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ABSTRACT

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder
which lacks effective disease-modifying therapies. We have investigated the therapeutic potential
of pDNA encoding apolipoprotein E2 (ApoE2), or nerve growth factor (NGF) by transporting
PDNA across the blood brain barrier (BBB) and expressing the ApoE2 or NGF into brain, using
brain-targeted liposomal nanoparticles for treatment of AD. We explored the neuroprotective
functions of ApoE2 and survival-promoting properties of NGF through gene therapy as potential
disease-modifying therapies for AD. We designed brain-targeted gene delivery systems with
prolonged systemic circulation and enhanced cellular penetration by conjugating transferrin (Tf)
ligand and cell-penetrating peptide (CPP) to liposome via DSPE-PEG phospholipid. In vitro
characterization studies showed that the nanoparticles had homogeneous particle size, positive zeta
potential and protected plasmid DNA against enzymatic degradation. Additionally, they exhibited
low hemolytic potential and low cytotoxicity. Cellular uptake occurred in a time-dependent
manner through multiple endocytosis pathways. Reporter gene transfection and consequent protein
expression in different cell lines were significantly higher using CPP-Tf-liposomes compared to
single modified liposomes. The ability of these liposomes to escape from endosomes can be an
important factor which may have likely contributed to the high transfection efficiency observed.
In vivo brain targeting efficiency of designed liposomes was evaluated using in vitro triple co-
culture BBB model. Dual-modified liposomes efficiently crossed in vitro BBB and, subsequently,
transfected primary neuronal cells. Increasing NGF expression in primary neuronal cells following
treatment with liposomes increased the levels of pre-synaptic marker synaptophysin in vitro.
PenTf-liposomes containing pDNA efficiently induced protein expression in the brain of mice. A

dose response study was performed in order to select the appropriate dose of pNGF to induce



significant NGF expression and, consequently, a therapeutic effect. Administration of PenTf-
liposomes containing pNGF to APP/PS1 mice (aged 3 months) for four weeks (one injection per
week) decreased the levels of toxic soluble and insoluble AP peptides. Additionally, the treatment
stimulated cell proliferation and increased the levels of synaptic markers, synaptophysin and PSD-
95. These data suggest the therapeutic potential of PenTf-liposome-mediated NGF gene therapy

which can be considered as a candidate for treatment of AD.
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1. INTRODUCTION

Alzheimer’s disease (AD) has emerged as the most common form of dementia in late-life.
This disease currently affects more than 5.7 million Americans of all ages. This number is
predicted to increase to 13.8 million by 2050. The total cost in 2018 of AD or other dementias in
the United States was estimated at $277 billion [1,2], which constitutes a growing public health
threat overwhelming the health care system [3]. AD is an age-dependent neurological disorder
characterized by a global and progressive disruption of neuronal communications involving
multiple transmitter systems. The major features of AD pathogenesis is the presence of
extracellular amyloid plaques composed of amyloid-B (AP) and intracellular neurofibrillary
tangles [4,5]. Mounting evidence supports a role of AP aggregation and accumulation as early
trigger of a toxic cascade leading to synaptic dysfunction, neurodegeneration and cognitive
impairment in the etiology of AD [6,7].

Multiple genetic and environmental risk factors are involved in late onset AD pathogenesis.
Impairment of AP clearance is probably a major contributor to disease development, while the &4
allele of APOE gene is the strongest genetic risk factor amongst its three polymorphic alleles (€2,
€3 and €4), whereas the €2 allele had demonstrate to have protective effects [8-10]. Many lines of
evidence have shown that the risk factors of AD (aging and APOE &4) accelerate accumulation of
AP prior to the development of the disease. The apolipoprotein E (ApoE), in the central nervous
system (CNS), transports cholesterol from astrocytes to neurons through cell surface receptors,
including the low density lipoprotein receptor (LDLR) and LDLR-related protein 1 (LRP1)
[11,12]. Consequently, ApoE contributes to synaptic plasticity and neuronal function by
controlling cholesterol homeostasis with ApoE3 and ApoE2 alleles having superior function than

ApoE4 [13].



Although most of research has been focused on the development of therapies to delay or
halt the progression of AD, currently there is no approved disease-modifying therapies [14]. A
combination of factors lead to high rate of negative clinical trials in AD drug development such as
complexity of AD etiopathology, lack of biomarkers and surrogate markers to predict clinical
outcomes and accelerate the drug development, and even challenges in the recruitment of
participants, for example [14-16]. The greatest need in the development of AD treatment continues
for disease-modifying therapies that will delay or slow the clinical course of the disease by
intervening in the processes leading to cell death.

Therapies with neurotrophins have shown intervention in AD pathology with improvement
in memory as well as behavioral function in AD animal models [17-20]. Since the discovery of
nerve growth factor (NGF) in 1951 [21], it has demonstrated particular importance for treatment
of AD by reversing atrophy, preventing degeneration and stimulating the function of basal
forebrain cholinergic neurons [22-24]. The growth and survival-promoting properties of NGF
have been observed in the ability to prevent the death and stimulate forebrain cholinergic neurons
that undergo early and prominent degeneration in AD. It is important to note that NGF levels in
the basal forebrain region decline in patients with AD. Although NGF therapy seems promising,
the peripheral administration of this neurotrophin in a safe manner is limited by enzymatic
degradation and, its inability to cross blood brain barrier (BBB) [25,26]. Moreover, the intolerable
side effects of NGF from its broad distribution prevents it from clinical use [27]. For clinical
application, sufficient amount of NGF must be delivered to target degenerative neurons for not
only to avoid adverse effects of unspecific distribution, but also to generate effective stimulation.
Gene therapy is an alternative means of introducing NGF into the CNS in a localized and targeted-

manner [17,28].



Another potential therapeutic approach in the development of disease-modifying therapies
for AD considers the neuroprotective functions of APOE €2 allele. It has been suggested that
ApoE?2 isoform may differentially regulate AP in the brain, which could be attributed to its
distinguished features such as higher conformational stability, lower binding affinity to LDLRSs,
and greater affinity to bind to Ap as compared to E3 and E4 isoforms [13,29,30]. Therefore,
expression of ApoE2 isoform through gene therapy may help in establishing ApoE-based targeted
therapy for AD prevention and treatment. However, the progression of gene therapy largely
depends on the development of safe and effective vectors to improve membrane permeability and
half-life of therapeutic genes [31,32]. To this end, the vector should overcome extracellular and
intracellular barriers, ensuring that DNA is delivered to the nucleus, where it can be transcribed
and translated into a therapeutic protein [33]. Several researchers have focused on the development
of effective non-invasive delivery systems with targeting properties that are able to reach brain
parenchyma at therapeutic doses [34-38]. Non-viral vectors, such as liposomes, have attracted
much attention due to their favorable characteristics over viral vectors such as safety, ease of
preparation, low immunogenicity, low cost and ability to deliver a wide range of plasmid sizes
[33,39]. These nanoparticles have also shown to protect plasmid DNA (pDNA) from DNase
degradation, ability to pass through BBB via transcytosis and internalize into brain cells using
various endocytotic pathways [40,41].

Some transport mechanisms are present on BBB that enable nanoparticles transport into
brain, amongst which receptor-mediated transcytosis is most commonly used in many platforms
for brain delivery [42]. The high endocytotic potential of Transferrin receptor (TfR) makes it an
interesting choice for targeted delivery to the brain [43,44]. TfR are expressed in different types

of tissues in the body [45] and the brain possesses high densities of TfR localized in the brain



endothelium and neurons [46,47]. Liposome surface modification with 80 kDa Tf protein have
been used as targeting ligand for BBB, leading to their sequential uptake and presentation of
therapeutic molecule to the neurons [48]. Receptor-mediated transcytosis is normally a saturable
process and dual targeting has become a strategy to overcome receptor saturation and provide
efficient carrier delivery [49,50]. For this purpose, protein-transduction domains, also known as
cell-penetrating peptides (CPP) that are small sequences of peptides ranging from 5-30 amino acids
long, have demonstrated ability to transport cargo into cells in a non-invasive manner. These
peptides have been widely used in the delivery of a variety of molecules across the cell membrane
[51,52]. Different studies have reported successful delivery of therapeutic molecules into the brain
using receptor-targeted liposomes conjugated to CPP [53,54]. This dual targeting design of
liposomes is intended to achieve a high degree of internalization and accumulation in the target

site for therapeutic function.

1.1. Targeting ligands for gene delivery to brain

A significant number of treatment opportunities for CNS diseases have failed due to the
restrictive permeability of BBB. This leads to reduced uptake of therapeutics and subsequent
inability to undergo transport into brain parenchyma. Many brain carriers take advantage of
endogenous transport systems on BBB to enable their access to brain [55-57]. Receptor-mediated
transcytosis (RMT) has been explored through conjugation of carrier to specific ligand for
targeting RMT systems such as TfR, LDLR, or insulin receptors. Carrier-mediated transcytosis
(CMT) has increasingly been recognized as important entry route to brain and this includes glucose

transporters at the BBB [58,59].



1.1.1. Transferrin receptors

Transferrin receptor (TfR), a 90 kDa transmembrane glycoprotein homodimer, has been
actively explored as a potential transport system to deliver therapeutic molecules into the brain. It
is constituted of two identical monomers linked by two disulfide bonds at Cys89 and Cys98 [60].
Each subunit has three domains: a large extracellular C-terminus (globular extracellular portion),
a hydrophobic intramembranous (a-helix) part and short intracellular N-terminus (61 residues)
[61]. The C-terminus contains the binding site for transferrin. It comprises one O-linked site and
three N-linked glycosylation site, which are important for folding and protein function [61-
63].TfR is expressed in most active cell types and serves as the main port of entry for iron bound
to Tf into cells [43,45]. The expression is regulated by changes in intracellular iron concentrations,
following the iron responsive elements/iron regulatory proteins (IRE/IRP) system [64—-66].

Tf glycoprotein is a homologous group of nonheme iron-binding proteins of
approximately 80 kDa which plays a central role in iron metabolism. Tf is found in the human
plasma at concentration range of 170-370 mg/dl and binds up to two atoms of elemental iron in
the form of ferric iron (Fe®*) [65,67,68]. Each monomer of TfR may bind to a molecule of Tf,
allowing up to four iron atoms to be transported into a cell by one Tf-TfR complex. TfR cycle into
acid endosomes into cells in a clathrin/dynamin dependent manner. Iron is delivered into cells and
TR is recycled back to cell surface [69,70].

The most common strategies for delivery of therapeutics to the brain through targeting TfR
have focused on the natural ligand Tf or monoclonal antibodies or their fragments [48]. Studies
with liposomal drug delivery systems targeting TfR have demonstrated larger uptake into brain
capillary endothelial as compared to attempts focused on receptors such as the low-density

lipoprotein receptor (LDLR), LDLR-related protein, glucose transporter 1, or insulin-like growth



factor receptor [71-73]. Recently, dual-functional systems which combine Tf-targeting with an
additional active moiety have been designed as a new approach for effective targeted liposomal
gene therapy to the brain [74]. Investigation of Tf-targeting delivery of immunoliposomes and
their encapsulated cargo to the brain via TfR has shown that full transcytosis of nanomedicine
seems unlikely [75]. The nanoparticles showed to accumulate in the brain capillary endothelial
cells and increase the transport of encapsulated cargo into the brain. Although other studies using
Tf-conjugated nanoparticles have not addressed this parameter, their findings strongly suggest that
this is a relevant strategy for delivery of therapeutics to the brain [75-78].
1.1.2. Low density lipoprotein receptors

Various members of low-density lipoprotein receptor (LDLR) family, including LDLR,
LRP1 and LRP2, have been implicated in mediating apoE-independent or apoE-dependent
clearance across the BBB. They are single transmembrane glycoprotein expressed in brain
capillary endothelial cells and regulates brain to blood cholesterol levels through RMT [79-81].
Delivery of therapeutic molecules to the brain via low LDLR family have demonstrated significant
potential due to the potentially higher transcytosis of these receptors compared to other RMT
systems such as TfR. Although monoclonal antibodies have not been successfully engineered
against LDLR family, there are ligands with demonstrated ability to target these receptors and
facilitate RMT [56]. The ability of nonionic surfactant PS 80 to mediate BBB transport has been
suggested by studies conducted with PS 80-coupled nanoparticles. The nanoparticles could adsorb
apolipoproteins such as ApoE which in turn interacted to LDLR expressed in BBB and triggered
RMT [82].

Angiopep-2 is a LRP1 ligand which was discovered through screening designed peptides

based on a conserved LDLR family-biding domain. When conjugated on the surface of



nanoparticles, Angiopep-2 facilitated carrier transport through LRP1 and displayed higher
transcytosis capacity in vitro and in vivo compared to other ligands such as lactoferrin, transferrin
and avidin [83,84]. LDLR family are ubiquitously expressed in the body, therefore unspecific
distribution of the systems targeting LDLR needs to be addressed to improve the applications of
BBB targeting through LDLR.
1.1.3. Insulin receptor

The insulin receptor, a receptor tyrosine kinase, is a disulfide-linked heterotetrametric
glycoprotein consisting of two a-subunits and two -subunits which mediates metabolic regulation
[85]. The insulin binding sites present on brain endothelial cells can transport insulin across BBB
and activate insulin receptors. The transport of insulin to CNS occurs through RMT via the
signaling-related insulin receptor [84]. This is a highly regulated saturable process and it may alter
in a number of states such as diabetes, obesity, starvation, hyperglycaemia and Alzheimer’s disease
[86]. Monoclonal antibodies against insulin receptors have been engineered for brain delivery.
Engineered chimeric monoclonal antibodies have shown promising clinical applications after tests
performed on Rhesus monkeys [87]. Although the monoclonal antibodies can be designed by
binding to different epitope of insulin receptor with higher affinity, there are still limitations
imposed by competition between the endogenous ligands and the monoclonal antibody conjugates.
1.1.4. Glucose transporter

Glucose transporters at the BBB have been recognized as potential therapeutic targets for
treatment of hypoglycemic, hyperglycemic conditions and post-ischemia treatment [88]. In
addition, glucose transporters at the BBB are potential routes of entry for delivery of therapeutic
molecules into the CNS. GLUT1 is a Na*-independent glucose transporter at BBB which facilitates

the transport of hexoses and it is expressed ubiquitously. GLUT3 is the major glucose transporter



in neurons. This transporter is expressed on neurons, brain capillary endothelial cells, sperm,
preimplantation embryos and circulating white blood cells [88,89]. Despite GLUT1 is widely
distributed in the body, this transporter has been explored as specific targeting transporter for
delivery of therapeutics into the brain. Due to specific expression of GLUT3 in neuronal cells, this
transporter has been recently investigated as new strategy for targeted delivery to neurons [90].
Studies with glucose-modified liposomes reported this system easily crossed BBB through glucose
transporters and was considered as a potential strategy for delivery of drugs to brain [91]. These
receptors need to be more studied consistently as transporters at BBB for understanding their

clinical implications and further applications.

