated
with neurodegeneration in the hippocampus and cortex regions of AD patients.®>” Moreover, loss
of BDNF signaling has also been implicated in the increase of APP and activation of
amyloidogenic pathways.'® Whereas, rescuing BDNF signaling has shown to attenuate abeta
formation with enhanced synaptic proteins level.3%3116° Therefore, BDNF delivery to the brain can
potentially ameliorate AD-related pathophysiology. However, due to short in vivo half-life and
poor pharmacokinetic properties, safe and efficient delivery of BDNF to the brain remains a
significant hurdle in the development of disease-modifying therapy for AD.1"°

Another protein which is involved in the processing of abeta is ApoE. ApoE is the primary
apolipoprotein present in the brain, and is involved in synaptogenesis and cholesterol
transportation and distribution.!’* ApoE has three isoforms, namely E2, E3, and E4, each of them
predominantly expressed in the brain and liver.1’? These isoforms differ from one another at 112
and 158 positions in their protein structure.!’® Inheritance of ApoE4 is found to be the major risk
factor for AD.'%® Moreover, ApoE4 homozygotes have an approximately 14.5-fold higher risk of
developing AD in comparison to ApoE3 homozygotes.}’#1"> On the other hand, the E2 allele is

found to be protective. ApoE2 allele reduces AD risk by 50%, and even in the presence of the E4
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allele has been found to delay the age of onset.}’®'"" Experimental evidence shows that ApoE
isoforms are chief elements influencing concentration and quality of abeta peptide as well as abeta
burden in the brain that accumulate during aging.!’® ApoE regulates abeta clearance in an isoform
dependent manner.*’® The isoform E4 was found to be least effective in clearing abeta from the
brain in mouse model of AD, whereas isoform E2 was found to be most effective.’® This can be
attributed to the poor binding affinity of ApoE4 towards abeta compared to other isoforms,
resulting in isoform dependent clearance (E2 > E3 > E4) through neurons and microglia, %18
ApoE4 isoform is also shown to be linked with shorter dendrites, lower spine densities in basal
shaft dendrites, and declining cognitive performance compared to E2 isoform.* Moreover, during
aging, ApoE levels were found to be reduced in the hypothalamus and cortex which may further
attenuate the clearance of toxic abeta proteins.*®

Additionally, vgf, a neurotrophin stimulated protein, which plays crucial role in memory
formation, learning, enhancement of synaptic activity, and neurogenesis, has been found to be
downregulated in the AD.'*%8 Vgf is a neurotrophic factor inducible protein, which can be
stimulated by neurotrophin-3 (NT-3), BDNF and NGF.2"? Post synthesis, vgf protein is processed
intracellularly with tissue and cell specificity leading to the formation of various bioactive
peptides, which are then released from the cells. These secreted peptides are involved in various
functions such as memory formation, depression, learning and neurodegenerative disorders
including AD.33185186 |ncrease in the expression of the vgf protein has shown to attenuate AD
related phenotypes including reduction in the abeta toxicity and neuroinflammation. 232 Therefore,
transport of vgf inside the brain can result in promising beneficial effects for attenuating AD

pathophysiology.
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However, BBB, the very impediment that protects the brain from harmful toxins and
pathogens, is a major limitation of current therapies in treating various brain disorders. BDNF,
ApoE2, and vgf being large polar proteins, ranging from 35 — 65 kDa, are unable to transport
across the BBB and cellular membranes. Highly invasive intracerebroventricular delivery of these
proteins has shown promising results in attenuating AD related pathophysiology.321%%187 However,
in order to deliver high levels of these therapeutic proteins to the brain while eliminating highly
invasive and complicated procedures, a safe and efficient gene delivery vector is critical.

Recent advancements in the medical field have paved the way for the development of gene
therapies for the treatment of AD. Gene therapy has the potential to modify the expression of
specific proteins, which can help in improved neuroprotection, synaptic plasticity, neuronal
plasticity, etc. However, the success of gene therapy majorly depends on the development of safe
and efficient gene delivery vectors to improve cellular delivery and half-life of therapeutic
genes.'® Another major obstacle in the path of gene delivery is the presence of the BBB. The BBB
is a transport barrier that prevents the entry of any foreign molecules inside the brain. Viral vectors
such as adeno associated virus (AAV) and lentiviral particles have been used for gene delivery to
the brain.'81%0 However, the biodistribution profiles of these vectors and deactivation by serum
proteins make their utilization in vivo a challenging task.'®* Moreover, insertional mutagenesis,
inflammatory responses, cellular or humoral immunological responses are some of the critical
drawbacks associated with popular viral vectors.® Fatal consequences have been reported owing
to serious adverse reaction of viral vectors promoting increased interest in the development of safe
and effective non-viral gene delivery systems.%1%

Over the past few decades various non-viral gene delivery systems have been developed.

Among them, cationic liposomes have been extensively explored for the delivery of various
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therapeutic genes. Liposomes are versatile and can be efficiently surface modified along with
favorable physicochemical properties by using selective composition of phospholipids. These lipid
nanoparticles were shown to be safe and effective in delivering their genetic cargo.'®® Furthermore,
complexation of pDNA with chitosan prior to encapsulation inside liposomes helps in the
condensation of the therapeutic gene, protection from nuclease present in biological fluids, and
facilitation of escape from endosomal compartment post endocytosis.'*%!% An important
characteristic of liposomal nanoparticles is their ability to be surface modified easily. Chemical
conjugation of specific ligands to the lipids can be efficiently used to target selective receptors and
transporters. GLUT-1 (SLC2A1), a sodium independent facilitative transporter, is the most
abundant transporter present at the BBB.1%1% This transporter also recognizes and transports
mannose, glucosamine, and galactose.®’ Inside the brain, GLUT-1 and GLUT-3 are the major
transporters present on astrocytes, glial cells, and neurons.®” Consequently, these transporters are
increasingly recognized as targets to deliver therapeutics inside the brain. Liposomal nanoparticles
can be surface modified with mannose to target GLUT-1 transporters present on the BBB. A study
on human tissues reported that GLUT-1 is either absent or below the limit of detection in many
normal tissues, including breast, ovary, pancreas, uterus, thyroid, stomach, and skeletal muscles.'®
Therefore, targeting GLUT-1 will also lead to minimal off-target effects. To enhance the cell
penetration and overcome competition with physiological sugars, these liposomes can further be
modified with cell-penetrating peptides (CPP).

CPPs such as penetratin (Pen), rabies virus glycoprotein peptide (RVG), rabies virus
glycoprotein  peptide-9R (RVG9R), rabies virus derived peptide (RDP), or CGN
(CGNHPHLAKYNGT) peptide can be used to decorate the surface of liposomes. The surface

modification with these CPPs has shown enhanced transportation across BBB via direct
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penetration or by acetylcholine receptor-mediated transcytosis.?*®2°2 RVG9R and RDP both are
derived from rabies virus glycoprotein, whereas CGN peptide is obtained from in vivo phage
display screening.?%32% Monumental evidence suggests that nanoparticles modified using brain
targeted ligands in combination with RVG and its derivatives (RVG9R and RDP) have resulted in
very promising brain targeting for treatment of glioblastoma, AD, Parkinson’s disease, etc.!>%206:207
Pen is a CPP that has been previously evaluated in multiple in vivo studies from our group as well
as other researchers with very promising results for the delivery of nanoparticles, nucleic acids,
and antibodies to brain for the treatment of brain cancer, Alzheimer’s disease and various other
brain disorders.26-2% Moreover, a comprehensive study evaluating the pharmacokinetics of
various CPPs have shown Pen as the most favorable for selective delivery to the brain.?*

Based on these observations, we hypothesize that surface modification of liposomal
nanoparticles with brain targeting ligands (MAN) in combination with CPP will improve
their translocation across BBB via GLUT-1 transporter targeting and enhanced cellular

penetration, to deliver genetic material (pbDNA encoding for BDNF, vgf or ApoE2) capable

of transfecting brain cells and producing the respective protein (Figure 4).
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Figure 4. Schematic of surface functionalized liposomal nanoparticles-based delivery system
administered using tail vein injection in mouse model for transportation of genetic cargo
(plasmid DNA complexed with chitosan polymer) across blood brain barrier for the treatment of
Alzheimer’s disease.
We tested our hypotheses through the following specific aims:
1.2.1. Specific Aim 1: To Synthesize and Characterize MAN and CPP Coupled Liposomes
Encapsulating Plasmid DNA and Chitosan Complexes
e To synthesize and characterize DSPE-PEG-NHS conjugated to cell penetrating peptides.
e To prepare brain targeted liposomes using modified DSPE-PEG via film hydration
technique and characterize them for their size, charge, polydispersity index, and
encapsulation efficiency of the therapeutic gene.
e To study ability of liposomes to protect therapeutic gene from DNase enzyme.

e To study cellular toxicity, uptake, internalization mechanism, and transfection using

liposomes encapsulating pDNA.
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To assess transport and transfection efficiency of liposomal nanoparticles across in vitro

BBB model.

1.2.2. Specific Aim 2: To Assess Biocompatibility, Biodistribution and Transfection

Efficiency of Dual Modified Liposomes In Vivo in C57BL/6 Mice

To evaluate in vivo biodistribution of surface modified liposomes entrapping lissamine
rhodamine dye utilizing HPLC.

To evaluate in vivo transfection efficiency of liposomes entrapping therapeutic plasmid
DNA using ELISA.

To evaluate in vivo biocompatibility of liposomes entrapping therapeutic plasmid DNA via

histological analysis of tissue sections from various organs.

1.2.3. Specific Aim 3: To Assess Formulation Efficacy In Vivo in Transgenic Mouse Model

of Alzheimer’s Disease

To evaluate in vivo transfection of liposomes in the brain of 6- and 9-month old APP/PS1
transgenic AD mouse model.

To assess various fractions of amyloid beta 40 and 42 in brain of 6- and 9-month old
APP/PS1 transgenic AD mouse model post BDNF transfection.

To assess levels of pre and post synaptic markers using ELISA in brain of 6- and 9-month
old APP/PS1 transgenic AD mouse model.

To assess plague load and cell proliferation in the cortex and hippocampus regions of the
brain utilizing immunohistochemical analysis.

To assess nesting behavior in APP/PS1 transgenic AD mice before and after liposomal

transfection.
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2. MATERIALS AND METHODS

2.1. Materials

The list of materials used in this study is presented in Table 2.

Table 2. Materials used and their source.

Materials

Source and location

10% Neutral buffered formalin

2,4,6-Trinitrobenzenesulfonic acid solution
(TNBSA)
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT)

bEnd.3 cells

Acetonitrile
Beta-galactosidase enzyme assay Kit
Cell penetrating peptides (CPP)

Chitosan (average molecular weight 30, ~85-
90% degree of deacetylation)
Cholesterol

Dimethyl sufoxide

Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE)

Dioleoyl-3-trimethylammonium propane
chloride (DOTAP)
DSPE-PEG2000-Mannose

DSPE-PEG2000-NHS
Dulbecco’s modified eagle’s medium (DMEM)

Fetal bovine serum (FBS)
Hoechst 33342

Lissamine rhodamine B

Micro BCA protein assay Kit
Phosphate buffered saline (PBS)

Plasmid DNA encoding beta-galactosidase
(Gwiz-Bgal)

Plasmid DNA encoding green fluorescent
protein (Gwiz-GFP)

Plasmid DNA encoding BDNF

Plasmid DNA encoding ApoE2

Plasmid DNA encoding VGF

a-D-Mannopyranosylphenyl isothiocyanate

Richard-Allan Scientific (Kalamazoo, MI, USA)
Sigma—Aldrich (MO, USA)

Sigma—Aldrich (MO, USA)

American Type Culture Collection (ATCC, Rockville,
MD, USA)
Sigma Aldrich Co. (St. Louis, MO, USA)

Promega (Madison, W1, USA)

Zhejiang Ontores Biotechnologies Co., Ltd. (Zhejiang,
China)
Glentham Life Sciences (Corsham, WT, UK)

Sigma-Aldrich (St. Louis, MO, USA)
Calbiochem USA
Avanti Polar Lipids (Birmingham, AL, USA)

Avanti Polar Lipids (Birmingham, AL, USA)

Biochempeg Scientific Inc. (Watertown, MA, USA).
Biochempeg Scientific Inc. (Watertown, MA, USA).