1.2. Cell-penetrating peptide

Opportunities to improve the delivery of a variety of bioactive entities into cells have arisen
with the discovery of shuttling properties of specific sequences of peptides. Cell penetrating
peptides (CPPs) were discovered more than 30 years ago [92,93]. Since then, several sequences
have been studied and characterized, moreover, demonstrating unique properties such as
endosomal escape, resist enzymatic degradation and show high affinity for specific cell type or
intracellular destination. The CPP can interact electrostatically to payload or covalently conjugate
to payloads or even enhance the delivery properties of other carriers such as polymers,
nanoparticles or viral vectors [94,95].

Several criteria have been proposed for the classification of CPPs based on their origin,
sequence, physicochemical properties, function or mechanism of uptake [96]. According to their
origin, CPPs are classified as protein-derived peptides, which are from the short stretches of the

protein domain that are primarily responsible for cellular internalization ability; chimeric CPP such



as Transportan derived from the binding of the neuropeptide galanin N-terminus to the Mastoparan
toxin [97]; and synthetic CPP, comprising oligoarginines and numerous peptide nucleic acids
(PNAs) formed by synthetic nucleic acid analogues bound to pseudopeptide backbone. Examples
of protein-derived peptides include Tat peptide derived from HIV protein Tat [98], penetratin
derived from homeodomain of Drosophila Antennapedia [99], and pVec derived from vascular
endothelial-cadherin protein [100]. Based on their physicochemical properties, CPPs are classified
into three major classes: cationic, amphiphilic and hydrophobic [95].

Cationic CPPs are characterized by high positive net charge at physiological pH and 3D
arrangement does not form an amphipathic helix. They are primarily originated from the basic
short strands of arginines and lysines [51,101]. This class is represented by Tat, penetratin and
poly-arginines. Studies on Tat derivatives and polyarginines (R5-R12) have determined the
structural requirements for cellular uptake of cationic CPP [102,103]. These reports proposed that
the number and order of amino acids in the peptide sequence is important for translocation
properties of CPP. Additionally, arginine residues contribute more to cellular internalization
compared to lysine residues [103,104].

A special group of short cationic peptides called nuclear localization sequences (NLS) have
attracted attention due to their ability to be transported to the nucleus through the nuclear pore
complex [104]. NLS constitutes lysine-, arginine- and proline-rich motifs having one
(monopartite) or two clusters (bipartite) of basic amino acids separated by a 9-12 amino acid linker
[96]. Examples of NLS include TFIIE-beta (SKKKKTKYV), Oct-6 (GRKRKKRT), HATF-3
(ERKKRRRE), and SDC3 (FKKFRKF) [105,106]. NFL has reduced application as CPP due to

inferior delivery properties caused by low net charge (below 8). On the other hand, conjugation of



NFL to hydrophobic peptide sequence forming an amphipathic peptide has shown enhancement
of cellular uptake [96].

Amphipathic CPP contain both hydrophobic and hydrophilic domains of amino acids. They
are generally classified into primary, secondary and proline-rich CPPs. NFL conjugated to
hydrophobic peptide sequence is part of primary amphipathic CPP [94,96]. For instance, MPG and
Pepl generated by fusing of SV40 NLS (PKKRKYV) to the HIV glycoprotein 41 and the
tryptophan-rich cluster, respectively, through the linker domain WSQP [107]. Other primary
amphipathic CPPs are originated from natural proteins, such as pVec derived from VE-cadherin
protein [100]; ARF (1-22) derived from N-terminal domain of p14ARP protein [108]; and BPrPr
(1-28) derived from N-terminus of unprocessed bovine prion protein [109]. Secondary
amphipathic CPPs assume a-helix conformation with hydrophilic and hydrophobic residues
grouped on different sides of the helix. Examples include Transportan [97], azurin-derived 28
peptide and MAP [110]. Alternatively, secondary amphipathic CPPs can present their amino acid
sequence in a P-sheet structure on interaction with a phospholipid membrane. Cellular uptake
studies on VPS5 showed that -sheets were essential for internalization. The proline-rich CPP
bactenecin-7 has demonstrated cell permeability and antibacterial activity which co-localized at
the N-terminal 24 residues [111].

Hydrophobic CPPs contain mainly nonpolar residues, resulting in a low net charge. The
affinity of hydrophobic residues of CPP to hydrophobic domain of plasma membrane are crucial
for cellular uptake [95,106]. Differently than the other classes of CPPs, it has been proposed that
hydrophobic CPPs can spontaneously internalize into cells in an energy-independent process.
C105Y [112], PFVYLI [112], Pep-7, and the pentapeptides QLPVM, VPTLK and KLPVM [113]

are examples of hydrophobic CPPs.
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Table 1 contains some examples of CPPs, their sequence, origin and physicochemical

properties.

Table 1. Examples of CPPs, their sequence, origin and physicochemical properties

CPP Sequence Origin Class Ref.
Penetratin RQIKIWFQNRRMKWKK Antennapedia Cationic [99]
homeodomain
TAT YGRKKRRQRRR HIV-1 TAT Cationic [98]
protein
RIF2 RRRRRRRRRFF Chemically Cationic [114]
synthesized
Oct4 DVVRVWFCNRRQKGKR Oct4 protein Cationic [101]
Melittin GIGAVLKVLTTGLPALISWIKRK Bee venom Amphipathic [115]
RQQ
pVec LLIILRRRIRKQAHAHSK VE-cadhein Amphipathic [116]
MPG GALFLGFLGAAGSTMGAWSQP HIV Amphipathic [107]
KKKRKV glycoprotein 41/
SV40 T antigen
NLS
PasR8 FFLIPKGRRRRRRRRG Chemically Amphipathic [117]
synthesized
MAP KLALKLALKALKAALKLA Chemically Amphipathic [110]
synthesized
kFGF AAVALLPAVLLALLAP Kaposi fibroblast Hydrophobic [118]
growth factor
C105Y CSIPPEVKFNKPFVYLI al-antitrypsin Hydrophobic [119]
PFVYLI PFVYLI Synthetic C105Y Hydrophobic [112]
QLPVM QLPVM Bax-binding Hydrophobic [120]
domain of Ku-70
protein
Transportan GWTLNSAGYLLGKINLKALAA  Chimeric Amphipathic [97]
LAKKIL galanin—
mastoparan

1.2.1. Penetratin
Penetratin (Pen, RQIKIWFQNRRMKWKK) is a CPP derived from Antennapedia
homeodomain, which correspond to the third helix of the homeodomain deleted of its N-terminal

11



glutamate. C-terminal region and the third helix are responsible for the capability of translocating
through plasma membrane. Pen has been widely used for intracellular delivery of a variety of
molecules and presents the advantage of the absence of saturable transport [121-123]. Researchers
have demonstrated particular interest in Pen for delivery of cargo to the brain due to its endosomal
escape properties and ability to penetrate neurons and accumulate in the nucleus [101,124,125].
The cationic-amphiphilic character of Pen is involved in interaction with lipid components of
cellular membrane and subsequent internalization into the cell [51,52]. Numerous studies have
demonstrated the enhanced drug delivery abilities of Pen-modified liposomes [126,127].
Therefore, modification of liposomes with Pen may enhance transfection efficiency and neuronal
targeting of our gene carrier.
1.2.2. Melittin

Melittin (Mel, GIGAVLKVLTTGLPALISWIKRKRQQ) is a 26 amino acid-long peptide
derived from bee venom and presents strong interaction with plasma membrane promoting its
rearrangement with subsequent formation of transmembrane pores, which facilitate the transport
of cargo into the cell [128-130]. Mel structure is composed of a bent a-helical rod attached to a
charged C-terminus. The amphiphilic structure facilitates the insertion of Mel into cell membranes,
and consequently promoting cargo internalization. Mel derivatives have shown to enhance
intracellular delivery of therapeutic macromolecules [115]. Hence, conjugation of Mel to
liposomes can be a strategy to improve the internalization of the system into the cells and,
consequently, promote the transfection.
1.2.3. pVec

The CPP pVec (LLIILRRRIRKQAHAHSK) is an 18-amino acid peptide derived from

murine vascular endothelial-cadherin protein which mediates physical contact between adjacent
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cells by homophilic dimerization. Amphipathic CPP such as pVec is characterized by hydrophobic
and hydrophilic regions in opposite directions. The charged region interacts with cell membrane,
while the hydrophobic region causes membrane perturbation enabling the translocation across
plasma membrane [95,96]. This CPP has shown ability to transport a variety of proteins into the
cells. Additionally, it has the ability to effectively reach brain parenchyma without significant
efflux out of the brain [131]. Therefore, the strategy of coupling pVec to liposomes can provide
high translocation of nanoparticles across BBB avoiding their efflux from brain which
consequently can reflect on enhanced transfection.
1.24. TAT

The first characterized CPP was TAT (YGRKKRRQRRR), a cationic peptide derived from
the trans-activating protein of the human immunodeficiency virus type-1 [92,93]. TAT is a class
of immediate early viral proteins that can trans-activate the expression of specific viral and/or
cellular genes, however it is not involved in initial viral infection event. Studies with TAT protein
have demonstrated that TAT derived segments conjugated to exogenous proteins promote their
internalization into cells [92,93,132]. The arginine-rich segment in TAT protein
(GRKKRRQRRRPPQ), positions 48-60, has been reported to be critical for internalization
properties of the protein [133]. The transduction ability of TAT is facilitated by the interaction of
their positive charges with the negatively charged glycosaminoglycans on the cell surface
[101,132]. The carrier properties of TAT has been extensively explored, including surface
modification of liposomal formulations for enhanced BBB permeation [98,134,135]. We
hypothesize that TAT and Tf modification will enhance liposome permeability across BBB and

delivery of plasmid DNA into brain cells.
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1.2.5. R9F2

Cationic CPPs have been extensively employed as delivery carriers for a variety of
macromolecules. Studies of the cellular mechanisms of cationic CPP demonstrated that the number
and order of arginine residues within the peptide sequence are determinant factors of CPP
internalization properties [95,136]. Although nona-arginine (R9) peptides have reported better
cellular internalization when compared to analogs of TAT and polyarginines [103,137,138],
conjugation of two phenylalanine to C-terminus of R9 peptide increased the hydrophobicity of the
peptide and allowed better interaction with cell membrane and improved uptake of the cargo. R9F2
has shown strong cellular internalization with enhanced delivery properties as compared to other
rich-arginine peptides such as R9, R8 and TAT [114,139]. Conjugation of R9F2 to our designed
liposomes attempted to enhance permeation across BBB and internalization of the nanoparticles
into brain cells.
1.2.6. PasR8

The integration of hydrophobic CPPs to either N- or C-terminus of other cationic CPP has
shown to enhance the cellular uptake and delivery capacity of the original cationic CPP [140].
Regarding the latter, the improvement of carrier effectiveness of an octaarginine (R8) peptide was
planned with the addition of a hydrophobic sequence derived from a lysosomal enzyme, cathepsin
D. The hydrophobic FFLIPKG sequence, known as penetration accelerating sequence (Pas),
provided enhancement of cellular penetration and endosomal escape properties for the new formed
CPP in the presence of serum [117]. As a result, Pas conjugation to R8 formed the hybrid PasR8
and revealed to improve not only the carrier abilities but also facilitated the escape from endocytic
lysosomes. The efficient translocation was suggested to be attributed to local and temporal

destabilization of plasma membrane during early stages of endocytosis [141,142]. Considering the
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improved aspects of PasR8 peptide, we expect that PasR8-modified liposomes will provide
efficient brain internalization and delivery of pDNA into the cells.
1.2.7. KFGF

Hydrophobic sequences such as Kaposi fibroblast growth factor (kFGF)
(AAVALLPAVLLALLAP) have been reported relevant for intracellular delivery of nucleic acids,
providing stable non-covalent DNA complexation and protection against nucleases [143,144].
With half-life of ~48 h, this CPP has a hydrophobic stretch of residues necessary for internalization
into cells. This process depends on its interaction to cells membrane and likely occur through
energy-independent pathways [145-147]. Conjugation of kKFGF to CBD3, peptide which mediates
inhibition of NMDA receptors, conferred long-term neuroprotection in a toxic glutamate challenge
probably as a result of increased internalization and reduced efflux of kFGF-CBD3 as compared
to TAT- CBD3 conjugates [148]. Therefore, conjugation of kFGF to our designed liposomes
intend to enhance transfection of pDNA in brain cells.
1.2.8. PFVYLI

The sequence PFVYLI (PF) is a known hydrophobic CPP derived from al-antitrypsin that
has the ability to enhance targeting and delivery properties of liposomes encapsulating therapeutics
molecules, imaging agents and fluorescent probes both in vitro and in vivo [112,149]. The al-
antitrypsin can mediate binding to the serpin enzyme complex receptor and promote its uptake
when complexed to elastase. The synthetic PF showed to be able to compete with the natural ligand
for binding to the serpin receptor and provided gene transfer to cells when complexed to nucleic
acid. Additionally, PF consistently increased the intensity and duration of reporter gene expression
in vitro [150,151]. Conjugation of PF to nanoparticles showed to facilitate cell internalization and

rapid nuclear localization of DNA-loaded nanoparticles leading to enhancement of gene
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expression [119]. Considering the delivery properties of this CPP, liposomes were modified with
PF aiming the delivery of pDNA to brain cells and enhancement of gene expression.
1.2.9. QLPVM

The hydrophobic QLPVM (QL) is part of the group of penta-peptides derived from Bax-
binding domain of Ku-70 protein and they are also known as cell-penetrating pentapeptide. These
group of pentapeptides have reported cell permeability and cell death inhibition properties
[113,152,153]. QL has shown to enhance in vitro and in vivo delivery properties of QL-modified
liposomes and facilitated drug release into desired cell [120]. Additionally, the category of
hydrophobic peptides have a low global net charge, which could be associated to their exhibited
low toxicity. The hydrophobic motif is crucial for uptake assisting the peptide direct translocation
through the cell membrane. This could be advantageous due to their immediate availability in
cytosol removing the issues of endosomal entrapment and degradation [96,113]. We investigated
the role of QL in enhancing the delivery and transfection properties of designed liposomes.
1.2.10. RVG

Rabies virus glycoprotein peptide (RVG) is a 29-amino acid peptide that has been
considered as attractive approach for targeted-delivery of therapeutics to brain [154-156]. This
peptide derives from the 189-214 amino acid sequence of rabies virus glycoprotein and it has
shown to specifically target neuronal cells expressing nicotinic acetylcholine receptors (nAchR),
mediate the retrograde axonal transport and facilitate the propagation of viral vector in the brain
[154,157]. Especial interest for brain gene delivery has increased due to the ability demonstrated
by RVG-conjugated nanoparticles to overcome the BBB through nAchR-mediated endocytosis

and promote preferential accumulation of loaded nucleic acid in neuronal cells [157-162]. RVG

16



was conjugated to our designed liposomes as a strategy for effective brain targeting across BBB
and delivery of pDNA.