American Type Culture Collection (ATCC, Rockville,
MD, USA)
Omega Scientific (Tarzana, CA, USA)

Sigma-Aldrich (St. Louis, MO, USA)
Avanti Polar Lipids (Birmingham, AL, USA)
Pierce Biotechnology Inc. (Rockford, IL, USA)

American Type Culture Collection (ATCC, Rockville,
MD, USA)
Aldevron LLC (Fargo, ND, USA)

Aldevron LLC (Fargo, ND, USA)

Sino Biological (PA, USA)

Addgene (USA)

Sino Biological (PA, USA)

Toronto Research Chemicals (Toronto, ON, Canada)
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2.2. Animals

Animal study protocol and experiments were reviewed and approved by the North Dakota
State University Animal Care Use Committee (IACUC, Protocol #A20063 and #A17078). 4 weeks
old C57BL/6 and APP/PS1 mice were purchased from The Jackson laboratory USA.

2.3. Experimental Methods

2.3.1. Coupling of Cell Penetrating Peptide to DSPE-PEG(2000)-NHS

Cell penetrating peptides were coupled to lipid DSPE-PEG(2000)-NHS by nucleophilic
substitution reaction. The PEGylated lipid and CPP (1:3 molar ratio) were dissolved in
dimethylformamide (DMF). The pH of the mixture was adjusted to 8.5 using triethylamine and
stirred for 3 days at room temperature (~25 °C). The final product was dialyzed and freeze dried.
Percentage conjugation of CPPs to lipid was calculated using micro bicinchoninic acid (BCA)
assay. CPP conjugated lipids were stored at -20 °C until used.'*
2.3.2. Preparation and Characterization of Liposomes

Liposomes were prepared using a mixture of lipids using film hydration technique (Figure
5). DOTAP (45 mole %), DOPE (45 mole %), cholesterol (2 mole %), DSPE-PEG-CPP (4 mole
%), and DSPE-PEG-MAN (4 mole %) were dissolved in chloroform: methanol (2:1 v/v). The lipid
mixture was dried in a rotary evaporator and the resulting lipid film was hydrated using HEPES
buffer (pH 7.4). pPDNA was complexed with chitosan (N:P 5:1) by dropwise addition of chitosan
solution to pDNA solution. pDNA — chitosan complex was added to the hydration buffer and the
mixture was sonicated for 30 min. The resulting liposomes were characterized for their
hydrodynamic size and zeta potential via dynamic light scattering (DLS) technique using Zetasizer
Nano ZS 90 (Malvern Instruments, Malvern, UK) at room temperature. Entrapment efficiency

pBDNF was calculated using Hoechst 33342 dye, 149212
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Figure 5. Synthesis of liposomes via film hydration technique.
2.3.3. DNase Protection Assay

Shielding of encapsulated plasmid from DNase | digestion was assessed by gel
electrophoresis.!* In brief, 1 pg of liposome entrapped chitosan/opDNA complex was incubated
with DNase | enzyme (1 unit) for an hour at 37 °C. Naked plasmid was also incubated with the
enzyme as positive control. Five microliters of EDTA solution (100 mM) was utilized post
incubation to inactivate the DNase enzyme. Subsequently, the inactivated mixture was incubated
with heparin (30 pL, 5 mg/mL) solution for 2 hrs for releasing pPDNA. Agarose gel electrophoresis
was performed on the resulting mixture to assess the stability of released plasmid DNA at 80 V
for 1.5 hrs. 149
2.3.4. Cell Culture

In vitro studies were performed in brain endothelial cells (bEnd.3 cells), primary rat glial
and primary rat neuronal cells. bEnd.3 cells were acquired from ATCC and maintained in DMEM
with 10% (v/v) fetal bovine serum (FBS). One day old Sprague—Dawley rat pups were used for
culturing primary glial cells and primary neuronal cells. 1542%3 Briefly, brain was isolated from pup
head and meninges were removed. Brain tissue was minced into small fragments and digested
using 0.25% trypsin containing DNase I (100 pg/ml) at 37 °C. The cells obtained were cultured
with DMEM containing 10% (v/v) fetal bovine serum (FBS). Similar procedure was used to
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culture primary neuronal cells with DMEM containing 10% (v/v) horse serum. Furthermore, for
culture of primary neuronal cells, 10 uM cytosine arabinoside was added to the culture media on
day 3 which was replaced with fresh media on day 5. Purity of primary glial and neuronal cells
was examined by fluorescence microscopy using glial fibrillary acidic protein (GFAP) and anti-
MAP2 antibody, respectively.
2.3.5. In Vitro Biocompatibility Assay

In vitro biocompatibility assay was performed on bEnd.3, primary glial and primary
neuronal cells.?*421" The cells were plated at a density of 5x10° cells/well in a 96-well plate. After
24 h, the cells were treated for 4 h with different concentration of liposomal nanoparticles ranging
from 50 to 600 nM in serum free DMEM media. Post incubation the media was replaced with 10%
(v/v) FBS containing DMEM and cell viability was analyzed after 48 h using MTT assay. Cells
without any treatment were used as negative control.
2.3.6. Cellular Uptake

Ability of prepared liposomal nanoparticles to internalize inside cells was measured
quantitatively as well as qualitatively. Liposomes containing lissamine rhodamine dye were
incubated with bEnd.3, primary glial and neuronal cells (1x10° cells/well) for 0.5, 1, 2 and 4 h.
For quantitative analysis, after each time point the cells were washed three times with PBS and
lysed using triton X-100 (0.5% v/v). Fluorescent dye was extracted in methanol and fluorescent
intensity was read using spectrophotometer (hex 553 nm, Aem 570 nm).
2.3.7. Cellular Mechanism of Uptake and Competition Assay

The detailed mechanism of nanoparticle uptake was elucidated in bEnd.3 cells. After 24 h
of plating (5x10%cells per well), endocytosis inhibitors were added to the cell culture individually

30 min prior to liposomal treatment. Treatment at cold temperature (4 °C) or with 10 mM sodium
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azide impedes all ATP-dependent internalization pathways. Clathrin-mediated endocytosis and
caveaolae formation by polymerization of microtubules was blocked using 10 pg/mL
chlorpromazine and 100 ug/mL colchicine, respectively. Amiloride (50 pg/mL) was added to
prevent internalization via micropinocytosis. Post treatment with the various inhibitors, lissamine
rhodamine labeled liposomes were added to culture media containing each inhibitor and incubated
for 1 hr. Thereafter, PBS was used to wash cells and lysed using triton X-100. The lissamine
rhodamine intensity was measured (Aex 553 nm, Aem 570 nm) after extraction with methanol from
cell lysates.>

Competitive inhibition experiment was carried out in bEnd.3 cells using different
liposomal nanoparticles. Cells were pretreated for 0.5 hrs with different strengths of D-glucose
and D-mannose in PBS prior to the competition assay. Subsequently, lissamine rhodamine labeled
liposomes were introduced to the cells and incubated for 1 hr.?'® Post incubation, the liposomes
internalization was evaluated as described earlier by measuring lissamine rhodamine
concentration.
2.3.8. In Vitro Transfection Efficiency

Transfection efficiency of prepared liposomal nanoparticles was assessed in all the cell
lines used. Approximately, 1x10° cells/well were seeded in 24-well plate prior to liposomal
treatment. Liposomal nanoparticles entrapping 1 ug pDNA (pBDNF or pVGF or pApoE2) were
incubated with cells in serum free medium for 4 h. Post incubation, the media was replaced with
10% (v/v) FBS containing DMEM and cells were further incubated for 48 h. BDNF expression
was analyzed using ELISA (Boster Biological Technology, Pleasanton, CA, USA) in cell culture
supernatants as well as in cell lysates. Expression levels were normalized with regards to total

protein content using BCA protein assay. Transfection efficiency was compared to marketed
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transfection reagent, Lipofectamine 3000 (positive control), used according to manufacturer’s
protocol.
2.3.9. Synaptic Vesicles Formation

Changes in synaptophysin levels were analyzed post BDNF gene transfection in primary
neuronal cells. Neuronal cells were seeded in 24-well plate at density of 1x10% well. Dual
modified liposomes (PenMAN) incorporating 1ug of pPBDNF — chitosan complex was incubated
with the cells for 4 h. Post incubation the media was replaced with fresh media and the
synaptophysin levels were analyzed at 12 h, 24 h, 48 h, 3 days, 7 days and 14 days post treatment.
After each time point the cells were fixed and permeabilized. Cells were further incubated with
primary antibodies, synaptophysin mouse 1gG1 and NeuN rabbit 1gG, followed by Alexa Fluor
647 goat anti-rabbit 1gG and Alexa Fluor 488 goat anti mouse 1gG secondary antibodies at room
temperature (~25 °C). Qualitative estimation was done using Leica DMi8 fluorescence microscope
(Leica Microsystems Inc., Buffalo Grove, IL). Synaptophysin protein level was analyzed using
synaptophysin ELISA kit (Boster Biological Technology, Pleasanton, CA, USA) normalized to
total protein content using BCA protein assay.
2.3.10. In Vitro Co-culture BBB Model

The formation of the BBB model was performed in accordance with the protocol described
in the literature.®™® bEnd3 cells and primary astrocytes were used for preparing the BBB model at
a density of 15x10* /cm? and 15x10° /cm?, respectively. Barrier insert (0.4 pm membrane) was
used to seed the astrocytes and bEnd3 cells on its lower and upper side, respectively. Similarly,
another barrier was made using human brain microvascular endothelial cell line (hCMEC/D3),
human astrocytes (HA) and SHSY5Y cells (HN). HA and SHSY5Y cells (1.5 x 10*cm?) were

seeded on the bottom side and hCMEC/D3 (1.5 x 10°/cm?) were seeded on top side of the culture
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inserts. Integrity of the resulting barrier was assessed using Epithelial Volt/Ohm Meter 2 (EVOM)
by measuring the transendothelial electrical resistance (TEER). TEER of the control barrier, made
utilizing either bEnd.3 or hCMEC/D3 cells only, was also determined for reference.?*°

Flux of sodium—fluorescein (Na—F) was used to estimate paracellular transport across
murine in vitro BBB model as previously described.????* Co-culture murine BBB model or
monolayer model (bEnd.3 cells alone) was transferred to 24-well with 0.5 mL of PBS. In the
culture insert 10pg/mL Na—F in PBS was incubated for different time points (5, 15, 30, and 60
min). The amount of fluorescent dye in culture insert and 24-well plate was determined using
SpectraMax®MS5 multimode microplate reader (Molecular devices, Sunnyvale, CA. Aex 485 nm,
Aem 535 nm). Flux was also measured for blank culture insert and transendothelial permeability
coefficients (Pe) was measured for co-culture as well as monolayer model.?2%:222
2.3.11. Transport Across In Vitro BBB Model

Ability of surface modified liposomes to get transcytosed across BBB was assessed using
in vitro BBB model.?*® Liposomes containing lissamine rhodamine dye were incubated in the
upper compartment of the culture insert containing 0.5 mL PBS with 10% v/v FBS. The inserts
were then placed in 24-well plate containing 0.5 ml of PBS. Concentration of liposomes in the
lower compartment was determined after 1, 2, 4, 8, 16 and 24 h using Spectra Max®M5 multimode
microplate reader (Aex: 553 nm, Aem:570 NmM).
2.3.12. Transfection Across In Vitro BBB Model

Ability of prepared liposomes to transfect cells following transport across in vitro BBB
model was assessed using primary neuronal cells cultured at the bottom of 24-well plate. The BBB
model insert was placed over cultured neuronal cells.?*® Liposomes encapsulating pDNA (pBDNF

or pVGF or pApoE2) were added to the upper chamber of the culture insert and incubated for 16
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h. Post incubation the insert was removed and transfection was analyzed in primary neuronal cells
(seeded at bottom) after 48 h. Gene expression was analyzed using ELISA (Boster Biological
Technology, Pleasanton, CA, USA) in cell culture supernatants and cell lysates. Total protein
content of cells was used to normalize transfected protein concentration using BCA protein assay.
2.3.13. Animal Experiments in Wild Type Mice

All animal experiments were performed in accordance with Institutional Animal Care and
Use Committee (IACUC) approved protocol. Each group was comprised of 6 animals. Equal
number of male and female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) were
used in all experiments. Animals were kept under proper housing conditions with free access to
food and water.
2.3.14. In Vivo Biodistribution

Post acclimatization, the mice were injected intravenously with MAN modified liposomes
containing lissamine rhodamine dye at a dose of 15.2 pmols of phospholipids/kg body weight.
Animals injected with PBS were taken as negative control. At different time points (2, 4, 8, 12 and
24 h) mice brain was extracted and distribution of dye was determined by homogenizing the tissue
sample in PBS. Dye was extracted from homogenate in chloroform: methanol (3:1 v/v). 222 Extract
was centrifuged at 20,000 rcf and the supernatant was analyzed using HPLC-FLD (lex: 553 nm,
Lem:570 nNm).2%* The analysis was performed using gradient method (Table 2) utilizing C-18
column (Thermoscientific Hypersil BDS, 5 um, 250 x 4.6 mm) at a flow rate of 0.9 ml/min. Eluent
A was composed of water and methanol (1:1 v/v), eluent B was methanol and ethanol (3:2 v/v)
supplemented with 0.01 % v/v TFA. All data were normalized as percentage of injected dose (ID)
per gram of the tissue. At optimized time point plain, single modified (MAN, Pen, or RVG) and

dual modified (PenMAN and RVGMAN) liposomal nanoparticles were injected to see the effect
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of cell penetrating peptides in combination with GLUT-1 targeting ligand MAN. Six animals were
used per group and liposomes containing lissamine rhodamine dye were dosed at 15.2 umols of
phospholipids/kg body weight of mice. Post incubation time, mice organs were harvested and
analyzed for distributed of dye as described earlier.

Table 3. Chromatographic conditions for studying biodistribution using RP-HPLC.

Column Thermo Scientific™ Hypersil GOLD™ C18 column (250
X 4.6 mm, 5 um)

Mobile phase A 0.1% v/v TFA in water and methanol (1:1 v/v)

Mobile phase B 0.1% v/v TFA in methanol and ethanol (3:2 v/v)

Elution Gradient

Flow rate 0.9 ml/min

Injection volume 25 ul

Run time 20 min

Detector, Detection wavelength ~ FLD, Aex: 553 nm, Aem:570 nm)

2.3.15. In Vivo Biocompatibility and Gene Transfection in Wild Type Mice

Biocompatibility of liposomes was analyzed in vivo using histological evaluation of tissue
sections obtained from various organs 5 days following liposomal treatment. C57BL/6 mice were
injected intravenously with liposomal nanoparticles (~15.2 umoles phospholipids/kg body weight)
encapsulating pDNA (40 ug pBDNF or pVGF/100 g body weight and 1 ug pApoE2/ g body
weight).?*® Blood and different tissues (brain, liver, kidneys, heart, lungs, and spleen) were
extracted from mice 5 days post nanoparticles administration. Extracted tissues were weighed and
homogenized in RIPA buffer comprising proteinase and phosphatase inhibitor cocktail.
Homogenate obtained was centrifuged at 4,000 rpm, at 4 °C for 15 min and BDNF levels were
estimated in the supernatant as described previously.

Tissue sections obtained from each organ were fixed in 10% (v/v) neutral buffered formalin

and embedded in paraffin. Tissue sections (5um thick) were fixed on poly lysine coated slides and
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stained using hematoxylin eosin (H&E) stain for visualization of cell morphology, inflammatory
cells, necrosis, and any other signs of toxicity.?2®
2.3.16. Alzheimer’s Disease Experimental Design

6-months and 9-months old APP/PS1 mice (3 males and 3 females in each age group) were
administered intravenously with four doses of BDNF gene (400 pg/ Kg body weight) incorporated
liposomes (~15.2 nmol phospholipids/g body weight), once per week. The animals were analyzed
on the 6" day after the last dose.’® Age matched C57BL/6 and APP/PS1 mice treated with
phosphate buffered saline (PBS) were used as controls. Brains of mice were harvested and stored
in -80 °C until further analysis.
2.3.17. BDNF Protein Transfection in Alzheimer’s Disease Mice

Transfection efficiency of the liposomal nanoparticles were assessed in 6-months and 9-
months old APP/PS1 mice. Extracted brain tissues were weighed and homogenized in RIPA buffer
with proteinase/phosphatase inhibitor. The resulting tissue homogenate was centrifuged (4 °C,
4000 rpm, for 0.25 hrs) and BDNF protein was quantified in the supernatant utilizing ELISA
(Boster Biological Technology, Pleasanton, CA, USA). BDNF protein content was normalized to
the total protein content.
2.3.18. Quantification of Amyloid Beta Peptides

Abeta peptide (1-40 and 1-42) levels, post liposomal treatment, were quantified in the brain
tissues. Different peptide fractions were extracted in sequence from brain homogenates in tris
buffered saline (TBS), tris buffered saline supplemented with 1% Triton X-100 (TBSX), and
finally guanidine HCI (5 M) in 50 mM Tris (GDN), pH 8.0. Initially, brain homogenate in TBS
containing proteinase/phosphatase inhibitor were centrifuged at 1,00,000 g for 1 hr at 4 °C. The

resulting supernatant was marked as TBS fraction and resulting pellet was resuspended in TBSX
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and incubated at 4 °C for 0.5 hrs on gentle shaking. Afterwards, the mixture was centrifuged at
1,00,000 g for 1 hr at 4 °C, with supernatant marked as TBSX fraction. The final resulting pellet
was mixed with 5 M guanidine for 12 to 16 hrs at 25 °C, and centrifuged at 16000 g for 0.5 hrs
with supernatant marked as GDN fraction. Abeta peptides were quantified utilizing their respective
ELISA Kits (AnaSpec Fremont, CA, USA) and respective protein content was normalized using
the total protein content.
2.3.19. Immunohistochemical Analysis

Brain tissue was fixed in 10% neutralized buffer formalin and embedded in paraffin. Tissue
sections were stained with anti-Abeta antibody (Invitrogen, Thermo Fisher Scientific) and further
stained using bond polymer refine detection system (Leica). The slides were scanned using Motic
Easy Scan and areas covered by plaques were analyzed using ImageJ software. The area covered
by plaques was quantified in the hippocampus as well as in the cortex region of the brain.
Cell proliferation and growth in the brain was also assessed using Ki-67 cell proliferation marker.
Brain tissue slices were stained with anti-Ki-67 antibody (Biocare Medical, CA, USA) and
processed using bond polymer refine detection system (Leica). The slides were scanned using
Motic Easy Scan and number of the Ki-67 positive cells were counted and normalized to the area
of the brain section utilizing ImageJ software.
2.3.20. Synaptophysin and PSD-95 Protein Quantification

Alteration in the synaptophysin and PSD-95 protein was assessed post BDNF gene
transfection in the extracted brain tissues. The tissue samples were weighed and homogenized in
RIPA buffer with proteinase/phosphatase inhibitor. The resulting tissue homogenates were

centrifuged (4000 rpm) at 4 °C for 0.25 hrs and the supernatant was collected. Synaptophysin and
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PSD-95 protein were quantified in the supernatant utilizing their respective ELISA kits (LSBio,
Seattle, USA) and the respective protein content was normalized to the total protein content.
2.3.21. Nesting

C57BL/6 and APP/PS1 mice were placed in independent cages (1 mouse per cage)
containing portion controlled and easy to dispense bedding material (Bed-r'Nest®, Andersons Lab
Bedding). On the testing day, the nest was introduced in cages to permit nesting and the nests were
assessed the following day on a 5-point scale.??®22” Nests which were evidently untouched were
scored 1 (>90% intact), partly shredded nests were scored 2 (50-90% untouched), mainly torn but
without distinguishable nesting area were scored 3 (50-90% nest is within 25% of the cage area),
distinguishable but flat nests with boundaries elevated above mice height on <50% of its perimeter
were scored 4, and an almost perfect nest with boundaries elevated above mice height on >50% of
its perimeter were scored 5.
2.3.22. Statistical Analysis

Statistical analysis on data was performed using either two tailed t-test or one-way analysis
of variance (ANOVA) with Tukey multiple comparison post-hoc test. All data is represented as

mean + standard deviation (SD) with statistical significance set at p<0.05.
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3. RESULTS AND DISCUSSION!
3.1. Preparation and Characterization of Liposomes

PEGylated DSPE-PEG was used for the synthesis of CPP conjugated lipid. PEG
conjugation on liposomal surface prevents them from accretion, opsonization, and phagocytosis
ensuing prolong circulation time in the body.??22%, Moreover, hydration cloud formation due to
the presence of hydrophilic PEG chains around nanoparticles sterically hinders the contact
between blood components and liposomes.?3! Thus, this restricts foreign material penetration into
PEG layer making it an efficient approach to prevent its clearance by macrophages.?®? CPP
conjugated lipid was prepared by reacting N-hydroxysuccinimide ester of PEGylated lipid with
primary amines of CPPs (RVG, Pen, RDP, RVGIR, and CGN) under alkaline condition. Micro
BCA protein assay was utilized for evaluating the extent of CPP conjugation to DSPE-PEG.
Conjugation efficiency for all CPPs was found to be in excess of 75%.