The selection of CPPs in this study was based on their physicochemical properties and
reported ability to improve the delivery properties of conjugated drug/gene carriers. Here we
investigated the efficiency of liposomal nanoparticles modified with Tf and CPP as potential brain-

targeted gene delivery systems.

1.3. Statement of problems and research objectives

Alzheimer’s disease (AD) is the most common form of dementia, affecting approximately
5.7 million individuals in United States of all ages. The current available treatments for AD only
provide symptomatic relief and are unable to halt the progression of the disease and restore normal
neurological function [2,14]. Gene therapy is a promising tool for the treatment of neuro disorders
such as AD, however, the therapeutic genes are unable to surpass the natural CNS protective
barriers, which is mainly represented by BBB, and reach brain cells. The success of gene therapy
relies on the development of a safe gene vector with specific transgene delivery and long-
expression properties [163].

Non-viral vectors, such as liposomes, have attracted much attention due to their favorable
characteristics over viral vectors such as safety, ease of preparation, low immunogenicity, low cost
and ability to deliver a wide range of plasmid sizes [33,39], as well as to protect plasmid DNA
(PDNA) from DNase degradation [40,41]. Effective delivery of liposomes to target cells can be
achieved by decorating liposomal surface with ligands of specific receptors present on surface of
tissues, which afford strategic targeted delivery [74]. Transferrin receptor (TfR), transmembrane

protein overexpressed on brain endothelial cells, has been extensively explored for delivery of
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therapeutics to the brain. Nevertheless, targeting via TfR presents a high degree of internalization,
but receptor saturation can be a drawback [49]. The capacity of CPP in translocating a variety of
cargo into the cell in a non-invasive manner without the use of receptors might be an additional
strategy to enhance carrier internalization. We hypothesized that a combination of these two
ligands on near-neutral PEGylated liposomes will enhance their ability to penetrate the BBB and
transfect the desired cells via receptor targeting and enhanced cell penetration. Our primary aims
are: () to synthesize and evaluate near neutral PEGylated liposomal delivery system, surface
modified with transferrin and cell penetrating peptide (Tf-CPP-liposomes) in vitro, (I1) to evaluate
the ability of liposomal formulations to overcome an in vitro BBB model followed by transfection
of primary neuronal cells, (I11) to investigate the biodistribution, transfection and biocompatibility
of the dual-modified delivery system in vivo, and the effects of CPP-Tf-liposome-mediated gene
therapy on amyloid AD mouse model.

The long term goal of our research is to design a liposomal gene delivery system for
efficient delivery of Nerve Growth Factor (NGF) into brain of AD mice for prevention and
treatment of AD. Our research work focused on brain-targeted liposomes combining Tf receptor
targeting and enhanced cell penetration utilizing cell-penetrating peptide for NGF-mediated gene
transfer for treatment of AD. The high rate failure of clinical trials in AD reflects the complexity
of this disease, and emphasizes the urgent need for approval of early-stage disease therapies and
disease-modifying therapies. Therefore, the development of efficient brain targeted therapies for

prevention and treatment of AD are significantly important.
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1.3.1. Specific aim 1: Synthesize and characterize Tf and CPP coupled liposomes loaded with
chitosan-pDNA polyplexes

Liposomes nanoparticles were prepared using thin lipid film hydration technique while
dual-functionalized liposomes preparation involved the incorporation of Tf-micelles into CPP-
liposomes by post-insertion technique. We proposed different types of CPPs (Penetratin, Melittin,
pVec, TAT, R9F2, PasR8, kFGF, PFVYLI, QLPVM and RVG). The genes of interest (pGFP,
pBgal, pNGF and pApoE2) were complexed to chitosan and loaded into liposomes to improve
liposome transfection properties. Liposomal formulations were evaluated for particle size, zeta
potential, morphology, encapsulation efficiency, chitosan-pDNA binding affinity, liposome-
pDNA enzymatic protection, in vitro release, blood compatibility, cytotoxicity, cell uptake and
uptake mechanism(s), transfection efficiency, endosomal escape, and effect of PenTf-liposomes

containing chitosan-pNGF on formation of new synaptic vesicles in primary neuronal cells.

1.3.2. Specific aim 2: Design an in vitro 2-Dimentional (2D) BBB model to study the transport
efficacy of liposomes across the barrier layer and evaluate the transfection efficiency in
primary neuronal cells

The transport efficacy of liposomes were evaluated across 2D BBB model designed by co-
culture of brain endothelial cells and glial cells on the inner and bottom side of culture inserts,
respectively. The stablished in vitro BBB co-culture model has been recognized as a good model
for screening of formulations with better brain penetration due to the high correlation demonstrated
with the permeability of in vivo BBB [164,165]. The transfection efficiency of liposomes loading
pGFP, pNGF or pApoE2 in primary neuronal cells after crossing the 2-D BBB model were also

evaluated.
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1.3.3. Specific aim 3: To assess the distribution and transfection efficiency of CPP-Tf-
liposomes in vivo and investigate effects of CPP-Tf-liposome-mediated gene therapy in
amyloid AD mouse model

Gene therapy has potential as a novel strategy to treat neurodegenerative disorders
including AD. To establish successful gene therapies for AD, we validated CPP-Tf-liposomes
obtained through above aims for their biodistribution, biocompatibility and transfection efficiency
into mice brains through tail vein injection. Finally, we examined effects of NGF gene therapy
through CPP-Tf-liposomes on amyloid pathology and neurogenesis in amyloid model APP/PS1

mice.
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2. MATERIAL AND METHODS
2.1. Material

The phospholipids, Dioleoyl-3-trimethylammonium-propane chloride (DOTAP) and
Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti Polar Lipids
(Birmingham, AL, USA). The phospholipid DSPE-PEG2000-NHS was purchased from
Biochempeg Scientific Inc (Watertown, MA, USA). Cholesterol, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), Ethylenediaminetetraacetic acid (EDTA), Hoechst 33342
and Triton™ X-100 were obtained from Sigma—Aldrich (St. Louis, MO, USA). Chitosan (MW 30
kDa) was purchased from Glentham Life Sciences (Corsham, UK). The cell-penetrating peptides
Penetratin  (RQKINFQNRRMKWKK), Melittin  (GIGAVLKVLTTGLPALISWIKRKRQQ),
pVec (LLIILRRRIRKQAHAHSK), PFVYLI, QLPVM, Kaposi fibroblast growth factor
(AAVALLPAVLLALLAP), TAT (YGRKKRRQRRR), PasR8 (FFLIPKGRRRRRRRRGC) and
RIOF2 were purchased from Ontores Biotechnologies (Zhejiang, China). Plasmid DNA encoding
beta-galactosidase (gWiz-pGal) and plasmid DNA encoding Green Fluorescent Protein (gWiz-
GFP) were purchased from Aldevron LLC (Fargo, ND, USA). Plasmid DNA encoding ApoE2
was purchased from Addgene (Watertown, MA, USA). Human NGF ORF mammalian expression
plasmid, C-HA tag, and NGF ELISA kit were purchased from Sino Biological (Wayne, PA, USA).
Dulbecco’s Modified Eagle Medium (DMEM), and phosphate buffered saline (PBS) were
purchased from Corning Incorporated (Corning, NY, USA). Fetal bovine serum (FBS) was
purchased from Omega Scientific (Tarzana, CA, USA). Lipofectamine 3000, RIPA buffer, BCA
protein assay, Apolipoprotein E human ELISA kit and protease and phosphatase inhibitors were
purchased from ThermoFisher Scientific (Waltham, MA, USA). Beta-Galactosidase Enzyme

Assay kit with reporter lysis buffer was supplied by Promega (Madison, WI, USA). Sensolyte anti-
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mouse -amyloid (1-42) and (1-40) quantitative ELISA were purchased from AnaSpec (Fremont,

CA, USA).

2.2. Synthesis of CPP-PEG2000-DSPE and Tf-PEG2000-DSPE

In order to prepare CPP-liposomes with stealth properties, CPPs and Tf were conjugated
to NHS activated PEG2000-DSPE, separately. Briefly, CPP and NHS-PEG2000-DSPE at molar ratio
of 1:5 were dissolved in anhydrous dimethylformamide (DMF), after adjusting the pH to 8.0-9.0
with trimethylamine [112,166]. The reaction was conducted for 120 h at room temperature under
moderate stirring. The resultant reaction mixture was dialyzed (molecular weight cut-off of 3500
Da) in deionized water for 48 h to remove uncoupled CPP. The dialysate was lyophilized and
stored at -20 °C until use. Holo-Tf and DSPE-PEG2000-NHS (125 pg Tf/uM phospholipid) were
dissolved in anhydrous DMF, after adjusting pH to 8.0-9.0 with trimethylamine, and stirred for 24
h at room temperature [76,166,167]. The product were passed through Sephadex G-100 column to
removed unbound protein. Coupling efficiencies of both reactions were determined using BCA

protein assay.

2.3. Preparation and characterization of liposomal formulations
Liposomes preparation was performed using thin lipid film hydration technique while dual-
functionalized liposomes preparation involved the incorporation of Tf-micelles into CPP-
liposomes by post-insertion technique [26]. CPP-PEG-lipid (4 mol %) was combined with
DOPE/DOTAP/Cholesterol (45:45:2 mol %) in chloroform:methanol (2:1, v/v) and dried to form
a lipid film, which was hydrated using HEPES buffer (pH 7.4). CPP-liposomes were stirred

overnight with Tf-micelles (4 mol %) to form CPP-Tf-liposomes. Free Tf-micelles were separated
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from liposomal formulations by passing through Sephadex G-100 column. Chitosan-plasmid GFP,
plasmid Bgal, plasmid NGF and plasmid ApoE2 polyplexes were added to hydration buffer at N/P
ratio of 5 for incorporation into liposomes. Liposomes were characterized for hydrodynamic size
and zeta potential using dynamic light scattering method on Zetasizer Nano ZS 90 (Malvern
Instruments, Malvern, UK) at 25 °C. Morphology of liposomes was evaluated using transmission
electron microscopy (TEM, JEM-2100, JEOL) after the samples were stained with 1%
phosphotungstic acid aqueous solution. The percent of chitosan-plasmid DNA complexes
encapsulated into liposomes was calculated as the fluorescence signal Hoechst 33342 divided by
the fluorescence following the addition of Triton X-100 using Spectra Max M5 spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA) at excitation/emission wavelengths: 354/458 nm,

respectively.

2.4. Chitosan-pDNA binding ability

The optimal chitosan-pDNA N/P ratio (molar ratios of the amine groups in chitosan and
phosphate groups in DNA) was monitored by EtBr exclusion assay and agarose gel electrophoresis
[168]. Naked pDNA was used as a positive control. The complexes containing 1 pg of pDNA at
different chitosan weight ratios were stained with EtBr (0.5 pug) for 5 min and the fluorescence
intensity was measured using a spectrophotometer (excitation/emission wavelengths: 260/600 nm,
respectively). Relative fluorescence intensity of EtBr solution in the presence of free plasmid
corresponded to 0% condensation while fluorescence intensity without plasmid corresponded to
100% condensation. For agarose gel electrophoresis, the complexes (1 ug pDNA at different

chitosan weight ratios) were loaded in 0.8% w/v agarose gel stained with EtBr (0.5 pg/mL) and
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electrophoresed at 80 V in 0.5X Tris-acetate-EDTA (TAE, Bio-Rad, CA, USA) buffer for 80 min.

The pDNA migration was thereafter recorded.

2.5. DNase protection assay

Protection of chitosan-pDNA encapsulated into liposomal formulations against enzymatic
degradation was examined by DNase | protection assay [27]. Liposomal formulations containing
1 pg chitosan-pDNA complexes were incubated for 60 min at 37 °C with 1 unit DNase I. Free
pPDNA was used as a negative control and pDNA with DNase | was used as a positive control.
After incubation the reaction was stopped by adding 5 pl of EDTA (100 mM). Subsequently, 20
pl of heparin (5 mg/mL) was added and incubated for 2 h at 37 °C to release the pDNA from the
complex. The released pDNA samples were subjected to agarose gel electrophoresis 0.8% (w/v)

for 80 min at 80 V.

2.6. In vitro release
Liposomal formulations containing 50 pug of pPDNA were dispersed in 10 mL of PBS (pH
7.4) and incubated at 37 °C under constant shaking at 50 rpm. At predetermined time intervals,
300 pL of the suspension was withdrawn and centrifuged at 5,000 rpm, 4 °C, for 30 min. After
staining with Hoechst 33342 (0.15 pg/mL), the content of pDNA was determined using
fluorescence spectrophotometer (excitation/emission wavelengths: 354/458 nm, respectively)

[54,166]. The cumulative amount of released pDNA from the liposomes was then calculated.
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2.7. Cell culture and animals

Primary cultures were obtained from brain of 1-day-old rats [28]. Briefly, meninges and
vessels were removed from dissected brains. Brains were minced and incubated with DMEM
containing 0.25% trypsin and DNase | (8 pg/mL) at 37 °C. Astrocytes obtained from the
dissociated cells were cultured in DMEM containing 10% v/v FBS and 1% v/v antibiotics. The
purity of astrocytes was checked by immunostaining for glial fibrillary acidic protein (GFAP)
antibody. Primary neuronal cells were obtained by treating the dissociated cells with 10 uM
cytosine arabinoside at day 3, they were cultured in Neurobasal media with 10% v/v plasma-
derived horse serum, B-27 supplements, L-Glutamate (25mM) and 1% v/v antibiotics. The purity
of neuronal cultures was checked by immunostaining for anti-MAP2 antibody. Mice brain
endothelial bEnd.3 cells, obtained from ATCC (Manassas, VA, USA), were cultured in DMEM
10% FBS and 1% v/v antibiotics. Cells were incubated in atmosphere of 5% of CO; at 37 °C.

All procedures and handling of rats and mice were conducted in accordance with the
protocols approved by the Institutional Animal Care and Use Committee (IACUC) at North Dakota
State University. Animals were maintained under standard housing conditions with free access to
food and water and exposed to 12 h light-dark cycle. Sprague Dawley (male/female) rats were
purchased from Charles River Laboratories (Wilmington, MA, USA), C57BL/6 (male/female) and
B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax (APP/PS1) (male/female) mice were purchased

from Jackson Laboratories (Bar Harbor, ME, USA).

2.8. In vitro cytotoxicity assay
Cell viability was evaluated in bEnd.3, primary astrocytes and primary neuronal cells after

treatment with liposomal formulation at 100, 200, 400 and 600 nM phospholipid concentration

25



using MTT assay [166,167]. All cell lines (1x10* cells/well) were plated on 96-well plate 24 h
prior to perform the assay and exposed to liposomal formulations in serum free media during 4 h.
Thereafter, media was replaced, and cells incubated for 48 h. MTT (5 pg/well) was added to each
well for 3 h. Subsequently, MTT solution was removed and the formazan crystals solubilized using
DMSO. Absorbance was measured at 570 nm, control group consisted of untreated cells and cell

viability was expressed as percentage of control.