The CPP and MAN functionalized PEGylated liposomes were fabricated by lipid film
hydration approach. Characterization data showed that all the liposomal nanoparticles prepared
were less than 200 nm in size (Table 4). Addition of the ligands on the surface of the nanoparticles
resulted in slight increase in their hydrodynamic diameters. The zeta potential of nanoparticles was
slightly positive. The positive surface charge of these nanoparticles is primarily attributed to the
presence of cationic lipid DOTAP. Polydispersity index (PDI) for all nanoparticle formulations

were found to be less than 0.3, which indicates high particle homogeneity with no signs of

! Reprinted with permission from Arora, S.; Sharma, D.; Singh, J. GLUT-1: An Effective Target to Deliver Brain-
Derived Neurotrophic Factor Gene Across the Blood Brain Barrier. ACS Chem. Neurosci. 2020, 11 (11), 1620— 1633
and Arora, S.; Layek, B.; Singh, J. Design and Validation of Liposomal ApoE2 Gene Delivery System to Evade
Blood—Brain Barrier for Effective Treatment of Alzheimer’s Disease Molecular Pharmaceutics 2021 18 (2), 714-725
Copyright (2020) American Chemical Society. Sanjay Arora carried out all research experiments, data collection, and
data analysis. Divya Sharma and Buddhadev Layek served as a proofreader. Jagdish Singh provided research guidance
and served as a proofreader.
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aggregation.?® Lastly, more than 80% of pDNA encoding BDNF, ApoE2 and vgf was found to be
associated with the liposomal nanoparticles without any influence on size or PDI.

Table 4. Liposome characterization. Data is expressed as mean £ S.D, n = 4.

Liposomal nanoparticles Size (nm) Zeta Potential (mV) PDI
Plain 138.9 +11.53 146+1.1 0.239 + 0.00
Man 1449 +8.12 131+23 0.234 £ 0.01
Pen 175.6 +2.19 17.0+£15 0.273 £ 0.06

PenMAN 180.0 + 33.52 161+14 0.275 +0.04
RVG 160 + 4.52 15+0.77 0.125 + 0.089
RVGMAN 172 £ 3.74 135+.70 0.140 £ 0.071
CGN 141.3 +17.25 154+1.0 0.155+0.10
CGNMAN 174.5+7.63 149+04 0.264 + 0.06
RVGR9 183.7 + 41.58 22.6+0.3 0.255+0.18
RVGRIMAN 178.1 + 38.82 22.8+2.38 0.159 £ 0.12
RDP 175.1+20.44 205+3.0 0.219+0.20
RDPMAN 190.8 +42.21 19.0+3.1 0.063 £ 0.03

3.2. DNase Protection Assay

Gene therapy mandates protection of genetic cargo against nucleases and lysosomal
enzyme digestion by the gene delivery vector. Therefore, liposomes were assessed for their ability
to protect the encapsulated pDNA against DNase | enzyme. As depicted in Figure 6 lane B, DNase
| enzyme was capable of degrading pDNA completely due to the absence of complex formation
with chitosan or encapsulation into liposomes. Whereas, liposomal nanoparticles (Figure 6 lane
C-F) were efficient in preventing the genetic payload from DNase | digestion. This evidently
shows that our liposomal nanoparticles have the potential to protect therapeutic gene in biological

system against nucleases.
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Figure 6. Protection of encapsulated pDNA previously complexed to chitosan (N/P 5) against
DNasel degradation. Column A, naked pDNA; column B, pDNA + DNAsel; column C-H,
Liposome, MAN-liposome, Pen-liposome, MAN-Pen-liposomes, RVG-liposomes, RVG-MAN-
liposomes containing chitosan-DNA complexes, respectively + DNase I.
3.3. In Vitro Biocompatibility Assay

Interaction of nanoparticles, particularly cationic nanoparticles, with cellular and extra
cellular environment can trigger various biological processes which can be detrimental to
biocompatibility and efficacy of the formulation.?®* Therefore, prepared liposomal nanoparticles
were assessed for their biocompatibility in bEnd.3, primary neurons and primary astrocytes. Cells
were treated with increasing concentration of phospholipids and its effect on viability was analyzed
via MTT assay. The relative cell viability in all the cell lines decreased with increasing
concentration of the phospholipid (Figure 7), which is in accordance with data published by other
researchers.?*>2% Treatment with 100 nM of phospholipids demonstrated more than 80% relative
cell viability irrespective of the cell lines. The toxic effect of these nanoparticles at higher
concentrations can be attributed to their positive charge as highly cationic nanoparticles induce

disturbance in cellular membranes leading to cell death.?” Therefore, liposomes at a dose of 100

nM of phospholipid was used in further experiments.
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Figure 7. In vitro cytocompatibility of unmodified (plain), mannose (MAN), penetratin (Pen),
rabies virus glycoprotein peptide (RVG), rabies virus glycoprotein peptide-9R (RVG9IR), rabies
virus derived peptide (RDP), and CGN (CGNHPHLAKYNGT) liposomes at various phospholipid
concentrations on (A) bEnd.3, (B) primary astrocytes, and (C) primary neurons. Data represent
mean £ SD of four replicates.
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3.4. Cellular Uptake

Therapeutic effects of cargo gene are highly reliant on the efficient internalization of gene
delivery vectors inside cells. Internalization of nanoparticles inside the cells is majorly modulated
by their physicochemical characteristics. Hence, cellular internalization of different liposomal
nanoparticles prepared in this study was determined at different time points in bEnd.3, primary
glial cells and primary neuronal cells quantitatively as shown in Figure 8. The internalization of
liposomal nanoparticles steadily increased from 30 min and reached saturation by 4 h. Liposomes
with dual modification were observed to be internalized ~80% post 4 h incubation in all cell lines.
The differences in the uptake ability at different time points between the cell types can be due to
their distinct cellular characteristics.?*® Modification using MAN ligand helped target GLUT-1
transporter mediated endocytosis. Moreover, co-functionalizing with brain-specific CPPs aided in
enhanced cellular penetration and overall higher uptake of these nanoparticles as compared to plain
liposomes.2%2%° Additionally, specific gene expression by primary cells and cell lines leads to
differences in their phenotypes and functions, which may dictate their distinct internalization

properties,240-242
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Figure 8. Cellular uptake of unmodified (plain), mannose (MAN), penetratin (Pen), rabies virus
glycoprotein peptide (RVG), rabies virus glycoprotein peptide-9R (RVG9R), rabies virus derived
peptide (RDP), and CGN (CGNHPHLAKYNGT) modified liposomes in (A) bEnd.3, (B)
primary astrocytes, and (C) primary neurons. Data represent mean £ SD of four replicates.
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3.5. Cellular Mechanism of Uptake and Competition Assay

The ability of nanoparticles to enter cells is crucial for effective delivery of therapeutic
gene to the nucleus. Depending on their physiochemical characteristics, nanoparticles are
internalized through various endocytosis pathways.'> Therefore, in order to elucidate the exact
mechanism for internalization of liposomes different chemical moieties were used as inhibitors for
different endocytosis pathways. Incubation at cold temperature (4 °C) or with sodium azide was
used to prevent all ATP-dependent internalization pathways. Amiloride was used to inhibit
micropinocytosis, while colchicine was used to prevent caveolae mediated endocytosis by
disruption of microtubules. Chlorpromazine was used to prevent formation of clathrin vesicles.
Incubation at cold temperature (4 °C) or with sodium azide demonstrated significant decrease in
the internalization of all the liposomal nanoparticles (Figure 9 A). This suggests that more than
50% of internalization is contributed through some energy-dependent pathway. Inhibition of
macropinocytosis using amiloride also resulted in more than 15% reduction in liposomal uptake.
Colchicine pretreatment did not show any effect on liposomes modified using Pen and PenMAN,
indicating no role of caveolae-mediated endocytosis in these two formulations. Chlorpromazine
pretreatment did not show any substantial effect on cellular internalization of RVG and RVGMAN
modified liposomes indicating no role of clathrin-mediated endocytosis in their internalization
process. Internalization of plain liposomes and MAN-liposomes was significantly reduced by
>20% in the presence of various inhibitors, indicating that more than one pathway was involved
in internalization process of these formulations.

Similarly, presence of physiological sugars can also affect the internalization of these
liposomes by competing for GLUT-1 transporters present on astrocytes and luminal side of BBB.

Therefore, cells were pretreated with physiological levels of glucose and mannose before
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liposomal treatment. Also, majority of AD patients (>80%) suffer from type 2 diabetes or glucose
imbalance, therefore internalization of liposomes was also assessed in the presence of diabetic
concentrations of glucose and mannose.?*® As demonstrated in Figure 9 B, various liposomal
nanoparticles did not exhibit significant differences in cellular uptake by bEnd.3 cells, except
MAN-functionalized liposomes. Internalization of MAN-liposomes was reduced by ~10% in the
presence of physiological concentrations (5 mM), and by ~15% in the presence of diabetic sugar
concentrations (20 mM). This indicates competition for glucose transporter between sugar
molecules present in culture medium and the MAN ligand on liposomal surface. This competition
was overcome using dual-functionalization of liposomal surface due to the presence of additional
GLUT-1 independent pathway (i.e. CPP-mediated) of internalization, justifying the use of two

ligands to target brain cells.
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Figure 9. Quantitative analysis of A) cellular uptake mechanism and B) competition assay in
bEnd.3 cells. Data is presented as mean + SD (n = 4). Statistically significance (p < 0.05) is
shown as (*) with plain liposomes, (#) with MAN liposomes, (+) with Pen liposomes, (&) with

RVG liposomes.
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3.6. In Vitro Transfection Efficiency

Transfection efficiency is a vital parameter for developing a gene delivery vector. Since
non-viral vectors are weighed down due to their poor transfection efficiency, we assessed the effect
of liposomal surface modifications on transfection ability. The transfection efficiency was studied
in bEnd.3, primary glial and primary neuronal cells using plasmid encoding BDNF, ApoE2 and
vgf protein. Cells were treated with either naked pDNA or pDNA encapsulated inside the
liposomal nanoparticles. Untreated cells were used as a control to estimate background levels. The
transfection efficiency of pVGF was evaluated using liposomes modified with RVGIR, RDP,
CGN or Pen, in combination with MAN. Whereas, the transfection efficiency pBDNF and pAPoE2
was evaluated using liposomes modified with RVG or Pen, in combination with MAN.

As shown in Figure 10, the pBDNF entrapping dual modified (PenMAN and RVGMAN)
liposomes demonstrated significantly higher (p<0.05) gene transfection compared to naked
pBDNF, plain and single modified (MAN, Pen, or RVG) liposomes in all cell lines. PenMAN
liposomes showed transfection efficiency in excess of 2-fold as compared to Lipofectamine 3000
in all cell lines. However, there was no significant difference between PenMAN and RVGMAN
liposomes. Similar results were found for liposomal transfection ability utilizing plasmid encoding
ApoE protein. RVGMAN and PenMAN liposomes demonstrated significantly (p<0.05) greater
ApoE protein expression than naked pDNA, plain and single modified (MAN, Pen, or RVG)
liposomes in all cell lines (Figure 11). These dual modified nanoparticles also showed 1.5-fold
greater (p<0.05) protein expression than plain or monofunctionalized liposomes as well as
lipofectamine.

Transfection ability of p\VVGF/chitosan associated liposomes was also evaluated in bEnd.3,

primary glial and primary neuronal cells. It was seen that dual-modified liposomes (RVGIRMAN,
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RDPMAN, PenMAN and CGNMAN) showed significantly higher (p<0.05) vgf transfection
efficiency than naked pDNA, plain, and single modified (MAN, RVG9R, RDP, Pen and CGN)
liposomes (Figure 12). RDPMAN functionalized liposomes demonstrated highest transfection
efficiency in all the cell lines, which was ~2 fold greater than the singly modified liposomes.
Similar increase in transfection potential was observed with bifunctionalized PenMAN,
RVGI9RMAN and CGNMAN liposomes as compared to their single ligand (MAN or CPP only)
modified counterparts. However, no significant difference was found between the different
bifunctionalized liposomes.

Enhanced protein expression in the dual-functionalized liposomal nanoparticles treated
cells can be attributed to their higher cellular uptake, efficient endosomal rupturing ability, and
enhanced transfer of therapeutic gene to the nucleus of the cells.?!* Complexation of pPDNA with
chitosan in combination with these factors may have collectively shown beneficial effect in

enhancing protein expression via dual-functionalized liposomes in comparison to naked pDNA.
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Figure 10. BDNF expression levels post 48h after transfection in A) bEnd.3 cells, B) primary glial
cells and C) primary neuronal cells treated with different liposomal formulations entrapping
chitosan-pBDNF complexes (1pg) . Data is presented as mean £ SD (n = 4). Statistically
significance (p < 0.05) is shown as () with naked DNA, (*) with plain liposomes, (#) with MAN
liposomes, (+) with Pen liposomes, (&) with RVG liposomes, and (~) with lipofectamine.
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Figure 11. ApoE expression levels post 48h after transfection in A) bEnd.3 cells, B) primary
glial cells and C) primary neuronal cells treated with different liposomal formulations entrapping
chitosan-pBDNF complexes (1pug) . Data is presented as mean + SD (n = 4). Statistically
significance (p < 0.05) is shown as () with naked DNA, (*) with plain liposomes, (#) with MAN
liposomes, (+) with Pen liposomes, (&) with RVG liposomes, and (~) with lipofectamine.
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Figure 12. VVgf expression levels post 48h after transfection in A) bEnd.3 cells, B) primary glial
cells and C) primary neuronal cells treated with different liposomal formulations entrapping
chitosan-pBDNF complexes (1pug) . Data is presented as mean + SD (n = 4). Statistically
significance (p < 0.05) is shown as ~, |, @, #, *, --, +, and “ show statistically significant
difference (p<0.05) from untreated, naked DNA, plain, Pen, MAN, CGN, RVG9R and RDP
liposomes, respectively.
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3.7. Synaptic Vesicle Formation

Increasing evidence has validated the role of synaptic dysfunction in various neurological
disorders including AD resulting in a decline in cognitive abilities and loss of synaptic
markers.?*+245 Prevention of synapse dysfunction has been acknowledged as one of the potential
tactics for attenuating cognitive decline.?*624” BDNF is a key neurotrophin that modulates synaptic
protein levels and is majorly found to be reduced in patients with neurological disorders.48-25
Therefore, we investigated the effect of BDNF gene transfection on synaptophysin levels in vitro
using PenMAN modified liposomal nanoparticle as a gene delivery vector. We evaluated
synaptophysin levels quantitatively as well as qualitatively at different time points post treatment
of primary neuronal cells with PenMAN liposomes entrapping chitosan — pBDNF. An increase in
synaptophysin protein levels was observed post transfection with pBDNF. Protein levels increased
up to 1.6 times baseline levels by 3 days and reduced to baseline levels by day 14 (Figure 13 A).
This was confirmed with immunofluorescence imaging, where NeuN antibody was used to express
neuronal cell nucleus, and synaptophysin antibody was used to express synaptophysin protein in
the cytoplasm of the cell (Figure 13 B). These results indicate that dual modified liposomal gene

delivery formulation has the potential to rescue synaptic properties in neuronal cells.
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Figure 13. A) Effect of BDNF protein transfected using PENMAN liposomes entrapping chitosan-
pBDNF (1 pg) on synaptophysin protein levels at various time points in primary neuronal cells.
B) Qualitative assessment of synaptophysin levels in primary neuronal cells using fluorescence
microscope a5t predetermined time points. Data is presented as mean £ SD (n = 4). Statistically
significance differences (p < 0.05) are shown as (*).
3.8. In Vitro Co-culture Blood Brain Barrier Model

In vitro BBB model has emerged as a powerful tool for the assessment of brain targeted
formulations.?® In vitro BBB model was prepared using murine bEnd.3 cells and primary
astrocytes, or n\CMEC/D3, human astrocytes (HA) and SHSY5Y (HN) cells in a culture insert to

further select liposomal nanoparticles capable of achieving high transport and transfection
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efficiency across the BBB model. TEER value across the barrier layer were measured to monitor
integrity of the model. As shown in Figure 14, the TEER of BBB model using dual cell lines was
found to be significantly higher than monolayer model. Co-cultured BBB model developed using
murine cell lines demonstrated TEER values of 206 + 37 Q cm?, which was found to be
significantly higher (~1.6 times) than the barrier developed using only bEnd.3 cells (Figure 14).
However, the barrier cultured using hCMEC/D3, HA and SHSY5Y cells demonstrated TEER of
only 79 = 6 Q cm?, which was significantly lower (p<0.05) than the barriers developed using the
murine cell lines. Low TEER of BBB model developed using human endothelial cells have also
been reported by other researchers resulting in poor integrity of the barrier.”2252253 The TEER
values across the barrier developed using murine cells was ~200 Q cm? was also in accordance
with data observed by other researchers.?42%

Permeability coefficient of Na-F across murine mono layer model (Pe = ~13.02 x 10 cm/s)
was found to be more than 6 times compared to murine dual layer model (Pe = ~2.08 x 10 cm/s),
indicating the influence of glial cells on integrity of the barrier model.?>¢-25¢ The advantage of
using bEnd.3 cells in the BBB model system is that they grow rapidly and are able to retain their
phenotype after several passaging making it convenient for developing efficient BBB model.?>°
Moreover, several tight junction proteins are found to be present in bEnd.3 cells for example
claudin-1, -3, and -5, occludin, zonula occludens-1, and -2, etc. which are absent in human based
endothelial cells.” Therefore, the barrier developed using the murine cells was selected for further

evaluation of different liposomal nanoparticles.
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Figure 14. A) Transendothelial electrical resistance (TEER) and B) permeability of sodium
fluorescein dye across BBB models. Statistically significant differences (p < 0.05) are shown as *.

3.9. Transport Across In Vitro BBB Model

A number of therapeutics intended for brain delivery have been unsuccessful due to their
inability to pass the BBB. Evaluating translocation of therapeutics across the BBB can
progressively affect the development of the final product. Therefore, it is of great interest to assess
the transport of our liposomal nanoparticles across the in vitro BBB model. Liposomal
nanoparticles were added to the culture insert and incubated for different time points (1, 2, 4, 8,
16, 24 h) and it was observed that with time the transport of liposomes across the BBB model
increased (Figure 15). PenMAN and RVGMAN liposomes were able to get transported ~16%
across the barrier which was significantly higher compared to other formulation controls (Figure
15). Liposomes that were surface modified with RVGIRMAN and RDPMAN, were also found to

be transported ~15% by 16 h, which was significantly greater than plain, and singly modified
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(MAN, Pen, RVG9R, RDP and CGN) liposomes. However, following 16 h incubation no
significant increase in transport was observed for dual modified liposomes. Transport of single
modified (MAN, Pen, RVG, RVG9R, RDP and CGN) liposomes was also observed to be saturated

at ~12% following 16 h of incubation.
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Figure 15. Transport of various liposomal formulations through in vitro BBB model over a period
of 24 h. Statistically significant differences (p < 0.05) is shown as (*) with plain liposomes, (#)
with MAN liposomes, (+) with Pen liposomes, (&) with RVG liposomes, (--) with CGN liposomes
(M) with RVG9R liposomes, and (“) with RDP liposomes.
3.10. Transfection Across In Vitro BBB Model

The efficacy of targeted nanoparticles is essential following their transport into the brain
parenchyma. Nanoparticles should be able to deliver the desired gene of interest and transfect
target cells to produce therapeutic protein. In order to assess therapeutic potential of our

formulation, the transfection efficiency of liposomes entrapping pPBDNF, pApoE2 or pVGF was

evaluated in primary neuronal cells seeded across the in vitro BBB model. The transfection
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efficiency pVGF was evaluated using liposomes modified with RVG9R, RDP, CGN or Pen, in
combination with MAN. The transfection efficiency pBDNF and pAPoE2 was evaluated using
liposomes modified with RVG or Pen, in combination with MAN.

As depicted in Figure 16 A, RVGMAN and PenMAN liposomes encapsulating
pApoE2/chitosan complexes showed 2-fold greater transfection efficiency than plain and
monofunctionalized liposomes. PenMAN liposomes demonstrated ~1.1 ng ApoE protein/ug total
protein whereas RVGMAN liposomes showed ~0.9 ng ApoE protein/ug total protein. Although
PenMAN-liposomes resulted in slightly higher transfection than RVGMAN-liposomes, no
statistically significant difference between their transfection efficiencies (p>0.05) was observed.

Transfection efficiency of PenMAN modified liposomes entrapping pBDNF/chitosan
complexes was found to be ~ 4 pg protein/ug total protein, which was significantly higher than
other formulation controls (Figure 16 B). On the other hand, the transfection efficacy of
RVGMAN modified liposomes was found to be ~ 3 pg BDNF protein/ug total protein, which was
significantly higher than plain and RVG modified liposomes. Similarly, no statistical significance
(p>0.05) was observed between these two dual modified liposomes.

As depicted in Figure 16 C, RVGI9RMAN, PenMAN and RDPMAN liposomal
nanoparticles demonstrated ~2 times higher vgf expression compared to plain liposomes.
Transfection efficacy was notably improved with ligand conjugation as evident with significantly
higher (p<0.05) transfection of vgf protein using dual modified liposomes RVGI9RMAN,
PenMAN and RDPMAN when compared to monofuctionalized liposomes (MAN, RVG9R, RDP,
Pen and CGN). Although CGNMAN functionalized liposomes demonstrated higher transfection,

no significant difference (p>0.05) was observed as compared to the liposomes surface modified
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with single targeting ligand. Therefore, RVGO9RMAN, PenMAN and RDPMAN liposomes were
selected for in vivo evaluation in our further studies utilizing pVGF.

Higher transfection efficiency of dual modified liposomes across BBB model can be
rationalized via their dual transport mechanisms leading to enhanced transport of the therapeutic
gene to the nucleus of cells. These observations advocate the effect of targeting ligands (MAN and
CPPs) on developing liposomal nanoparticles as suitable candidates for brain-targeted gene

therapy for treating AD.
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Figure 16. A) ApoE2, B) BDNF, C) Vgf transfection across BBB model post treatment with
liposomes entrapping 1 ug pBDNF/chitosan complexes. Data shown as mean (SD) with 4 repeats.
@, #, *, ~, --, +, and “ shows statistical significance (p < 0.05) from plain, Pen, MAN, RVG, CGN,
RVGOR and RDP liposomes, respectively.
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3.11. In Vivo Biodistribution

The ability of liposomes to target brain tissue was evaluated in vivo in C57BL/6 mice.
MAN modified liposomal nanoparticles containing lissamine rhodamine dye were injected
intravenously, and brain tissues were analyzed post euthanization at predetermined time points,
using HPLC-FLD analysis as described earlier. As indicated in Figure 17 A, the amount of MAN
liposomes increased steadily up to 4.6% when assessed at 12 h and no significant change was
found at 24 h. Therefore, the effect of CPPs in combination with MAN on targeting GLUT-1
transporters on BBB was seen at 12 h in further experimentation.