2.9. Cellular uptake and internalization mechanisms

2.9.1. Cellular uptake study

Cellular uptake of Dil-labeled liposomes was evaluated in bEnd.3, primary astrocytes and
primary neuronal cells. About 1x10° cells/well were seeded in 24-well plates, 24 h prior to uptake
analysis. Cells were incubated with liposomal formulation (100 nM) and the uptake was
investigated at different time intervals [166,167]. Quantitative estimation of liposomal uptake was
performed by lysis of cells in 0.5% Triton-X 100 followed by extraction of fluorescent dye in
methanol. Fluorescence intensity was measured using spectrophotometer (excitation wavelength:

553 nm, emission wavelength: 570 nm).

2.9.2. Uptake mechanism

In order to elucidate the mechanisms associated with cellular uptake, the aforementioned
cells were seeded in 24-well plates (1x10° cells/well), 24 h prior to the experiment. Cells were
treated with well-known endocytosis inhibitors such as sodium azide (10 mM) to inhibit all energy-
dependent endocytosis, chlorpromazine (10 pg/mL) to block clathrin-mediated endocytosis,

colchicine (100 pg/mL) to inhibit lipid/raft caveolae or amiloride (50 pg/mL) to inhibit
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macropinocytosis for 30 min at 37 °C before application of Dil-labeled liposomes (100 nM) [27].
Following 4 h of uptake process, fluorescence intensity was measured using spectrophotometer

(excitation/emission wavelength: 553-570 nm).

2.10. In vitro transfection efficiency

Transfection efficiency of liposomal formulations was investigated in bEnd.3, primary
astrocytes and primary neuronal cells. About 1x10° cells/well were seeded in 6-well plates, 24 h
prior to transfection analysis. Cells were treated with Lipofectamine 3000 and liposomal
formulations (100 nM) containing either pGFP, or ppgal, PNGF or pApoE2 complexes, in serum-
free medium, during 4 h [166,167]. Thereafter, cells were rinsed with PBS and incubated for 48 h.
For pGFP transfection, GFP expression was analyzed using fluorescence microscope, and
quantitative evaluation was performed using FACS analysis- BD Accuri C6 flow cytometer (Ann
Arbor, MI, USA) laser excitation wavelength 488 nm, emission detection wavelength using optical
filter FL1 533/30 nm.

For B-galactosidase expression, cells were washed with PBS (pH 7.4), and lysed using Bgal
assay buffer. B-galactosidase enzyme activity was quantified using f-galactosidase reagent assay
at 420 nm. Measured values were normalized by total protein levels in the samples, which were
determined by BCA protein assay.

NGF expression was quantified using NGF ELISA Kit. Supernatant and cell lysates were
incubated for 2 h in 96-well plates pre-coated with primary anti-NGF antibody. Subsequently, a
detection antibody was incubated 1 h, and developed with 3,3°,5,5’-tetramethylbenzidine
substrate, followed by colorimetric measurement at 450 nm. Measured values were normalized by

total protein levels in the samples, which were determined by BCA protein assay.
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ApoE expression was quantified using ApoE ELISA kit. Supernatant and cell lysates were
incubated for 2.5 h in 96-well pre-coated plates. Biotinylated antibody was added and incubated
for 1 h. HRP reagent was incubated 45 min. Subsequently, TMB substrate was incubated for 30
min, the reaction was stop with stop solution followed by colorimetric measurement at 450 nm
and 550 nm. Subtraction of 550 nm values from 450 nm values corrected the optical imperfections
in the plate. Measured values were normalized by total protein levels in the samples, which were

determined by BCA protein assay.

2.11. Endosomal escape
Enhancement in transfection efficiency due to endosomal escape was evaluated in bEnd.3
cells. About 5x10° cells/well were seeded in 24 well-plates, 24 h prior to the assay. Thereafter,
cells were treated with 50 mM sucrose (a lysosomotropic agent) and liposomal formulations
containing 1 pug pGFP [169]. After a 4 h incubation, the media was replaced and cells were
incubated for a total of 48 h. Cellular GFP expression was analyzed using fluorescence microscope

and flow cytometer.

2.12. Effect of PenTf-liposomes containing chitosan-pNGF on formation of new synaptic
vesicles in primary neuronal cells
Primary neuronal cells (1x10° cells/well) seeded on 6-well plate were treated with PenTf-
liposomes containing chitosan-pNGF complexes (1pg of pDNA) for 4 h. Media was replaced and
formation of new vesicles was observed after 12 h, 24 h, 48 h, 72 h, 7 days and 14 days of the
treatment. Cells were fixed with 4% neutralized buffer formalin for 15 min, followed by membrane

permeabilization with 0.3% Triton X-100 in PBS for 1 min. Cells were incubated 4 °C overnight
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with primary antibody (NeuN rabbit IgG or Synaptophysin mouse 1gG1) followed by secondary
antibody (Alexa Fluor 647 goat anti-rabbit 1gG or Alexa Fluor 488 goat anti mouse IgG) for 2 h at
room temperature. The cells were observed under Leica DMi8 fluorescence microscope.
Synaptophysin levels were quantified using Synaptophysin ELISA kit (Boster Biological
Technology, Pleasanton, CA, USA). Measured values were normalized by total protein levels in

the samples, which were determined by BCA protein assay.

2.13. Design of in vitro co-culture BBB model

The in vitro BBB model was designed combining bEnd.3 and primary astrocyte cell
cultures [29,30]. Primary astrocytes (1.5x10* cells/cm?) were seeded on the bottom side of
transwell inserts (BD Biosciences, NC, USA) with 0.4 um pore size and effective growth area 0.33
cm? in DMEM with 20% v/v FBS, overnight incubation. About 1.5x10* cells/cm? bEnd.3 cells
were seeded on upper side of culture inserts that were placed in 24-well plates (DMEM 20% v/v
FBS). Formation of tight junctions was assessed measuring transendothelial electrical resistance
(TEER) values using EVOM? (World Precision Instruments, Sarasota, FL, USA). Inserts
containing only bEnd.3 cells on the upper side and inserts only with glial cells on the underside

were also constructed and maintained similarly.

2.14. Transport across in vitro BBB model
Transport of labeled liposomal formulations was measured across the in vitro BBB model
according to a modified method [26]. Liposomal suspensions (100 nM) were added into inserts,
which were placed in 24-well plates containing 0.5 mL PBS with 10% v/v FBS. After 0.25 h, 0.5

h,1h, 2,4 and 8 h, the inserts were transferred to new wells with serum-PBS. Concentrations of
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fluorescent-labeled liposomes in the upper and the lower compartments were determined using
spectrophotometer (excitation/emission wavelengths: 568/583 nm, respectively). Sodium
fluorescein (NA-FI) was used as a small molecular sized marker to test BBB permeability.
Intactness of the barrier layer was evaluated measuring TEER before and after (8 h) liposome
transport across in vitro BBB using EVOM?. The permeability of the endothelial barrier was
calculated using the following equation:
1/Pe= 1/Pt - 1/Pf (cm/sec)

where Pt is the permeability coefficient of the total system (in vitro model) and Pf is the
permeability coefficient across cell free inserts. Permeability coefficient for each liposomal
formulation dividing the amount of liposomes transported per min (pug/min) through total system
(Pt) or cell free insert (Pf) by the surface area of the transwell membrane (cm?), by the initial

concentration of liposomes (ug/mL) and by 60 (conversion factor from min to sec).

2.15. Transfection efficiency in primary neuronal cells after liposome transport across
in vitro BBB model

Primary neuronal cells were seeded in 24-well plates. Culture inserts containing the in vitro
BBB model were placed in the same well containing primary neuronal cells [31]. Liposomal
suspensions (100 nM) encapsulating either pGFP, pNGF or pApoE2 (1 pg) were added to the
upper compartment of inserts and incubated for 8 h. Thereafter, the inserts were removed and the
media was replaced for fresh media. After 48 h incubation, GFP expression was analyzed using
flow cytometer and fluorescence microscopy. The amount of NGF or ApoE produced by primary

neuronal cells was determined by NGF ELISA kit or ApoE ELISA Kit, respectively, as described
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previously. Measured values were normalized by total protein levels in the samples, which were

determined by BCA protein assay.

2.16. Blood compatibility

Blood was freshly harvested from Sprague Dawley rats into EDTA containing tubes and
centrifuged three times at 1500 rpm for 10 min in PBS, pH 7.4, 10 mM CaCl,. Erythrocytes
solution containing 1.5 x 107 cells was exposed to negative control (PBS), positive control (Triton
X-100 1% v/v) and liposomal formulations in different phospholipid concentrations (31.25-1000
pM) for 1 h at 37 °C, 5% CO». After incubation, cell suspension was centrifuged at 1500 rpm for
10 min. The supernatant was removed, and absorbance of released hemoglobin was measured
using spectrophotometer at 540 nm [54,76,166,170]. Percent hemolysis was calculated by

considering absorbance in presence of Triton X-100 as 100% hemolysis.

2.17. In vivo biodistribution in wild type mice

C57BL/6 mice were randomly divided into three groups consisted of 6 animals each (3
male and 3 female). Each group was injected with either PBS, CPP-liposomes and CPPTf-
liposomes administered via tail vein at a dose of ~15.2 pumoles phospholipid/kg body weight
[54,76]. Quantification of liposomes were performed in brain, liver, kidneys, lungs, heart, spleen
and blood after 24 h of administration. The tissues were weighted, homogenized with PBS and
fluorescent dye extracted in chloroform:methanol (2:1, v/v). The fluorescence intensity was
measured by spectrophotometer at Aex 560 nm and Aem 580 nm. Data were normalized with the

negative control (PBS).
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2.18. In vivo gene transfection efficiency of liposomal formulations containing chitosan-
pPDNA and biocompatibility in wild type mice

Six C57BL/6 mice were injected with single dose of liposomal formulations (~15.2 umoles
phospholipids/kg body weight) encapsulating ppgal (1 mg pDNA/kg body weight), or ppgal in
buffer or buffer alone. After 5 days, different organs (brain, liver, kidneys, heart, lungs, spleen and
blood) were removed, weighed, transferred to tissue lysis/protein extraction buffer (200 ul),
homogenized and centrifuged at 4,000 rpm, 4 °C for 15 min. The supernatant was extracted with
an equal volume of pPgal assay buffer containing the substrate, o-nitrophenyl-p-D-
galactopyranoside (ONPG) and incubated at 37 °C for 60 min. Addition of sodium carbonate
stopped the reaction and the absorbance was measured at 420 nm. Tissue samples from control
mice (PBS administration) were similarly processed to quantify the endogenous Pgal activity of
individual organs. Measured values were normalized by total protein levels in the correspondent
samples, which were determined by BCA protein assay.

Six C57BL/6 mice were injected with single dose of Plain-lip or PenTf-liposomes (~15.2
umoles phospholipids/kg body weight) encapsulating either 4 ug, 20 pg or 40 pg pNGF/100g body
weight. After 5 days of liposomal administration, transfection in different tissues (brain, liver,
kidneys, heart, lungs, spleen and blood) was quantified using NGF ELISA Kkit. Transfection
efficiency of PenTf-liposomes containing 40ug pNGF/100g body weight was also analyzed after
15 days of liposome administration. Organs were removed, weighed, homogenized in RIPA buffer
containing proteinase and phosphatase inhibitor cocktail and centrifuged at 4,000 rpm, 4 °C for 15
min. NGF levels in the samples were quantified using NGF ELISA kit as previously described.

Tissue samples from control mice (PBS administration) were similarly processed to quantify the

32



NGF expression of individual organs. Measured values were normalized by total protein levels in
the samples, which were determined by BCA protein assay.

For study of transfection efficiency of liposomal formulations containing plasmid ApoEz2,
six C57BL/6 mice were injected with single dose of either PBS, or pApoE2 (1 mg pApoE2/kg
body weight), or Plain-lip or PenTf-liposomes (~15.2 umoles phospholipids/kg body weight)
encapsulating 1 mg pApoE2/kg body weight. After 5 days of administration, different organs
(brain, liver, kidneys, heart, lungs, spleen and blood) were removed, weighed, homogenized in
RIPA buffer containing proteinase and phosphatase inhibitor cocktail and centrifuged at 4,000
rpm, 4 °C for 15 min. ApoE2 levels in the samples were quantified using ApoE ELISA kit, as
previously described. Tissue samples from control mice (PBS administration) were similarly
processed to quantify the ApoE expression of individual organs. Measured values were normalized
by total protein levels in the samples, which were determined by BCA protein assay.

For immunohistochemical imaging, two C57BL/6 mice were injected with single dose of
liposomal formulations (~15.2 umoles phospholipids/kg body weight) encapsulating pGFP (1
mg/kg body weight). A control group of two mice did not receive the treatment. After 7 days, the
brains were embedded in OCT compound and snap frozen in liquid nitrogen. Tissue sections (30
um thick) were cut using cryostat, fixed in acetone and methanol and incubated with primary
antibody (rabbit anti-GFP antibody 1:100, Invitrogen, Carlsbad, CA) at 4°C overnight. Thereafter,
sections were incubated with secondary antibody (rabbit Alexa Fluor 488, 1:200, Invitrogen) or
mouse anti-NeuN antibody (1:200, Millipore, Burlington, MA) and imaged using confocal

microscope.
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Tissues were sectioned into 30 um slides and stained with hematoxylin-eosin (H&E) for
evaluation of biocompatibility by observing morphological alterations, signs of inflammation,

necrosis or cellular damage.

2.19. Neuroprotective effects of PenTf-liposomes containing chitosan-pNGF on APP/PS1
double transgenic mice
2.19.1. Liposome administration and experimental design
Three-months old APP/PS1 double transgenic mice were divided into three groups (n=14
for each group): the AD control group, the plasmid NGF group (40 pg pNGF/100 g of body
weight) and PenTf-liposomes chitosan-pNGF group (40 pg pNGF/100 g of body weight). Wild
type (C57BL/6) mice were used as controls. Four administrations of the treatments were

performed, once per week, and the animals were analyzed on 28" day of first administration.

2.19.2. Protein quantification

For determination of NGF, synaptophysin and PSD-95 levels, brain samples of APP/PS1
and C57BL/6 mice were homogenized in RIPA buffer containing protease and phosphatase
inhibitor cocktail [171]. The levels of NGF, synaptophysin and PSD-95 were determined using
NGF, Synaptophysin and PSD-95 ELISA Kkits, respectively. For measurements of Af in mouse
brain, samples were sequentially homogenized in Tris-buffered saline (TBS), TBS buffer
containing 1% Triton X-100 (TBS-TX), and then 5 M guanidine in 50mM Tris-HCI (GDN), pH
8.0. The levels of human APi1-40 and human APi-42 were determined using AnaSpec ELISA kit.