Biodistribution of dual modified liposomes was evaluated in the brain as well as in other
organs using HPLC-FLD as explained previously. Plain and single modified (MAN, Pen, or RVG)
liposomes were used as formulation controls in this experiment. It was observed that dual modified
(PenMAN and RVGMAN) liposomes were able to penetrate brain tissue more efficiently than
single modified or plain liposomes which was in accordance with our in vitro results (Figure 17
B). PenMAN liposomes were able to transport across BBB up to ~7.30% ID/ gram tissue whereas
RVGMAN liposomes were found to be accumulated ~5.33% ID/ gram tissue in brain with no
significant difference between these dual modified nanoparticles. Although, RVGMAN liposomes
were found to be present in more amount than single modified or plain liposomes, we did not find
any significant difference between RVGMAN, RVG and MAN modified liposomes (Figure 17
B). This demonstrates combinational effect of CPPs with MAN in effective translocation of these
nanoparticles across the BBB as compared to other formulation controls. As expected,
nanoparticles were found to be accumulated in higher amounts in the liver, and spleen, owing to

internalization by macrophages in the reticuloendothelial system (RES).?®° Fenestrations in
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endothelial cells leads to trapping of foreign particles explaining non-specific accumulation in

these organs.2!
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Figure 17. A) HPLC chromatogram of lissamine rhodamine dye. B) Distribution of lissamine
rhodamine labelled MAN-liposomes in brain of C57BL/6 mice over a period of 24hours (n = 6).
C) Biodistribution of lissamine rhodamine labelled liposomal formulations in different organs of
C57BL/6 mice at 12hrs to analyze the effect of CPPs in combination with mannose (n = 6). Data
is presented as mean = SD (n = 6). Statistically significance (p < 0.05) is shown as (*) with plain
liposomes, (#) with MAN liposomes, (+) with Pen liposomes, (&) with RVG liposomes.

3.12. In Vivo Biocompatibility and Gene Transfection in Wild Type Mice
Following the transportation of nanoparticles inside the brain, the therapeutic gene must be

released inside brain cells effectively as well as safely in order to produce the desired therapeutic
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effect. In this study, we evaluated the transfection ability of dual modified liposomes following a
single administration. Liposomes entrapping pDNA-chitosan complex were administered
intravenously and mice were further housed for 5-days before harvesting organs. The transfection
efficiency of pVGF was evaluated using liposomes modified with RVGIR, RDP, CGN or Pen, in
combination with MAN. The transfection efficiency pBDNF and pAPoE2 was evaluated using
liposomes modified with RVG or Pen, in combination with MAN.

In mice treated with BDNF plasmid, it was observed that BDNF protein was significantly
increased in mice brain treated with dual modified liposomes (PenMAN and RVGMAN) as
compared to other formulation controls and free plasmid (pBDNF in saline) administration
(Figure 18A). Increased BDNF levels in the brain of dual modified liposomes treated mice
compared to other control groups can be attributed to their higher transport across the BBB and
internalization inside the brain cells. Dual modified (PenMAN and RVGMAN) treated mice
exhibited 1.7 times higher BDNF levels compared to baseline levels. Slightly higher levels of
BDNF (129.5 pg BDNF protein/ug total protein) were found in the brain of RVGMAN treated
mice compared to PenMAN treated mice (126.8 pg BDNF protein/ug total protein) but no
significant difference was found between these formulations. This increase in BDNF protein level
in brain can activate its receptor, TrkB, leading to differentiation, plasticity, and survival of
neuronal cells in CNS as well as in the peripheral nervous system (PNS). This may help in rescuing
brain cells against AD associated neurodegeneration and synaptic dysfunction. BDNF protein
levels were also seen to be elevated in other organs (kidney, lungs, spleen, liver, plasma, and heart)
when compared to their baseline levels (Figure 18 B — G), which can be explained by
accumulation of liposomes in these organs. Peripheral BDNF levels are found to be reduced in

patients with mild cognitive impairment (MCI), and dementia including AD.252263 |ncrease in
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peripheral BDNF levels is also suggested to help improve cognitive functions in AD patients and
lower the risk of damages associated with AD,264265

In mice treated with ApoE2 plasmid, as demonstrated in Figure 19A, dual-modified
liposomes were able to successfully transfect brain cells with ~2 times higher ApoE protein
expression than the endogenous ApoE level. Furthermore, RVGMAN and PenMAN liposomes
demonstrated higher protein expression (p<0.05) in mice brain in contrast to naked pApoEZ2, plain
and monofunctionalized liposomes. Both RVGMAN and PenMAN showed transfection in the
range of 36.47 £ 4.38 and 37.69 + 3.89 ng ApoE/ mg protein, respectively. Naked pApoE2 did not
show any significant difference from endogenous level, whereas transfection efficiency of plain
or monofunctionalized liposomes was found to be ~1.25 times than endogenous levels. RVGMAN
and PenMAN liposomes mediated increased ApoE protein expression can be attributed to the
efficient transcytosis and gene transport inside nucleus of the cells owing to dual surface
functionalization with brain-specific ligands. Dual modification might have also helped the
liposomes to overcome the competition from the physiological sugars present in the body. Tissues
from other organs also displayed elevated ApoE expression in vivo (Figure 19 B-G), which can
be attributed to the transport of liposomes to these organs. Overall, dual-functionalized liposomes
can serve as a promising candidate for brain-targeted delivery of pApoE2 to treat AD.

Mice treated with liposomal nanoparticles (RVG9RMAN, PenMAN, and RDPMAN)
entrapping pVGF/chitosan complex demonstrated significantly higher (p<0.05) vgf protein
transfection in the brain of wild type mice compared to mice treated with saline and naked DNA
(Figure 20 A). RVG9RMAN, PenMAN and RDPMAN functionalized liposomes demonstrated
~70 pg vgf protein per mg total protein, which was ~1.5 times the expression demonstrated by

monofunctionalized liposomes. However, no statistically significant difference (p>0.05) was
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observed between the different bifunctionalized liposomal nanoparticles. Also, no statistically
significant difference (p>0.05) was observed between the plain and single modified liposomes
(MAN, RVG9R, Pen and RDP). Vgf protein was also found to be increased in plasma and other
organs (liver, spleen, kidney, heart, and lungs) when compared to their baseline levels.

H&E staining was performed to assess biocompatibility of the administered liposomal
nanoparticles entrapping pBDNF, pApoE2 or pVVGF in major tissues. Saline treated group was
used as a control. Tissue sections were assessed for signs of aberrations, nucleus enlargement,
inflammation, or abnormalities in cellular morphology. The results indicated that the liposomal
nanoparticles did not demonstrate any form of toxicity in the brain, liver, spleen, kidney, heart,
and lungs (Figure 21). Disruption of muscle fibers were not observed in cardiac tissue. Lung and
liver tissues did not show any sign of fibrosis and ballooning, respectively. Also, abnormal alveoli
thickening was not observed in the lungs. Examination of spleen and kidney tissue sections
depicted no signs of nucleic enlargement, necrosis, or defects in cell morphology. Moreover, mice
treated with liposomal nanoparticles did not demonstrate any changes in water/food intake,
behavioral alterations, or loss of physical activity, indicating good safety profile of this delivery

system.
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Figure 18. BDNF expression levels post 5 days after transfection in-vivo in different organs (A.
Brain; B. Kidney; C. Lungs; D. Spleen; E. Liver; F. Plasma; G. Heart) of C57BL/6 mice using
liposomal formulations (15.2 uM of phospholipids/kg body weight) entrapping chitosan-pBDNF
complexes (40ug/100g body weight). Data is presented as mean £ SD (n = 6). Statistically
significance (p < 0.05) is shown as () with naked DNA, (*) with plain liposomes, (#) with MAN
liposomes, (+) with Pen liposomes, (&) with RVG liposomes, and (~) with control.
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Figure 19. ApoE expression levels post 5 days after transfection in-vivo in different organs (A.
Brain; B. Heart; C. Liver; D. Spleen; E. Lungs; F. Kidney; G. Plasma) of C57BL/6 mice using
liposomal formulations (15.2 uM of phospholipids/kg body weight) entrapping chitosan-pBDNF
complexes (40ug/100g body weight). Data is presented as mean £ SD (n = 6). Statistically
significance (p < 0.05) is shown as () with naked DNA, (*) with plain liposomes, (#) with MAN
liposomes, (+) with Pen liposomes, (&) with RVG liposomes, and (~) with control.
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Figure 20. VVgf expression levels post 5 days after transfection in-vivo in different organs. A)
Brain, B) Heart, C) Kidney, D) Lungs, E) Liver, F) Spleen, and G) Plasma. Data shown as mean
(SD) with 6 repeats. ~, |, @, #, *, --, +, and *“ shows statistical significance (p < 0.05) from control,
naked DNA, plain, Pen, MAN, CGN, RVG9R and RDP liposomes, respectively.
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Figure 21. Biocompatibility analysis via H&E staining of tissue sections from different organs of
C57BL/6 mice 5 days post treatment with various liposomal formulations entrapping A) chitosan-
pApoE complexes, B) chitosan-pVVGF complexes and C) chitosan-pBDNF complexes.
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Figure 21. Biocompatibility analysis via H&E staining of tissue sections from different organs of
C57BL/6 mice 5 days post treatment with various liposomal formulations entrapping A) chitosan-
pApoE complexes, B) chitosan-pVGF complexes and C) chitosan-pBDNF complexes (continued).

3.13. BDNF Protein Transfection in AD Mice

Liposomal nanoparticles entrapping pBDNF/chitosan complexes were intravenously
administered in 6- and 9-month-old APP/PS1 mice. Transfection ability of the liposomal
nanoparticles was assessed in the brain tissue of these mice using BDNF ELISA. As expected, we
observed ~35% reduction in the BDNF levels in the untreated transgenic mice in comparison to
the wild-type age-matched controls in both 6- and 9-month-old APP/PS1 mice (Figure 22). BDNF
protein was found to be increased in the treatment groups compared to the PBS-only treated AD
mice. APP/PS1 mice treated with monofunctionalized (MAN, Pen, and RDP) liposomes
demonstrated a ~60% increase in BDNF protein which was significantly higher (p<0.05) from

their age-matched PBS and naked DNA treated AD mice in 6- as well as in 9-month-old APP/PS1
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mice age groups. Moreover, APP/PS1 AD mice treated with bifunctionalized (RDPMAN and
MANPen) liposomes displayed ~95% increase in BDNF protein which was significantly higher
(p<0.05) compared to respective PBS treated AD mice control in both age groups (Figure 22).
Transgenic mice treated with the bifunctionalized liposomal nanoparticles also demonstrated

BDNF protein levels higher than their age-matched wild-type controls.
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Figure 22. BDNF expression levels in A) 6-months and B) 9-months mice brain post four weekly
intravenous administration of liposomes entrapping pBDNF/chitosan complexes. Data presents
mean + SEM of 6 animals. Statistically significant difference (p < 0.05) is shown as (#) with
C57BL/6, (*) with APP/PS1, () with naked DNA, and () with Plain liposomes.
3.14. Quantification of Amyloid Beta Peptides

It has been demonstrated that disruption in the BDNF signaling results in the activation of
the amyloidogenic pathway and increase in APP levels.* Studies by various groups have shown
the inhibitory effect of neurotrophic factors on abeta production.®>'%® Amongst abeta isoforms,

abeta 40 and 42 are believed to be the chief culprits for neurotoxic effects in AD. Also, abeta-42

has shown to have higher inclination for aggregation and cellular toxicity than abeta-40 isoform
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in the brain.?®2%" Therefore, effect of BDNF transfection in the brain was evaluated on abeta-40
and -42 fraction levels.

Investigation of the soluble (TBS fraction), membrane-associated (TBSX fraction), and
insoluble abeta linked to the plaque deposition (GDN fraction) were performed in 6- and 9-month-
old APP/PS1 mice treated with liposomal nanoparticles entrapping BDNF/chitosan complexes.
All the fractions of the abeta-40 as well as abeta-42 were found to be significantly higher (p<0.05)
in APP/PS1 mice compared to their wild-type controls (Figure 23, 24). Additionally, higher levels
of abeta-40 and -42 was observed in 9-month-old APP/PS1 mice compared to their 6-month-old
counterparts. No statistically significant difference was observed between the naked DNA group
and transgenic mice controls reaffirming incapability of naked DNA to bypass BBB and cellular
membranes. However, bifunctionalized liposomal nanoparticles (RDPMAN and MANPen)
demonstrated significant reduction (p<0.05) in the fractions of the abeta-40 as well as abeta-42 in
both 6- and 9-month-old transgenic mice.

In 6-month-old APP/PS1 mice, we observed more than 50% reduction in the levels of the
abeta-40 fractions in transgenic mice following 4-week weekly treatment regimen with
bifunctionalized (RDPMAN and MANPen) liposomes (Figure 23 A, B, C). Moreover, transgenic
AD mice treated with bifunctionalized liposomes showed comparable abeta levels to healthy wild-
type age-matched controls (no significant difference, p>0.05) (Figure 23 A, B). Similarly, we
observed more than 50% reduction in the levels of the abeta-42 fractions in transgenic AD mice
treated with bifunctionalized (RDPMAN and MANPen) liposomes (Figure 23 D, E, F).
RDPMAN and MANPen liposomal nanoparticles performed comparably in their efficacy to

reduce abeta-40 and abeta-42 fractions.
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In 9-month old APP/PS1 mice, bifunctionalized (RDPMAN and MANPen) liposomes also
resulted in a significant reduction of abeta-40 and abeta-42 fractions compared to untreated control
(Figure 24). TBS fraction of abeta peptides was observed to be reduced by ~25% and ~35% in
APP/PS1 mice treated with RDPMAN and MANPen liposomes, respectively (Figure 24 A, D).
Additionally, TBSX and GDN fractions of abeta peptides demonstrated 30-40% reduction
following treatment with RDPMAN and MANPen liposomes (Figure 24 B, C, E, F). As observed
in 6-month-old transgenic mice, RDPMAN and MANPen liposomal nanoparticles performed
similarly in their efficacy to reduce abeta-40 and abeta-42 fractions in 9-month-old AD mice.
Bifunctionalized nanoparticles fared better than monofunctionalized liposomes in reducing abeta
peptides in both age groups.

These results have been in agreement with the previous studies demonstrating the altering
effect of BDNF protein on abeta production.3-2%8-270 There is also enough evidence that abeta
peptide production drives the amyloid deposition in the brain parenchyma. Additionally, recent
study has shown association between BDNF downregulation and increased plaque deposition in
the postmortem human brain tissues.?’* Suggesting, BDNF restoration via neurotrophin therapy

may result in prevention and/or attenuation of amyloid pathology.3%:270-272
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Figure 23. Levels of various fractions of abeta in 6-months old mice brain post four weekly
intravenous administration of liposomes entrapping pBDNF/chitosan complexes. A,B,C) Abeta 40
and D,E,F) Abeta 42. A,D) TBS B,E) TBSX and C,F) GDN fraction. Data presents mean + SEM
of 6 animals. Statistically significant difference (p < 0.05) is shown as (#) with C57BL/6, (*) with

APP/PS1, (1) with naked DNA, () with Plain liposomes and (§) with RDP liposomes.
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Figure 24. Levels of various fractions of abeta in 9-months old mice brain post four weekly
intravenous administration of liposomes entrapping pBDNF/chitosan complexes. A,B,C) Abeta 40
and D,E,F) Abeta 42. A,D) TBS B,E) TBSX and C,F) GDN fraction. Data presents mean + SEM
of 6 animals. Statistically significant difference (p < 0.05) is shown as (#) with C57BL/6, (*) with
APP/PSI1, (1) with naked DNA, (Y]) with Plain liposomes, (‘) with MAN liposomes, (!) with Pen
liposomes and (8) with RDP liposomes.
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3.15. Plagque Load

Quantitative analysis of the area occupied by the amyloid plaques in the brain was
performed by calculating the ratio of plaque area to the total area of the region (Figure 25, 26, 27).
This is expressed in percentages and referred to as plaque load. Plaque load was assessed in the
cortex and hippocampus region of the 6- and 9-month-old APP/PS1 mice (Figure 25). Total plaque
load (hippocampus + cortex) was also analyzed in these mice to better understand the efficacy of
BDNF gene therapy. Sharp increase in plaque load was observed in advanced stage (9-month-old)
APP/PS1 mice (~3 times) when compared to early stage (6-month-old) counterpart, in both
hippocampus and cortex regions of the brain.

BDNF transfection following both monofuctionalized and bifunctionalized liposomal
nanoparticles showed appreciable reduction in plaque load in the cortex and the hippocampus
regions of the 6-month-old transgenic mice compared to their age-matched untreated control
(Figure 25 A, B, C). Although, plain non-functionalized liposomes demonstrated a slight
reduction in the plaque load, no significant difference (p>0.05) was observed compared to the age-
matched untreated control. Mice treated using bifunctionalized MANPen liposomes showed ~6
times plaque load reduction in the cortex region and ~10 times plaque load reduction in the
hippocampus region, which was significantly lower (p<0.05) compared to the plaque load in
untreated APP/PS1 mice. Similarly, RDPMAN bifunctionalized liposomes displayed ~2 times and
~4 times reduction in the plague load in the cortex and hippocampus region, respectively, in
comparison (p<0.05) to their age-matched untreated controls. A similar trend was observed in the
total plaque load (hippocampus + cortex) for the bifunctionalized liposomal nanoparticles (Figure

25 C). Interestingly, monofunctionalized MAN-liposomes treated transgenic AD mice also
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demonstrated significantly lower plaque load (p<0.05) in the hippocampus area compared to
untreated transgenic AD mice.

Similar observations were noted in the advanced stage 9-month-old transgenic AD mouse
model. BDNF gene delivery in these mice using bifunctionalized MANPen liposomes resulted in
~2 times plaque load reduction in the cortex region and ~3 times plaque load reduction in the
hippocampus region which was significantly improved (p<0.05) compared to the plaque load in
age-matched untreated transgenic control (Figure 25 D, E, F). Monofunctionalized nanoparticles
MAN or Pen and bifunctionalized nanoparticles RDPMAN demonstrated some reduction in plaque
load in the cortex and hippocampus regions, however, the difference was not statistically
significant (p>0.05) compared to their age-matched untreated transgenic mice control. These
results suggest that BDNF restoration via neurotrophin therapy may result in the prevention and

attenuation of amyloid pathology.20270-272,
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Figure 25. Plaque load in mice brain post four weekly intravenous administration of liposomes
entrapping pBDNF/chitosan complexes. A,B,C) 6-months and D,E,F) 9-months. A,D) cortex B,E)
hippocampus and C,F) total (cortex + hippocampus). Data presents mean £ SEM of 6 animals.
Statistically significant difference (p < 0.05) is shown as (#) with C57BL/6, (*) with APP/PS1, ()
with naked DNA, (1) with Plain liposomes and (8) with RDP liposomes.
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Figure 26. Anti-amyloid beta antibody stained brain sections of 6-months-old mice post four
weekly intravenous administration of liposomes entrapping pBDNF/chitosan complexes.
C57BL/6 and APP/PS1 represent untreated healthy and AD controls, respectively.
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Figure 27. Anti-amyloid beta antibody stained brain sections of 9-months-old mice post four
weekly intravenous administration of liposomes entrapping pBDNF/chitosan complexes.
C57BL/6 and APP/PS1 represent untreated healthy and AD controls, respectively.
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3.16. Cell Proliferation

The family of neurotrophic factors including BDNF, plays crucial part in the differentiation
and proliferation of the brain cells during developmental phase and aids in cell survival and
function post developmental phase.?”*2"> BDNF acts via its Trk receptors and activates various
pathways including phosphatidylinositol-3-kinase (P13K)/Akt pathway resulting in facilitation of
survival, proliferation, and plasticity inside the brain.?’®2’” Hence, in this study, we elucidated the
effects of BDNF gene therapy on cell proliferation in the brain of AD transgenic mice.

Ki-67 (cell proliferation marker) was utilized to assess the neurogenesis in the brains of 6-
and 9-month-old APP/PS1 mice. As expected, in the early-stage AD mouse model (6-months old
transgenic mice) we observed a significant lower ki-67 positive cells in untreated APP/PS1 mice
as compared to healthy wild-type controls (Figure 28 A). BDNF transfection using liposomes
modified with MANPen demonstrated a significant increase in ki-67 positive cells in 6-month-old
APP/PS1 mice compared to their age-matched untreated controls. However, no significant
difference was demonstrated with any of the monofunctionalized (MAN, Pen, and RDP) or
RDPMAN functionalized liposomal nanoparticles. Additionally, in 9-month-old mice (wild type,
transgenic, and treatment groups), we did not observe a significant number of ki-67 positive cells
to infer our findings (data not shown).

These observations are consistent with the previously published reports indicating an age-
related decline in proliferating cells in different regions of the brain.2’®-2% Accordingly, this
indicates that BDNF gene therapy at current transfection levels may not be able to resurrect cell
proliferation machinery; however, it may help prevent cell death against the toxic effect of the

abeta plagues at early disease stages.?’%%81
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Figure 28. Cell proliferation in the brains of 6-month old mice post four weekly intravenous
administration of liposomes entrapping pBDNF/chitosan complexes. A) percentage positive ki67
cells. Ki67 positive cells in the brain sections of B) C57BL/6, C) APP/PS1, and D) APP/PS1
treated with MANPen liposomes. Data presents mean = SEM of 6 animals. Statistically significant
difference (p < 0.05) is shown as (#) with C57BL/6, and (*) with APP/PSL1.
3.17. Synaptophysin and PSD-95 Protein Quantification

Dysregulation of the downstream pathways associated BDNF including Akt, PLC, and
ERK, results in the alteration in the essential synaptic protein levels, synaptophysin and PSD-
05,276:282.283 Depletion of synaptic proteins results in the loss of synapses, which is correlated with
the degree of cognition impairment witnessed in the initial and later stages of the AD 28428,

Therefore, the modulation in the levels of synaptic proteins were examined post BDNF
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transfection in the APP/PS1 mice. Levels of synaptophysin and PSD-95 protein were assessed in
the brains of the AD transgenic mice. Synaptic protein levels were found to be reduced in the
brains of both 6- and 9-month-old APP/PS1 mice in comparison to their healthy age-matched wild-
type controls. Synaptophysin levels were found to be increased in the transgenic animals following
BDNF gene delivery via biofunctionalized liposomal nanoparticles (Figure 29). Both MANPen
and RDPMAN treated groups demonstrated more than 1.5 times increase in the levels of the
synaptophysin protein in the 6- and 9-month-old APP/PS1 mice which was significantly higher
compared to (p<0.05) untreated control (Figure 29 A, B).

Similarly, PSD-95 protein was also found to be significantly reduced in the brains of 6-
and 9-month-old APP/PS1 AD mice compared to their healthy wild-type controls. All treatment
groups showed increase in PSD-95 protein level following BDNF transfection in APP/PS1 mice
(Figure 29 C, D). BDNF transfection using bifunctionalized liposomes resulted in ~2 times
increase in PSD-95 protein level which was significantly higher (p<0.05) compared to the
untreated transgenic controls in both age groups.