Synaptophysin and PSD-95 levels were quantified in TBS, TBS-TX and GDN fractions using
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Synaptophysin and PSD-95 ELISA kits, respectively. Measured values were normalized by total

protein levels in the samples, which were determined by BCA protein assay.

2.19.3. Immunohistochemical imaging

Brain samples were fixed in 10% neutralized buffer formalin, paraffin-embedded, and
sectioned (4 pm thick). The brain tissue sections were incubated for 1 h with either anti-Ki-67
antibody (1:500) (Abcam, Cambridge, MA) for cell proliferation or with anti-beta amyloid
antibody [MOAB-2] (5 pg/ml) (Abcam, Cambridge, MA) for detection of unaggregated,
oligomeric and fibrillar forms of AB1.42, and unaggregated APi.40. Thereafter, the tissue sections
were incubated with goat anti-rabbit CF®633 (1:200) (Biotum, Inc., Fremont, CA). The slides were

observed under Leica DMi8 fluorescence microscope.

2.20. Statistical analysis
All data are expressed as the mean + standard deviation (S.D.; n=4 for in vitro and n=6 for
in vivo studies). The statistical analysis were performed using one-way analysis of variance
(ANOVA) with Tukey multiple comparison post-hoc test (GraphPad Prism 5.0- San Diego, CA,

USA). Statistical significance was considered when p< 0.05.
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3. RESULTS AND DISCUSSION
3.1. Characterization of liposomes

CPP-liposomes were prepared via two-step process while the dual-modified CPP-Tf-
liposomes were prepared via three-step process: (1) preparation of a lipid film by drying
chloroform:methanol solution of DOPE/DOTAP/Cholesterol/CPP-DSPE-PEG; (2) formation of
CPP-liposomes by hydrating the lipid film with HEPES buffer followed by ultrasound treatment;
(3) formation of CPP-Tf-liposomes after overnight stirring of Tf-micelles with CPP-liposomes,
respectively. Details of hydrodynamic size distribution and zeta potential characterization by
dynamic light scattering are present at Table 2. Particle size range was from 130.6+£3.08 nm to
168.7+2.1 nm. Furthermore the formulations had small size distribution (PDI < 0.3), demonstrating
tendency for monodispersity and lack of aggregation, suggesting stability. The preparation of
nanocarriers with homogeneous particle size and low size distribution is essential for development
of efficient and stable delivery systems [172]. The transmission electron microscopy (TEM)
images showed that liposomal formulations had spherical morphology (Figure 1 a and b). Zeta
potential range was from 10.6+1.20 mV to 34.2+1.06 mV. Despite being positively charged, the
liposomal formulations exhibited differences in zeta potential which indicate that surface
modification influence the charge of nanoparticles. In these formulations, the cationic lipid
DOTAP may have contributed to overall positive zeta potential of formulations. Conversely, the
lower zeta potential of Tf-coupled liposomes and CPP-Tf-coupled liposomes as compared to Plain-
liposome and CPP-liposome, respectively, could be attributed to the presence of negatively

charged Tf protein on the surface of liposomes.
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The encapsulation of pDNA into liposomal formulations was not negatively affected by
different plasmid DNA. High encapsulation efficiencies of plasmid DNAs were obtained for all

liposomal formulations, which were above 80%, as shown in Table 2.

Figure 1. Transmission electron microscopy (TEM) images of Plain-liposomes (a) and PenTf-
liposomes (b) which was negatively stained with 0.1% phosphotungstic acid aqueous solution
(Scale 50 nm).
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Table 2. Characterization of Liposome-pDNA: particle size, PDI, zeta potential and
encapsulation efficiency

Liposomes Particle size (nm) PDI? Zeta potential (mV) EEP

Plain-liposome 147.9+1.12 0.17+0.04 21.9+0.48 87.9+3.23%
Tf-liposome 156.2+1.91 0.11+0.04 10.6+1.20 84.2+8.03%
Pen-liposome 167.3+2.21 0.19+0.03 28.3+1.73 87.2+1.89%
PenTf-liposome 156.2+1.84 0.08+0.06 19.5+1.22 90.7+6.82%
Mel-liposome 150.9+3.39 0.29+0.02 27.6x1.79 87.4+3.85%
MelTf-liposome 165.5+3.52 0.17+0.05 19.9+1.63 84.6+4.89%
pVec-liposome 136.1+1.78 0.02+0.02 34.2+1.06 87.4+3.85%
pVecTf-liposome 163.3+2.99 0.19+0.08 28.1£2.07 82.314.44%
QL-liposome 134.7+£1.97 0.25+0.02 23.6+0.72 84.5+1.97%
QLTf-liposome 151.5+2.23 0.21+0.04 17.4+3.89 90.2+6.62%
PF-liposome 155.9+1.21 0.11+0.02 31.4+0.52 89.5+3.26%
PFTf-liposome 159.7+3.33 0.12+0.01 27.3+2.19 88.8+4.46%
KFGF-liposome 145.9+4.18 0.24+0.04 28.3+1.36 84.5+1.97%
KFGFTf-liposome 151.5+3.47 0.19+0.03 20.1+1.21 90.7+£1.96%
TAT-liposome 144.1+4.29 0.22+0.03 27.5%1.67 88.2+7.40%
TATTT-liposome 138.3+1.84 0.22+0.01 19.5+2.69 90.2+7.30%
PasR8-liposome 153.4+3.39 0.23+0.03 28.7+1.13 92.4+3.73%
PasR8Tf-liposome 177.8+1.77 0.17+0.08 16.3+1.35 90.2+7.30%
RI9F2-liposome 164.2+2.31 0.16+0.05 30.4+0.93 86.1+2.97%
RIOF2Tf-liposome 168.7+£2.15 0.17+0.05 25.0+1.24 92.7+£3.27%
RVG-liposome 159.7+3.07 0.14+0.04 33.2+£1.77 87.4+3.85%
RVGTf-liposome 130.6+3.08 0.15+0.01 22.5+1.60 84.6+4.89%

Data are presented as mean + SD from four different preparations.
8PDI: polydispersity index
bEE: encapsulation efficiency

3.2. Chitosan-pDNA binding affinity
The formation of chitosan-pDNA complexes was evaluated using EtBr exclusion assay and
confirmed by agarose gel retardation assay. Naked pDNA was used as positive control. EtBr
intercalates with plasmid base pairs resulting in significant increase in fluorescence intensity.

When the plasmid complexes with chitosan, the EtBr-plasmid intercalation is prevented, reducing
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the fluorescence intensity [173]. Therefore, a decrease in fluorescence intensity indicates chitosan
plasmid interaction. The polyplexes were prepared at different N/P ratios to investigate the optimal
concentration of chitosan required to complex completely with pDNA while still being able to
dissociate from the chitosan inside the cells. High ratios of chitosan-plasmid can result in very
stable complexes, which will not dissociate easily inside the cells, compromising transfection
efficiency. As shown in the Figure 2 a, EtBr fluorescence decreased as chitosan-plasmid N/P ratio
increased and a significant reduction of up to 20% fluorescence was observed at N/P=5. Complex
formation was confirmed using agarose gel electrophoresis, where light bands of pPDNA (Figure 2
b, lane b) were observed at N/P= 1, but no bands were observed at higher N/P ratios. Based on this

data, a N/P=5 was chosen for preparation of chitosan-pDNA complexes.
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Figure 2. Binding affinity of plasmid DNA to chitosan. a) Relative fluorescence of chitosan-
pDNA complexes in different N/P ratios (1, 2, 3, 4, 5, 10 and 20). Data expressed as mean + SD
(n=4). b) Agarose gel electrophoresis of chitosan-pDNA complexes in different N/P ratios (1-lane
b, 5-lane ¢, 10-lane d, 15-lane e and 20-lane f). Naked pDNA was used as control.
3.3. DNase protection assay
A suitable gene delivery system should not only transport the therapeutic genes to the target
cells, but also protect them against enzymatic degradation. Free DNA is vulnerable to DNase

degradation and nanocarriers can potentially protect the encapsulated therapeutic molecules [74].
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The ability of liposomal formulations containing chitosan-pDNA complexes to protect pDNA
against enzymatic degradation was compared to free pDNA (Figure 3, lane a). Naked pDNA
(Figure 3a, lane b) was fully degraded upon incubation with DNase I, while pDNA encapsulated
in liposomal formulations remained intact as shown by presence of bright bands (Figure 3, lane c-
X), suggesting that all liposomal formulations could effectively protect the pDNA from enzymatic

degradation.

abcdefghij k]l mnopgqrstuvwx

Rl “ AL ™M I T rerTe

Figure 3. Protective effect of liposomal formulation encapsulating chitosan-pDNA (N/P 5) against
nuclease degradation. Lane a, naked pDNA,; lane b, naked pDNA+DNase I; lanes c-x, Plain-lip,
Tf-lip, Pen-lip, PenTf- lip, Mel-lip, MelTf-lip, pVec-lip, pVecTf-lip, QL-lip, QLTf-lip, PF-lip,
PFTf-lip, KFGF-lip, KFGFTf-lip, TAT-lip, TATTf-lip, PasR8-lip, PasR8Tf-lip, ROF2-lip, ROF2T+-
lip, RVG-lip and RVGTf-lip containing chitosan-DNA complexes, respectively + DNase I.
3.4. Invitro release

The cumulative release profile of pPDNA (Figure 4) from the liposomal formulations were
monitored at 37 °C for 24 h in phosphate buffer containing 5% FBS. Plasmid DNA was continually
released in the first 8 h from all formulations that amounted to 22% cumulative release from Plain-

lip, Pen-lip and PenTf-liposomes and 29% from Tf-liposomes. After 8 h, the liposomal

formulations exhibited a relatively slow release profile. The release rates of pDNA from Plain-,
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Tf-, Pen- and PenTf-liposomes were 37.3+£0.4%, 42.2+0.8%, 29.9£2.7%, 29.4+2.3%, respectively

after 24 h.
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Figure 4. Cumulative release of chitosan-pDNA at N/P ratio 5 from liposomal formulations for
up to 24 h. Data expressed as mean + SD (n=4).
3.5. In vitro cytotoxicity assay

Cellular viability after treatment for 4 h with different liposomal phospholipid
concentrations (100, 200, 400 and 600 nM) was studied in bEnd.3 (Figure 5), primary astrocytes
(Figure 6) and primary neuronal cells (Figure 7). The cytotoxicity was concentration-dependent in
all cell lines studied. Cell viability did not significantly decrease at 100 nM phospholipid
concentration and more than 90% cells survived till the end of study at 4 h. Cell survival
significantly (p<0.05) decreased to approximately ~67% at 600 nM phospholipid concentration of
liposomal formulations. At 600 nM phospholipid, Mel-lip and MelTf-lip demonstrated 57.8% of
cell viabilities, which is significantly (p<0.05) lesser as compared to other liposomal formulations
at the same phospholipid concentration. This can be due to the cell lytic capabilities of Mel peptide.

Corroborating to our findings, Mel has shown concentration and time-dependent cytotoxicity in
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studies with lymphocytes and such properties were associated to direct membrane toxicity as well
as DNA damage [174,175]. These results demonstrate the low cytotoxic potential of liposomal
formulations at 100 nM phospholipid concentration. Therefore, this phospholipid concentration

was chosen for the following experiments.
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Figure 5. Viability of bEnd.3 cells after incubation with liposomes at different phospholipid
concentrations (100, 200, 400 and 600 nM) for 4 h at 37 °C. Cells were incubated for a total of 48
h, after which an MTT assay was performed. Viability of untreated cells were used as control and
considered 100%. Data are represented as mean = SD (n=4). Statistically significant difference
(p<0.05) are shown as (*).
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Figure 6. Viability of primary astrocytes cells after incubation with liposomes at different
phospholipid concentrations (100, 200, 400 and 600 nM) for 4 h at 37 °C. Cells were incubated
for a total of 48 h, after which an MTT assay was performed. Viability of untreated cells were used
as control and considered 100%. Data are represented as mean + SD (n=4). Statistically significant
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Figure 7. Viability of primary neuronal cells after incubation with liposomes at different
phospholipid concentrations (100, 200, 400 and 600 nM) for 4 h at 37 °C. Cells were incubated
for a total of 48 h, after which an MTT assay was performed. Viability of untreated cells were used
as control and considered 100%. Data are represented as mean + SD (n=4). Statistically significant
difference (p<0.05) are shown as (*).
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3.6. Cellular uptake

Cellular uptake of liposomes was investigated in bEnd.3, primary astrocytes and primary
neuronal cells at different time intervals. Maximum liposome uptake was observed in bEnd.3 cells
in 4 h (Figure 8 a) and an increase in incubation time to 6 h led to no significant difference in the
uptake. For this cell line, the average uptake of Plain-lip, Tf-lip, Pen-lip and PenTf-liposomes after
4 h was ~78%, while that after 6 h was not significantly different at 81%. Based on this
information, the uptake of liposomal formulations in other cells lines was subsequently
investigated for up to 4 h. As shown in the Figure 8 a, b and ¢ (bEnd.3), Figure 10 a, b and ¢
(primary astrocytes) and Figure 12 a, b and ¢ (primary neuronal cells), uptake amounts gradually
increased from 0.1 h and reached optimal levels at 4 h, which was significantly higher for all
formulations compared to other time points (p<0.05) in all the three cell lines tested. The uptake
of liposomal formulations in bEnd.3 cells was in average 73.6% after 4 h, while the liposomal
uptake in primary astrocytes and primary neuronal cells were in average 66.2% and 65.6%,
respectively, after 4 h.

Mechanistic understanding of the biological processes that determine the uptake of CPP
coupled liposomes as well as CPP and Tf coupled liposomes is important for further development
of efficient gene delivery vectors with targeted properties, enhanced cellular internalization and
efficient transfection. Liposome internalization into the cells begins with interaction of the
liposome moieties to plasma membrane and subsequent activation of transport pathways
[176,177], which may occur either via endocytosis or direct translocation through plasma
membrane. We expected that the selected liposome moieties should trigger the activation of
endocytosis through sequence-specific interaction to cellular surface. Furthermore, we also

expected differences in liposome uptake among the tested cells due to cell-to-cell variation in
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plasma membrane composition including proteoglycans and receptors, which consequently may
influence intracellular fate of nanoparticles [177]. Figures 9 a, b and ¢ (bEnd.3), Figure 11 a, b and
¢ (primary astrocytes), and Figure 13 a, b and ¢ (primary neuronal cells) depict the relative
liposomal uptake percentages after pre-treatment with endocytosis inhibitors (sodium azide,
chlorpromazine, amiloride and colchicine). The depletion of intracellular ATP by pre-incubating
cells with sodium azide led to a substantial reduction in cellular internalization of liposomal
formulations, which suggested active endocytotic uptake mechanism as the major route for
liposome internalization.

The uptake of Plain-lip and Pen-lip in bEnd.3, primary astrocytes and primary neuronal
cells occurred through multiple pathways, without predominance of endocytosis routes
investigated. While uptake of Tf-lip and PenTf-liposomes occurred preferentially through clathrin-
mediated endocytosis, which reduced ~47% for both liposomes compared to control cells. These
observations are in accordance with the known endocytosis pathway of Tf-TfR complex and with
studies that investigated the uptake of Tf-conjugated liposomes in various cell lines [178-181],
thereby emphasizing the role of Tf ligand in liposomal uptake. Penetratin conjugation also assisted
liposomal-cell interaction and subsequent internalization, therefore contributing to the liposome
uptake through multiple pathways [123,182].

The internalization of pVec-liposomes in bEnd.3 cells showed lower dependence of
caveolae-mediated endocytosis pathway, which inhibited 28% the uptake, but greater impact of
clathrin-mediated endocytosis and macropinocytosis, corresponding to approximately 70% and
60% uptake inhibition, respectively. In primary astrocytes and primary neuronal cells, similar
contribution of the studied pathways was observed in pVec-liposome uptake. Whereas, clathrin-

and caveolae-mediated endocytosis were important for pVecTf-liposome uptake in bEnd.3 cells
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causing 80% uptake inhibition and macropinocytosis had lower impact, reducing 24% the uptake.
Equivalent contribution of the investigated endocytosis pathways was observed on uptake of
pVecTf-liposomes in primary astrocytes and primary neuronal cells. Differently, low influence of
endocytosis pathways was observed in QL-liposomes uptake in bEnd.3 (less than 20% uptake
inhibition for all pathways) and primary astrocyte cells (less than 25% uptake inhibition for all
pathways), suggesting that the transport could occur also through passive transport. While clathrin-
mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis participated in the
uptake of QL-liposomes with equivalent contribution in primary neuronal cells. QLTf-liposomes
internalization into the cells showed participation of all three investigated endocytosis pathways.
When the same cell lines were pre-incubated with chlorpromazine, the percent uptake of PFTf-lip
and R9F2Tf-liposomes was reduced about 70%, which indicates the involvement of clathrin-
mediated endocytosis on uptake of dual-functionalized liposomes. Inhibition of macropinocytosis
by amiloride reduced significantly (p<0.05) the cellular uptake of liposomal formulations,
especially of PFTf-lip and ROF2Tf-liposomes. Pretreating cells with colchicine resulted in
significant (p<0.05) decrease in cellular internalization of PFTf-lip and R9F2Tf-liposomes. The
observed difference on the mechanisms of internalization between CPP-liposomes and CPP-Tf-
liposomes suggests that interaction of Tf to TfR has important role on the energy-dependent
liposome internalization. Concomitant presence of Tf and CPPs on liposome surface propitiated
liposome uptake through multisite binding and electrostatic attraction binding and, consequently,
maintaining high rate of uptake even in case of TfR saturation.

Mel-liposomes internalization in bEnd.3 cells and primary astrocytes occurred through
multiple endocytosis mechanisms, without predominance of either clathrin-mediated endocytosis,

caveolae-mediated endocytosis or macropinocytosis. While, the internalization into primary
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neuronal cells preferentially occurred via caveolae-mediated endocytosis and direct translocation
was also observed. Uptake of MelTf-liposomes in bEnd.3, primary astrocytes and primary
neuronal cells was driven by multiple endocytosis pathways without significant predominance of
one pathway.

Clathrin-mediated endocytosis showed to be the main mechanism for kFGF-lip
internalization into bEnd.3 cells, whereas macropinocytosis was that for primary astrocytes and
primary neuronal cells. Penetration of KFGF-Tf-lip into primary neuronal cells occurred mainly
through clathrin-mediated endocytosis, but there was no preferential route for KFGF-Tf-lip uptake
for bEnd.3 cells and primary astrocytes. The translocation potential of KFGF-conjugated cargos
has been suggested to be related to the overall hydrophobic composition of the peptide [148]. Our
findings are in accordance with earlier reports showing that internalization of hydrophobic CPPs
into cells happened mainly via endocytotic pathway [183]. Penetration of TAT-liposomes into
bEnd.3 and primary neuronal cells showed an average of 79% uptake reduction for clathrin-
mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis. While on primary
astrocytes cells, macropinocytosis was significantly inhibited (68%). All studied pathways were
involved in TATTf-liposomes internalization into the bEnd.3, primary astrocytes and primary
neuronal cells. The results suggested that uptake of PasR8-lip and PasR8Tf-lip by the
aforementioned cells employs energy-dependent pathways with the involvement of clathrin-
mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis. Similarly, the
promotion of PasR8 or peptide-modified nanoparticles translocation into cytoplasm was observed
to be predominantly an energy-dependent mechanism in different studies [117,141,142]. It

suggested the mechanism was based on destabilization of plasma membrane during early stages
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of endocytosis. The hydrophobic segment Pas attached to R8 facilitated the peptide-proteoglycan
interactions, thereby enhancing their internalization [141,142].

We observed that RVG-liposomes and RVGTf-liposomes were internalized into the cells
via multiple endocytosis mechanisms. RVG-liposome was predominantly internalized into bEnd.3
cells through macropinocytosis and clathrin-mediated endocytosis, as suggested by the significant
(p<0.05) inhibition of uptake by amiloride and chlorpromazine pretreatment as compared to
control. Amiloride and colchicine pretreatment significantly (p<0.05) reduced the uptake of
RVGTf-liposomes in primary astrocytes as compared to control indicating this process involved
macropinocytosis and caveolae-mediated endocytosis. Hence the study of cellular uptake
mechanisms using endocytosis inhibitors suggested that our liposomal formulations were
internalized into cells via multiple endocytosis pathways including macropynocytosis, clathrin-
mediated endocytosis, caveolae-mediated endocytosis and intracellular trafficking. These findings
were similarly observed in studies that characterized the uptake mechanisms involved in

internalization of RVG-modified nanoparticles into cells [157,162].
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Figure 8. Cellular uptake in bEnd.3 treated with liposomal formulations for 0.1, 0.25, 1, 4 and 6
h (a, b and c¢). Data expressed as mean = SD (n=4). Statistically significant difference (p<0.05) are
shown as (*).
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Figure 9. Effect of chemical inhibitors on uptake of liposomal formulations in bEnd.3 (a, b and c)
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Figure 11. Effect of chemical inhibitors on uptake of liposomal formulations in primary astrocytes
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Figure 12. Cellular uptake in primary neuronal cells treated with liposomal formulations for 0.1,
0.25,1and 4 h (a, b and c). Data expressed as mean = SD (n=4). Statistically significant difference
(p<0.05) are shown as (*).
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Figure 13. Effect of chemical inhibitors on uptake of liposomal formulations in primary neuronal
cells (a, b and c) after 4 h of incubation. Data expressed as mean £ SD (n=4). Statistically
significant difference (p<0.05) are shown as (*).
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3.7. In vitro transfection efficiency

The efficiency of liposomal formulations as a gene carrier was evaluated in bEnd.3,
primary astrocytes and primary neuronal cells using ppgal, pGFP, pNGF and pApoE2. The cell
lines used in these experiments comprise the BBB and therefore they can be used as a model to
evaluate the transfection in the targeted biological barrier. We observed that CPPTf-liposomes
containing chitosan-ppgal complexes showed significantly (p<0.05) higher ability to induce
protein expression in bEnd.3 (Figure 14 a) compared to the respective CPP-liposome. This trend
was also observed in primary astrocytes (Figure 14 b) and primary neuronal cells (Figure 14 c).
The protein expression was induced in differential extent in the tested cells. The highest levels of
proteins were quantified in bEnd.3 cells, followed by primary astrocytes and primary neuronal

cells.
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Figure 14. B-galactosidase expression levels 48 h after transfection in bEnd.3 cells (a), primary
astrocytes (b) and primary neuronal cells (c) treated with liposomal formulations containing
chitosan-ppgal complexes (1pg). Data expressed as mean £ SD (n=4). Statistically significant
differences (p<0.05) are shown as (*).
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Following the same trend observed on transfection studies with liposomes containing
chitosan-ppgal complexes, liposomal formulations conjugated with both CPP and Tf could induce
higher GFP gene levels in bEnd.3 (Figure 15 a), primary astrocytes (Figure 15 b) and primary
neuronal cells (Figure 15 c) as compared to liposomes conjugated only with CPP. The expression
of GFP in bEnd.3 (Figure 16), primary astrocytes (Figure 17) and primary neuronal cells (Figure
18) was also observed using a fluorescence microscope. Differential extent of GFP expression was
observed in each cell line with bEnd.3 cells expressing the highest levels, followed by primary

astrocytes and primary neuronal cells, subsequently.
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Figure 15. GFP expression levels 48 h after transfection in bEnd.3 cells (a), primary astrocytes
(b) and primary neuronal cells (c) treated with liposomal formulations containing chitosan-pGFP
complexes (1ug). Data expressed as mean + SD (n=4). Statistically significant differences
(p<0.05) are shown as (*).
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Figure 16. Fluorescence microscopy images of GFP expression in bEnd.3 treated with liposomal
formulations encapsulating 1pg chitosan-pGFP complexes. Scale bar, 100 pm.
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Figure 17. Fluorescence microscopy images of GFP expression in primary astrocytes treated with
liposomal formulations encapsulating 1jg chitosan-pGFP complexes. Scale bar, 100 um.
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Figure 18. Fluorescence microscopy images of GFP expression primary neuronal cells treated
with liposomal formulations encapsulating 1jg chitosan-pGFP complexes. Scale bar, 100 um.

The induction of NGF expression by liposomal formulations containing chitosan-pNGF
complexes investigated in bEnd.3 (Figure 19 a), primary astrocytes (Figure 19 b) and primary
neuronal cells (Figure 19 c) showed significant (p<0.05) increase in NGF expression after
treatment of the aforementioned cells with dual-functionalized liposomes as compared to cellular
basal NGF levels and the positive control Lipofectamine 3000/pNGF treatment. Surface
modifications on liposomes individually increased the gene expression and dual modification

enlarged it.
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Figure 19. NGF expression levels 48 h after transfection in bEnd.3 cells (a), primary astrocytes
(b) and primary neuronal cells(c) treated with liposomal formulations containing chitosan-pNGF
complexes (1upg). Data expressed as mean + SD (n=4). Statistically significant (p<0.05)
differences are shown as (*).
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Evaluation of ApoE levels in bEnd.3 (Figure 20 a), primary astrocytes (Figure 20 b) and
primary neuronal cells (Figure 20 c) after treatment with liposomal formulations containing
chitosan-pApoE2 complexes showed the enhanced ability of PenTf-liposomes to significantly
(p<0.05) increase ApoE levels as compared to Plain-lip, Tf-lip, Pen-lip, endogenous ApoE levels,

naked ApoE2 and Lipofectamine 3000/pApoE?2 treatment in the aforementioned cells.
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Figure 20. ApoE expression levels 48 h after transfection in bEnd.3 cells (a), primary astrocytes
(b) and primary neuronal cells(c) treated with liposomal formulations containing chitosan-pApoE2
complexes (1upg). Data expressed as mean + SD (n=4). Statistically significant (p<0.05)
differences are shown as (*).
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Our findings are in good accordance with studies that demonstrated the enhancement in
transfection provided by liposome modified with specific ligands [74,184,185]. Additionally,
combination to transferrin-receptor targeting has consolidated to be a consistent strategy for both

targeting properties and enhanced transfection [78,186,187].

3.8. Endosomal escape

Endosomal escape of formulations in bEnd.3 cells was investigated by treating the cells
with sucrose, a lysosomotropic agent that causes osmotic inflow of water into lysosomes, thereby
reducing nuclease-mediated degradation [169]. Enhancement in transfection efficiency by sucrose
was quantified using a GFP reporter gene. As shown in Figure 21 a, transfection efficiencies in
bEnd.3 cells treated with sucrose and pGFP, Plain-lip, Tf-lip, Pen-lip or PenTf-liposomes were
1.3+0.1%, 16.0+1.6%, 16.6+0.8%, 27.2+7.8% and 48.6+12.8%, respectively. Significant (p<0.05)
enhancement in transfection in bEnd.3 cells treated with Plain-liposomes + sucrose was observed
compared to Plain-liposomes without sucrose, as evident by the increased fluorescent signal
produced in the cells. In contrast, other treatment groups (pGFP, Tf-lip, Pen-lip and PenTf-
liposomes + sucrose) did not enhance the transfection efficiency in bEnd.3 cells significantly
(p<0.05) compared to the respective treatments without sucrose. As earlier observed, PenTf-
liposomes showed higher capacity to transfect bEnd.3 cells irrespective of presence of sucrose
compared to the other liposomal formulations. Fluorescence microscopy images of cells treated

with liposomal formulation expressing GFP confirmed the quantitative analysis (Figure 21 b).
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Figure 21. Assessment of ability of liposomes to escape endosome. (a) GFP expression levels 48
h after transfection in bEnd.3 cells treated with or without 50 mM sucrose and Plain-lip, Tf-lip,
Pen-lip or PenTf-liposomes containing chitosan-pGFP complexes (1ug). Data expressed as mean
+ SD (n=4). Statistically significant differences (p<0.05) are shown as (*) with Plain-liposome,
(#) with pGFP-+sucrose and (1) with Pen-lip+sucrose. (b) Fluorescence microscopy images of GFP
expression in bEnd.3 cells treated with or without 50 mM sucrose and Plain-, Tf-, Pen- or PenTf-
liposomes containing chitosan-pGFP complexes (1 pg). Scale bar, 100 pm.