Thus, BDNF gene therapy was able to rescue this decline and bring the levels of these pre
and post synaptic proteins comparable to the baseline levels. This was also in agreement with a
recently published report demonstrating the positive therapeutic effect of BDNF on synapse
proteins.?’® Rescue of synaptic proteins aids in promoting and sustaining the appropriate

functioning of the existing brain cells for synaptic plasticity processes.
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Figure 29. Levels of synaptic proteins in mice brain post four weekly intravenous administration
of liposomes entrapping pBDNF/chitosan complexes. A,C) 6-months and B,D) 9-months. A,B)
Synaptophysin C,D) PSD95. Data presents mean = SEM of 6 animals. Statistically significant
difference (p < 0.05) is shown as (#) with C57BL/6, (*) with APP/PS1, (1) with naked DNA, and
(T) with Plain liposomes.
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3.18. Nesting

The efficacy of BDNF gene therapy was evaluated via nesting behavior in the transgenic
mice model of AD. Nest formation is a natural behavior in rodents as it is essential for shelter,
thermoregulation, and reproduction. This behavior can be interpreted as activities of daily living
in humans which is severely affected as AD progresses.?® This behavior is seen to be deteriorated
significantly starting from 6 months of age in AD mice.??®28" Nest building behavior was assessed
in AD mice with and without treatment using portion controlled and easy to dispense bedding
material.

Transgenic AD mice displayed significant (p<0.05) impairment in their nesting ability in
comparison to their wild type controls in 6- and 9-months old age groups (Figure 30, 31, 32).
Interestingly, the transgenic mice treated with the bifunctionalized (RDPMAN and MANPen)
nanoparticles displayed overall improved nesting score based on their nest forming ability
compared to their wild type controls (Figure 30). Moreover, APP/PS1 mice treated with the MAN
functionalized liposomes also displayed superior nesting behavior compared to their wild type
controls in both the age groups.

However, due to low number of animals in our present study significance was not observed
(p>0.05). Therefore, we will be performing power analysis on our current data and future studies
will be performed with appropriate number of animals to achieve a good conclusion. In addition,
other studies such as Morris water maze test exploration and anxiety assessments will be done for

overall assessment of cognitive and behavioral improvements.
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Figure 30. Nesting score in A) 6-month and B) 9-month old mice post four weekly intravenous
administration of liposomes entrapping pBDNF/chitosan complexes. Data presents mean £ SEM
of 6 animals.

93



C57B/6 APP/PS1 Naked DNA

Pen

PenMAN RDP

Figure 31. Nests built by 6-month-old mice post four weekly intravenous administration of
liposomes entrapping pBDNF/chitosan complexes. C57BL/6 and APP/PS1 represent untreated
healthy and AD controls, respectively.
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APP/PS Naked DNA
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Figure 32. Nests built by 9-month-old mice post four weekly intravenous administration of
liposomes entrapping pBDNF/chitosan complexes. C57BL/6 and APP/PS1 represent untreated
healthy and AD controls, respectively.
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4. SUMMARY AND CONCLUSION

One of the deadliest CNS disorders in elderly is Alzheimer's disease (AD), which results
in loss of memory, cognitive ability and ability to function socially. Despite the recent
developments in gene therapy technology, there is still a huge gap for brain targeted treatments for
CNS disorders such as AD. Over the past decade, various delivery systems have been developed
by utilizing numerous targeting ligands, however, due to the shortcomings of the current strategies,
it is essential to develop innovative systems for the treatment of CNS diseases. Therefore, in our
present study, we explored brain targeted liposomes which utilizes MAN in combination with
CPPs to enhance the translocation across the BBB to transfect the cells in the brain. Plasmid
encoding BDNF, ApoE2 or vgf protein was encapsulated inside these liposomes as it plays a
critical role in learning and memory formation process, enhancing synaptic activity and
neurogenesis, and found to be downregulated in the AD. Efficient transport of nanoparticles inside
the brain requires uniformity in their hydrodynamic diameter and high entrapment efficiency of
the therapeutic gene. The liposomal nanoparticles prepared in this study were homogeneous in
their hydrodynamic diameter, as depicted by their low PDI, and demonstrated high entrapment
efficiency. Moreover, a major concern for a delivery system is its biocompatibility. Therefore, in
our formulation, low cytotoxicity and high transfection efficiency was promoted by incorporating
cationic phospholipid DOTAP and helper phospholipid DOPE in equimolar ratios. Also,
PEGylation was utilized on liposomal surface to assist shielding from opsonization, and
accumulation, which aids in attenuating their clearance from the biological system. The cellular
penetration aided by CPPs and endocytosis aided by GLUT-1 transporters, helped in the higher
uptake of these nanoparticles as compared to plain liposomes. The internalization of the

nanoparticles initiates with the activation of the cellular transport pathways upon interaction of
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cell membrane and liposomes components. This results in either direct translocation or endocytosis
across the cell membrane. Post internalization of the liposomes inside the cells, genetic payload
should be transferred efficiently to the nucleus to induce transfection of the desired protein. The
bifunctionalized liposomes encapsulating pDNA/chitosan complexes resulted in the enhanced
transfection efficiency in comparison to the plain and single modified liposomes in all the cell lines
tested.

In our study, BBB models were developed utilizing either murine cell lines. The co-
cultured BBB model TEER and permeability was observed to be superior than the monolayer
model. Thereafter, transport and transfection efficiency of liposomes were performed in the murine
BBB model for better understanding of the delivery system. We observed higher transport and
transfection efficiency by bifunctionalized liposomes, which can be rationalized via their dual
transport mechanisms, leading to the enhanced transport of the therapeutic gene to the nucleus of
cells. These observations advocate the effect of target ligands (MAN and CPP) on developing
liposomal nanoparticles as suitable candidates for brain targeted gene therapy for treating AD.

The in vivo transfection in the brain confirms the ability of these liposomal nanoparticles
to get transcytosed across the BBB and transfect the brain cells. The dual targeting effect with CPP
and MAN aided the enhanced translocation of the bifunctionalized liposomes inside the brain cells,
in comparison to other formulations, leading to superior transfection efficiency. Significant
increase in transfection was found in the liver, spleen and kidney due to the presence of
fenestrations in endothelial cells and reticuloendothelial system (RES), leading to accumulation of
nanoparticles in these organs and nonspecific transfection. Histopathological analysis was
performed in all vital tissues due the distribution of the liposomes in these organs and all

nanoparticle formulations did not demonstrated any signs of pathology as observed previously.
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Interestingly, reduction in BDNF protein levels have shown to be correlated with the
impairment of brain functions in AD. This crucial protein is essential for synapse formation,
neuronal plasticity, memory formation and learning inside the brain. Therefore, bifunctionalized
(MANPen and RDPMAN) liposomes were assessed for their efficacy in AD transgenic mice
model post transfection of BDNF protein inside the brain. In our current study, bifunctionalized
liposomes demonstrated higher BDNF transfection than unmodified and monofunctionalized
liposomes, which can be due to their higher transport levels inside the brain of APP/PS1 mice 6-
and 9- months old. This helped in elevating the levels of this crucial protein BDNF in the brain to
levels that were similar to their age-matched wild type controls. Moreover, these bifunctionalized
liposomes demonstrated significant reduction of the various abeta 40 and 42 fractions in the 6- and
9-month old APP/PS1 mice post BDNF gene therapy using bifunctionalized liposomes (RDPMAN
and MANPen). This resulted in the reduction of plaque load in the 6- and 9-months old AD
transgenic mice treated with the bifunctionalized liposomes.

BDNF acts via its tropomyosin receptor kinase (Trk) receptors and activates various
pathways including phosphatidylinositol-3-kinase (P13K)/Akt pathway resulting in facilitation of
survival, proliferation, and plasticity inside the brain. Hence, in this study, we elucidated the effects
of BDNF gene therapy on cell proliferation in the brain of AD transgenic mice. Functionalized
liposomal nanoparticles demonstrated increase in the number of ki-67 positive cells in the cortex
and hippocampal regions of the 6-months old APP/PS1 mice. However, we hardly observed any
ki-67 positive cells in the cortex and hippocampal regions of the brain of 9-months old wild type
as well as in AD transgenic mice. Also, depletion of synaptic proteins results in the loss of
synapses, which is correlated with the degree of cognition impairment witnessed in the initial and

later stages of the AD. The depletion of these essential synaptic proteins was also observed in our
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present study. Both PSD95 and synaptophysin were reduced by more than 30% by 9 months of
age in transgenic mice in comparison to their wild type counterparts. However, BDNF gene
therapy was able to rescue this decline and bring the levels of these pre and post synaptic proteins
comparable to the baseline levels.

Finally, the efficacy of the BDNF gene therapy was evaluated utilizing nesting behavior in
the transgenic mice model of AD. nest building behavior was assessed utilizing portion controlled
and easy to dispense bedding material. BDNF gene therapy via liposomes was seemed to improve
the nesting behavior in these animals. However, due to low number of animals in our present study
significance was not observed. Therefore, we will be performing power analysis on our current
data to achieve significance.

In conclusion, BDNF gene therapy via brain targeted liposomes has a strong potential to
rescue AD pathology by elevating the levels of the essential synaptic proteins, alteration of abeta
production, and improved cell survival and proliferation.

4.1. Future Directions

Our present study demonstrates the ability of surface modified liposomes to successfully
transfect brain cells, resulting in the improvement of AD related pathology. However, we
acknowledge some limitations in our present study which must be considered for future research
work in this area. Firstly, although APP/PS1 model of AD mimics various hallmarks of AD
pathology, this model lacks tauopathy or intracellular neurofibrillary tangles formation. Therefore,
studies evaluating ApoE2, VGF and BDNF gene therapy in other models of AD with tauopathy
are needed. Additionally, behavioral tests in different mouse models of AD will be pertinent in
evaluating improvement in memory and cognitive functions following the treatment strategy

presented in this study. Neuropsychological assessments will aid in better understanding of
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liposomes on various cognitive domains such as semantic, episodic and working memory.
Generally, it is hard to directly compare the therapeutic efficacy among various transgenic models
due to the differences in the underlying variations among these animals. Thus, future studies
encompassing these limitations will provide a robust understanding of this therapy to develop a
clinically viable gene therapy for AD patients.

On the other hand, our current study utilized conventional plasmid DNA which plays a
significant role in gene therapy. However, in clinical studies, these plasmids had shown to result
in inflammatory reactions due to the presence of bacterial sequence in their structure. These
bacterial sequences are necessary for maintaining and scaling up of the plasmid in the prokaryotes,
resulting in its large size and compromised transfection. Therefore, incorporation of DNA
ministrings encoding same sequence will be performed in future studies. DNA ministrings have
shown to improve safety, transfection, and cytoplasmic kinetics in comparison to their
conventional plasmid counterparts.

Finally, ApoE is well known to modulate the clearance of toxic amyloid beta plagues.
These plaques are cleared from the brain in an isoform dependent manner (E3 > E4). E3 and E4
isoforms differ in only 1 amino acid from each other. Therefore, structural correcting small
molecule PH002 can be employed to convert the structure of E4 isoform to E3 isoform. This
strategy has shown to ameliorate the toxic effects of taupathy and abeta production contributing to
neuronal survival.

Overall, a combinational therapeutic approach using neurotrophic factor replenishing gene
therapy along with ApoE structure corrector molecule using the optimized brain-targeted

liposomal nanoparticles can help provide a much-needed treatment strategy for AD patients.
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