3.9. Effect of PenTf-liposomes containing chitosan-pNGF on formation of new synaptic
vesicles in primary neuronal cells

In AD, mounting evidence has demonstrated the role of AP deposition in synaptic
dysfunction which leads to cognitive decline as well as reduction in synaptic markers [188].
Protection of synapses has been identified as a potential approach for treatment of AD by
attenuating the cognitive deficits [189,190]. Knowing that NGF modulates the functional integrity
of cholinergic neurons in the CNS, hence, NGF therapy may also potentially treat AD by
promoting synapses protection. We investigated the effect of PenTf-liposomes containing
chitosan-pNGF complexes treatment on formation of new synaptic vesicles in primary neuronal
cells through quantification of synaptophysin levels. Synaptophysin is an abundant membrane
protein of synaptic vesicles and it is considered a pre-synaptic marker. Studies with AD mouse
models and AD patients have correlated the progressive loss of synaptophysin with cognitive

decline and AD severity [188,191,192]. We performed qualitative (Figure 22 a) and quantitative
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(Figure 22 b) evaluation of synaptophysin levels in different time points after the treatment of the
cells. We observed that the levels of synaptophysin, i.e. number of synaptic vesicles, significantly
(p<0.05) increased after 24 h of the treatment as compared to control levels and maximal relative
fluorescence was observed after 48 h. After 14 days of the treatment, the number of synaptic

vesicles was no different than that of control.
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Figure 22. a) Effect of PenTf-liposomes containing chitosan-pNGF complexes (1 pg) treatment
on formation of new synaptic vesicles in primary neuronal cells assessed in predetermined time
points (12 h, 24 h, 48 h, 72 h, 7 days and 14 days after the treatment). Cells were stained with anti-
synaptophysin antibody (green) and anti-NeuN antibody (red). Scale bar, 100 um. b) Relative
expression of Synaptophysin in primary neuronal cells after 12 h, 24 h, 48 h, 72 h, 7 days and 14
days of treatment with PenTf-liposomes containing chitosan-pNGF complexes (1 pg).
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3.10. Transport across in vitro BBB

A significant number of potential formulations for the treatment of CNS diseases fail to
bypass the BBB. Therefore, it is relevant to characterize BBB permeability of these candidates in
a reliable in vitro BBB model. This system can provide a better understanding of mechanisms
involved in crossing such tight barrier and can allow the screening as well as the optimization of
candidate formulations [165,193]. The in vitro BBB model was developed co-culturing brain
endothelial cells (bEnd.3 cells) on the upper surface of culture inserts, primary astrocytes seeded
on the lower surface of the culture insert and primary neuronal cells on the bottom of the culture
wells. This configuration provides close resemblance to the cell arrangement at the
neurovasculature unit thereupon it has become a more widely accepted model [194]. In the
developed in vitro BBB, TEER of cell culture inserts containing either bEnd.3 cells in the upper
side of inserts or primary astrocytes on underside of inserts showed TEER of about 191.9+6.1
Qcm? and 135.7+2.4 Qcm™, respectively as shown in Figure 23 a. TEER of co-cultured insert was
significantly (p<0.05) higher (401.5+7.3 Qcm™) than the monolayer models, and there was no
evident change in resistance after the co-culture was confluent (Figure 23 a). Astrocytes are
postulated to increase the tightness of endothelial monolayers as reflected by the TEER values of
the co-culture. The BBB model was characterized based on TEER values and permeability to
sodium fluorescein (Na-Fl), a barrier integrity marker.

Using fluorescently labelled-liposomes, we showed that liposome transport across the in
vitro co-culture BBB model occurred over time (Figure 23 b, ¢ and d). Furthermore, the results
were suggestive that transferrin receptor-targeting aided in the interaction of CPPTf-liposomes to
Tf receptor on cell surface enhancing the transport across the in vitro barrier layer. Participation

of Tf on liposome translocation also suggested the involvement of clathrin-mediated endocytosis
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in this process. After 8h, approximately 10.1% of liposomal formulations crossed the in vitro BBB
model and PenTf-liposomes showed the best ability to cross the barrier layer (15.2%). The
permeability coefficients of the formulations were 2.1-fold to 5.2-fold higher as compared to that
of Na-FI (Figure 23 e). Despite the significantly (p<0.05) higher permeability of the liposomal
formulations when compared to Na-Fl, the values of TEER (Figure 23 f) strongly indicate that
liposomes did not cause membrane disruption or cellular damage after transport investigation.

Therefore, the integrity of the cellular barrier was maintained throughout the experiment.
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Figure 23. a) Transendothelial electrical resistance (TEER, expressed as Qcm-2) of different BBB
models constructed using astrocytes and bEnd.3 monolayers and co-culture of bEnd.3 and
astrocytes. A significantly higher statistical difference in the TEER values between the groups was
noted (*p<0.05). Liposomal transport through BBB model over a period of 8 h (b, ¢ and d).
Statistically significant differences are shown as (*). e) Endothelial cell permeability (Pe,
expressed in 1x10°® cm/s) coefficient for sodium fluorescein (Na-FI) and liposomal formulations.
f) TEER of co-cultured BBB model before and after 8 h of transport study upon incubation with
liposomal formulations. All data are expressed as mean + SD (n=4).
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3.11. Transfection efficiency in primary neuronal cells after liposome transport
across in vitro BBB model

The ability of dual modified liposomes to transfect primary neuronal cells after crossing
the in vitro BBB model was assessed using plasmid GFP, plasmid NGF and plasmid ApoE2. We
observed that the liposomes were able to transfect primary neuronal cells indicating that the
nanoparticles were able to cross the in vitro BBB model and, thereafter, deliver the plasmid DNA
into the nucleus of primary neuronal cells. PenTf-lip and TATTf-lip containing chitosan-pGFP
complexes increased GFP expression in primary neuronal cells in average 7.1%. Plain-lip, Tf-lip,
Pen-liposomes and QLTf-lip increased GFP expression in average 2.9%. While MelTf-lip,
pVecTf-lip, PFTf-lip, KFGFTf-lip, PasR8Tf-lip, ROF2Tf-lip and RVGTf-lip increased GFP
expression in average 5.4% (Figure 24 a). Fluorescence images of transfected cells confirmed the
flow cytometry results (Figure 24 b). Similar transfection efficiency was observed with liposomes
containing chitosan-pNGF complexes (Figure 25), which PenTf-lip and TATTf-liposomes showed
superior ability to induce NGF production in primary neuronal cells.

Regarding liposomal formulation containing chitosan-pApoE2 complexes, PenTf-
liposomes induced significantly (p<0.05) higher ApoE expression in primary neuronal cells after
transport across the in vitro BBB model as compared to Plain-lip, Tf-lip and Pen-liposomes

induced levels and cellular basal levels (Figure 26).
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Figure 24. Transfection efficiency of liposomal formulations containing chitosan-pGFP
complexes (a) in primary neuronal cells after transport across in vitro BBB barrier. b) Fluorescence
images of primary neuronal cells transfected with liposomal formulations containing chitosan-
pGFP complexes after transport study. Scale bar, 100 um. Data are expressed as mean + SD (n=4).
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Figure 25. Transfection efficiency of liposomal formulations containing chitosan-pNGF
complexes in primary neuronal cells after transport across in vitro BBB barrier. Data are expressed
as mean = SD (n=4).
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Figure 26. Transfection efficiency of liposomal formulations containing chitosan-pApoE2
complexes in primary neuronal cells after transport across in vitro BBB barrier. Data are expressed
as mean £ SD (n=4). Statistically significant (p<0.05) differences are shown as (*).
3.12. Blood compatibility
Evaluation of interaction of liposomal formulations with blood cells can help examine

possible undesirable effects after systemic administration in vivo. As shown in Figure 27, the

hemoglobin release due to erythrocyte lysis was concentration dependent. At the lowest
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phospholipid concentration (31.25 nM), 1.3% hemolysis in average was detected, which gradually
increased to 11.5% hemolysis at 1000 nM phospholipid concentration. Whereas Mel-lip and
MelTf-lip at 31.25 uM phospholipid concentration was 1.9% in average, these liposomal
formulations significantly (p<0.05) increased hemolysis at 1000 nM phospholipid concentration
to 15.6% in average. The higher levels of hemolysis induced by Mel-lip and MelTf-lip could be
attributed to the strong interaction of Mel to cell membranes, which can cause disruption of lipid
structure accounting for erythrocyte lysis. Membrane binding and lysis properties of Mel depend
on not only the plasma membrane composition, but also depend on peptide concentration
[128,130]. Furthermore, conjugation to DSPE-PEG has demonstrated to reduce the lytic activity
of Mel [195]. Taken together, these could be an explanation for the lower levels of hemolysis
induced by Mel-lip and MelTf-lip at low phospholipid concentration. The study of direct effects
of Mel on erythrocytes exposed to Mel concentrations of 0.5 uM, 0.75 uM and 1uM demonstrated
the lytic properties of this peptide, which produced variation on median cell volume followed by
cell lysis [174]. Biomaterials with hemolytic index below 2% are classified as non-hemolytic,
while the ones within the range 2%-5% are classified as slight hemolytic and the ones above 5%
are classified as hemolytic, according to ISO Standard Practice for Assessment of Hemolytic
Properties of Materials [196]. Therefore, liposomal formulations at low phospholipid
concentration were considered non-hemolytic, which suggested to be appropriate for intravenous

administration.
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Figure 27. Hemolytic activity of liposomal formulations at different concentrations (31.25-1000
M) in erythrocyte solution after 1 h of incubation at 37 °C. Hemolytic activity of 1% v/v Triton
X-100 was considered as 100% hemolysis. Data are expressed as mean = SD (n=4). Statistically
significant (p<0.05) differences are shown as (*).



3.13. In vivo biodistribution in wild type mice

Quantitative estimation of liposome distribution showed accumulation mainly in the brain
and to a lower extent in the liver and lungs. The fluorescence intensity found in brain treated with
PenTf-liposomes was 11.9+1.3% ID/g, which was significantly (p<0.05) higher as compared to
the fluorescence intensity detected for the other liposomal formulations (Figure 28). Additionally,
we observed that liposomes conjugated with both CPP and Tf had superior ability to reach the
brain of mice compared to liposomes conjugated only with CPP. No differences were found among
liposomal formulations with respect to accumulation in the liver, kidneys, heart, lungs and blood.
The biodistribution of DiR-liposomal formulations was tracked using NIR imaging, as shown in

Figure 29.
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Figure 28. Biodistribution of fluorescent labeled-liposomes (15.2 uM of phospholipids/kg body
weight) after 24 h of intravenous injection in C57BL/6 mice performed in brain, liver, kidneys,
heart, lungs and spleen (n=6). Data are expressed as mean + SD of injected dose percentage (%ID)
per gram of tissue. Statistically significant differences (p<0.05) are shown as (*).
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Figure 29. Biodistribution of DiR-liposomes in C57BL/6 mice. Liposomal formulations (15.2 uM
of phospholipids/kg body weight) were intravenously administered to mice. NIR images were
acquired 24 h after administration.
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3.14. In vivo transfection efficiency in wild type mice

The capacity of liposomes to transfect cells of different organs after systemic
administration was evaluated using liposomes containing plasmid Bgal, plasmid GFP, plasmid
NGF and plasmid ApoE2. The transfection of tissues was similar to the biodistribution of
liposomal formulations. As shown in Figure 30, Bgalactosidase activity was negligible in the heart,
lungs, spleen and blood and no significant (p<0.05) difference was found between the endogenous
levels of Bgal and treatment with naked pDNA. Brain, liver and kidneys demonstrated significantly
(p<0.05) higher Pgalactosidase activity with Plain-lip, Tf-lip, Pen-lip and PenTf-liposomes
compared to the endogenous levels. Furthermore, PenTf-liposomes demonstrated better
transfection capacity in the brain (15.7 milliunits Bgal activity/ug of total protein), that was
significantly (p<0.05) higher than Plain-liposomes (11.7 milliunits/ug of total protein). For liver
and kidneys, no significant difference (p<0.05) was found among the liposomal formulations.

Quantification of transfection efficiency of liposomal formulation containing the reporter
gene Pgal in different organs was a strategy used to determine pharmacological consequence of
differential biodistribution of the liposomes. Additionally, quantification of Bgal activity enable
determination of gene delivery specifically to cell nucleus. Upon single administration, dual-
functionalized liposomal formulations (PenTf-liposomes) were not only able to reach brain
parenchyma in significant amount (~12%), but also transfect brain cells with Pgal gene.
Transfection efficiency of liposomal formulations followed the pattern observed in biodistribution
study. The results indicate that the formulation accumulated at high levels mainly in the brain,
liver, kidneys and to a lesser extent in the heart. The targeting properties along with protection
from enzymatic degradation of PenTf-liposomes might have contributed to the higher protein

expression observed in the brain.
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Figure 30. B-gal expression in C57BL/6 mice treated with liposomal formulations containing
pBgal after 5 days of liposome administration. fgalactosidase activity was quantified in different
organs (brain, liver, kidneys, heart, lungs, spleen and blood) harvested from mice treated with
Plain-lip. Tf-lip, Pen-lip, PenTf-liposomes (15.2 puM of phospholipids/kg body weight)
encapsulating ppgal (1 mg pDNA/kg body weight). Six mice were used per group. Data are
expressed as mean = SD. Statistically significant differences (p<0.05) are shown as (*) with
control, (#) with Bgal and (1) with Plain-lip.
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We confirmed the ability of liposomes to cross BBB and induce the expression of GFP
protein in hippocampus as well as in cortex of mice brain (Figure 31 a) after treating the animals
with liposomes containing chitosan-pGFP complexes. Slightly increased fluorescence was
observed in cortex and hippocampus of mouse treated with PenTf-liposomes compared to Plain-
liposomes. These observations correlate well with the biodistribution and transfection efficiency
profile of these liposomal formulations. Furthermore, the specificity of PenTf-liposomes to
transfect neurons was demonstrated by GFP that was mainly expressed in neurons co-localized
with the neuronal marker NeuN (Figure 31 b). Immunofluorescence images of GFP expression in
the brain induced by liposomes confirmed the ability of these nanoparticles to reach brain
parenchyma and specially, transfect neurons. The dual liposome surface modification with Tf
ligand and Pen may have exerted an additive/synergistic effect on BBB targeting as well as
neuronal transfection. Overall, these dual-functionalized liposomes have the potential to accurately

and efficiently deliver pDNA into brain and should be considered for further development.
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Figure 31. Immunofluorescence analysis of mouse brain sections. a) Cortex and hippocampus
sections from non-treated mouse (control) and mouse treated with Plain- and Pentf-liposomes
containing chitosan-pGFP complexes (1 mg pDNA/kg body weight) stained with anti-GFP
antibody. b) Cortex and hippocampus sections of mouse treated with PenTf-liposomes containing
chitosan-pGFP complexes (1 mg pDNA/kg body weight). Sections were stained with anti-GFP
antibody (green) and anti-NeuN antibody (red) (40x magnification).
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Hence, next we evaluated whether single intravenous administration of Plain-liposome or

PenTf-liposomes containing chitosan-pApoE2 (1mg pApoE2/kg body weight) would significantly
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increase the levels of ApoE in the brain of mice. We observed that PenTf-liposomes (20.8 + 4.0
ng/ug of protein) significantly (p<0.05) increased ApoE expression in the brain as compared to
Plain-liposomes chitosan-pApoE2 complexes (14.4 + 3.4 ng/ug of protein), naked plasmid ApoE2
(3.4 £ 1.8 ng/ug of protein) and endogenous levels (2.5 + 2.0 ng/ug of protein), as depicted in
Figure 32. No differences were found in liver, kidneys, heart, lungs and spleen among ApoE
endogenous levels and administration of naked ApoEZ2, Plain-lip and PenTf-liposomes containing
chitosan-pApoE2 complexes. Additionally, we observed that PenTf-liposomes containing
chitosan-pApoE2 significantly (p<0.05) increased the ApoE protein levels in the blood compared
to endogenous protein levels (control group) and administration of plasmid ApoE2.

The engineered brain-targeted liposomes also showed in vivo brain targeting and gene
delivery efficiencies. The in vivo results demonstrated that PenTf-liposomes encasing chitosan-
pPApOoE2 was capable to significantly (p<0.05) increase ApoE levels in the brain of mice on single
injection compared with unmodified liposomes encasing chitosan-pApoE2 complexes and
equivalent dose of free plasmid ApoE2. Increasing ApoE2 levels in the brain of AD mouse model
has demonstrated to decrease the endogenous AP as well as amyloid deposition [197-199]. It is
particularly encouraging to note that the current study demonstrated the effectiveness of designed
brain-targeted liposomes-mediated ApoE2 gene therapy as a potential disease-modifying therapy
for AD. Additional studies are needed to investigate the therapeutic potential of liposome-mediated

ApoE2 gene transfer for treatment of AD using AD mouse model.
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Figure 32. ApoE expression in C57BL/6 mice treated with liposomal formulations containing
plasmid ApoE2 after 5 days of liposome administration. ApoE levels were quantified in different
organs (brain, liver, kidneys, heart, lungs, spleen and blood) harvested from mice treated with
plasmid ApoE2, Plain-liposome and PenTf-liposomes containing chitosan-pApoE2 complexes (1
mg pDNA/Kkg body weight). Twelve mice were used per group. Data are expressed as mean + SD.
Statistically significant differences (p<0.05) are shown as (*).

A dose response study of liposomal formulations containing plasmid NGF following single
administration was performed into C57BL/6 mice to evaluate the effect of treatment on NGF
expression. Three different doses of pNGF (4, 20 and 40 ug of pNGF/100 g of body weight)
encapsulated in either Plain-liposomes or PenTf-liposomes were tested in C57BL/6 mice and
protein expression was analyzed after 5 days. Additionally, the effect of treatment of the dual-
functionalized liposome containing the highest dose (40 pg of pNGF/100 g of body weight) on
protein expression was also evaluated after 15 days of administration (Figure 33). In our previous
biodistribution study with the same type of liposomal formulations, we observed that liposomes
were able to cross the BBB and transfect brain cells. Based on these findings, we hypothesized

that our liposomal formulations containing plasmid NGF would be also capable to transfect brain

cells. Moreover, a dose response study would suggest the adequate gene treatment. Comparing the
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NGF expression induced by the liposomal formulations after 5 days of administration in the brain,
we observed a dose dependent response. Additionally, PenTf-liposomes containing 40 g of pNGF
induced significantly higher NGF expression compared to NGF endogenous levels, free NGF
administration and the treatment with Plain-liposomes. Covering from lowest to highest dose, we
did not observe any significantly different NGF expression after 5 days of treatment with liposomal
formulations compared to NGF endogenous levels in liver, kidneys, lungs, heart, spleen and blood.
This observation shows that the NGF expression is transient. A decrease in NGF expression was
observed in all organs after 15 days of administration of the highest dose of PenTf-liposomes
containing NGF, and the expression was not significantly different compared to endogenous

levels.
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Figure 33. NGF expression in C57BL/6 mice treated with Plain-lip and PenTf-liposomes (15.2
UM of phospholipids/kg body weight) encapsulating either 4 pg, 20 ug or 40 pug pNGF/100g body
weight after 5 days of liposomal administration and NGF expression in C57BL/6 mice treated with
PenTf-liposomes encapsulating 40 pg pNGF/100g body weight after 15 days of liposomal
administration. NGF expression was quantified in brain, liver, kidneys, heart, lungs, spleen and
blood. Data are expressed as mean + SD (n=6). Statistically significant (p<0.05) differences are
shown as (*) with Endogenous levels, (#) free pPNGF administration and (1) with Plain-liposomes

40ug.
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3.15. Biocompatibility of liposomal formulations in wild type mice

Histological examination of organs was performed to investigate biocompatibility of the
liposomal formulations containing chitosan-pfgal complexes (Figure 34 a), chitosan-pNGF
complexes (Figure 34 b) and chitosan-pApOE2 complexes (Figure 34 c). The tissue samples from
animals administered with PBS were used as control. H&E staining of the organs revealed no
alterations in morphological appearance of the tissues. Additionally, no signs of necrosis,
inflammation or cytotoxicity were observed, even in liver, lungs and brain, which demonstrated
high accumulation of liposomes.

The in vivo biocompatibility of formulations administered systemically is fundamental to
its safety. Low doses of cationic liposomes have shown good biocompatibility, biodegradability
and low cytotoxicity [35,200]. Histological examination of brain, liver, kidneys, heart, lungs and
spleen tissues demonstrated the non-cytotoxic profile of liposomal formulation, showing no
cellular damage or morphological alterations. The H&E analysis of organs and hemocompatibility
study confirmed the low toxicity and good biocompatibility of liposomal formulations. Additional
detailed investigation is needed to evaluate in vivo liposomal toxicity including assessment of
genotoxicity and inflammation markers, which are not obtained by histology and hematological
analyses [200]. The use of organ specific biomarkers may be a more accurate way to investigate
toxicity in drug development. For example, standard biomarkers of drug-induced liver injury
including alanine aminotransferase and aspartate aminotransferase can be studied [201,202]. Also,
evaluation of oxidative stress and quantification of blood biomarkers such as Tau and GFAP can
potentially indicate brain injury [203,204]. Investigation of these different toxicity biomarkers will
be included in our future studies. Based on H&E staining and blood compatibility studies, the dual-

functionalized liposomes can be considered a suitable formulation for systemic administration.
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Analysis of brain histological sections together with immunofluorescence images of cortex and
hippocampus did not indicate any disruption of the BBB. Therefore, liposome accumulation in the
brain suggests their ability to cross the BBB without damaging the barrier cells. During the

experimental study, no sign of toxicity or change in animal behavior was observed.
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Figure 34. Histological analysis through H&E staining of organ sections (brain, liver, kidneys,
heart, lungs and spleen) of C57BL/6 mice subjected to various liposomal formulations treatment.
a) Representative organ sections of mice treated with Plain-lip, Tf-lip, Pen-lip and PenTf-
liposomes containing chitosan-ppgal (1 mg/kg body weight). b) Representative organ sections of
mice treated with Plain-lip and PenTf-liposomes containing chitosan-pApoE2 (1 mg/kg body
weight). c) Representative organ sections of mice treated with Plain-lip and PenTf-liposomes
containing chitosan-pNGF (40 pg/100 g body weight). The tissue sections from mice administered
with PBS were used as controls. Scale bar, 100 um.
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3.16. Neuroprotective effects of PenTf-liposomes containing chitosan-pNGF on APP/PS1
double transgenic mice
APP/PS1 mice (3 months-old) were treated with four doses (one dose every seven days) of
liposomal formulations containing chitosan-pNGF complexes (40 pg/100 g body weight). On the
28" day after the first dose, the NGF levels were quantified and compared with those of C57BL/6
mice, APP/PS1 mice and APP/PS1 mice treated with four doses of naked NGF. We observed that
NGF levels in APP/PS1 mice treated with PenTf-liposomes were significantly (p<0.05) higher as

compared to endogenous NGF levels of C57BL/6 mice and APP/PS1 mice (Figure 35).

2004
150+
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Figure 35. NGF levels in C57BL/6, APP/PS1, APP/PS1 treated with plasmid NGF and APP/PS1
mice treated with PenTf-liposomes (15.2 uM of phospholipids/kg body weight) encapsulating 40
Mg pNGF/100g body weight after 30 days of liposomal administration. NGF expression was
quantified in brain using NGF ELISA kit. Fourteen mice were used per group. Data are expressed
as mean = SD (n=14). Statistically significant (p<0.05) differences are shown as (*) with NGF
endogenous levels in C57BL/6 and (#) NGF endogenous levels in APP/PS1 mice.

It is generally believed that production and aggregation of AP, which are generated from

amyloidogenic cleavage of amyloid precursor protein (APP), are highly related to AD
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pathogenesis [4,8]. Among the AP isoforms, AB1-40and APi-42 are the most important and elevated
APB1-42/AP1-40 ratio is suggested to be related to neurotoxic effects. Accordingly, Api-s2 peptide has
demonstrated higher cellular toxicity and faster ability to aggregate as compared to AP1-40 peptide,
being Ap1-42 aggregates the major component of amyloid plaque in AD brain [9,205]. To this end,
we investigated the levels of water soluble AP (AP in TBS fraction), soluble AP associated with
lipid membranes (AP in TBS-TX fraction) and insoluble A associated to plaque deposition (A
in GDN fraction) in APP/PS1 mice treated with PenTf-liposomes containing chitosan-pNGF
complexes and compared to the levels of AP fractions in APP/PS1 and C57BL/6 mice. We
observed in this study that APP/PS1 mice have higher levels of soluble and insoluble AP1-40 and
AP1-42 as compared to those levels of normal mice, as depicted by the AP1.40 and AP1-42 levels in
TBS, TBS-TX and GDN fractions in Figure 36 a, b and c, respectively. The treatment of APP/PS1
mice with PenTf-liposomes containing chitosan-pNGF complexes significantly (p<0.05) reduced
the brain levels of AP1-42 as compared to those levels quantified in APP/PS1 (without treatment),
in all AP fractions. In addition, AP1-42 levels of treated APP/PS1 mice reduced to levels similar to
AP1-42 levels of normal mice. We also observed that the treatment of AD mice with liposomal
formulations reduced the brain ABi.40levels in TBS and TBS-TX fractions to similar levels found
in normal mice. Analysis of AP1-42/AB1-40 ratio in TBS, TBS-TX and GDN fractions for APP/PS1
mice and APP/PS1 mice treated with liposomal formulation revealed that the treatment reduced
the ratio 15-fold, 2-fold and 10-fold respectively. Our findings indicate that NGF gene transfer
across BBB using brain targeted-liposomes could significantly (p<0.05) reduce the levels of A:.
42 and AP1-42/AP1-40 ratio.

AD is characterized by a progressive cognitive impairment. Research studies have reported

synapses as one of the earliest site of pathology with synapses dysfunction occurring before
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neuronal death and correlating with cognitive impairment in AD [206,207]. Additionally, synaptic
dysfunction would better correlate to soluble AP, rather than the plaque burden. Loss of synapses
together with depletion in synaptic markers have been correlated with the extent of cognitive
deficits and observed in early as well as late stages of AD [191,207,208]. In this study, we
quantified the levels of synaptophysin (SYP), an abundant presynaptic vesicle membrane protein,
and PSD-95, the major scaffold protein in the excitatory postsynaptic density responsible for the
structural and functional integrity of excitatory synapses. SYP levels have been reported to be
reduced in early AD and correlating to synapses dysfunction [208]. PSD-95 expression has
demonstrated a tendency to decrease in increasing aging and pathology and transgenic AD mice
model [209]. We observed that treatment of APP/PS1 mice with PenTf-liposomes containing
chitosan-pNGF complexes increased the levels of SYP and PSD-95 (Figure 36 d and e,
respectively), although the levels of these proteins were not significantly different than normal
mice. The treatment of APP/PS1 mice also increased the levels of SYP and PSD-95 in TBS, TBS-
TX and GDN fractions to levels similar to those of normal mice (Figure 36 f and g, respectively).
Therefore, the data suggest that liposome-mediate NGF gene therapy facilitated the depletion of
AP and stimulated synaptic activity by increasing the levels of pre (synaptophysin) and

postsynaptic markers (PSD-95).

94



1 C57BL/6 EE APP/PS1 NGF b 2 C57BL/G EE APP/PS1 NGF C L1 C57BL/® E= APP/PSI NGF
_ 3 app/psi HEl APP/PST PenTr 2.0 E APP/PSI El APP/PST PenTr 3.0 == APP/PSI El APP/PSI PenTr
. - -

-l

0.8 )
R a8 -
e = g
= -
Z 06 E 1.5 T 1.54
= e ot :‘:
E & £ .
EXN 2 104 2 104
- - '
a & =
= ) -
:5 024 = 0.5 Z 0.5
¢ 11 [ . [1
- o <
4
0.0 . 0.0 0.0 T T
Af Af s AP a0 APz Af o AP
d 500 e 20 "
5 z
S 400 2
2 z |54
£ &
= 300 o g
) 2 101
< 2004 _;.
& 5
; 100 é 5
£
T L) i
o S & A5 =
» o ey d "' P, % ]
& o K & & & « &
o = ol 2™ 20 3 o R
; & & N &
: o =
v = K) -_,Sq
f g
1 C57BL/G EE APP/PS1 NGF 1 C57BL/6 EE APP/PSI NGF
0 APP/PSI E APP/IPS] PenTT 1 APP/PSI B APP/PSI PenTf
1500 30 -
z . Il
£ E .
£ 10004 = 204 :
g E
= Er :
g E . ;
= . ® '
£ 500+ ’— 2 104
& 2
wy
(- -
- 2
" Naal ﬁﬁi] ‘ Hﬂ Hﬂ
o LLLE .
0 T T T T T T
TBS TBS-TX GDN TBS TBS-TX GDN

Figure 36. Distribution of AP1-40 and AP1-42 in TBS-soluble fraction (a), detergent-soluble (TBS-
TX) fraction (b) and insoluble (guanidine-HCL, GDN) fraction (c). Levels of synaptophysin (SYP)
(d) and PSD-95 (e) from one step protein extraction in brain tissue. Levels of SYP (f) and PSD-95
(g) in TBS, TBS-TX and GDN fractions. Brain tissue from C57BL/6 mice, APP/PS1 mice,
APP/PS1 mice treated with plasmid NGF and APP/PS1 mice (3-4 months of age) treated with
PenTf-liposomes containing chitosan-pNGF complexes. Data are mean +SEM (n=14/group).
Statistically significant differences (p<0.05) are shown as (*).

The mitosis marker Ki-67 was used to assess neurogenesis in APP/PS1 after treatment with
PenTf-liposomes containing chitosan-pNGF complexes. The treatment of APP/PS1 mice with
liposomal formulations significantly (p<0.05) increased the neurogenesis in these animals as
compared to C57BL/6 mice, APP/PS1 mice and APP/PS1 mice treated with naked pNGF (Figure
37 a and c). Consistent with increased insoluble AP levels, AP deposition in the brain of APP/PS1
mice was significantly (p<0.05) higher than that of control C57BL/6 mice (Figure 37 b and d).
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Although significant differences were not observed, treating APP/PS1 mice with PenTf-liposomes
containing chitosan-pNGF complexes reduced AB deposition as compared to APP/PS1 mice and
APP/PS1 mice treated with naked pNGF. NGF properties to restore CNS cholinergic deficits and
prevent cholinergic neuronal degeneration is well documented [19,20,210-212]. However, the
main limitations of NGF therapy include protein degradation, BBB impermeability and severe side
effects from broad distribution. Therefore, our study demonstrates that NGF gene therapy by
designed brain-targeted liposomes has potential to reduce the risk of AB accumulation, stimulate

synaptic activity and promote cell proliferation.
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Figure 37. Brain from C57BL/6 mice, APP/PS1 mice, APP/PS1 mice treated with plasmid NGF
and APP/PS1 mice (3-4 months of age) treated with PenTf-liposomes containing chitosan-pNGF
complexes were stained with Ki-67 antibody (red) (a) and a pan-Ap antibody (red) (b). Nucleus
of the cells were stained with DAPI (blue). Scale bar, 50 um. New cell formation (c) and amyloid
plaque burdens (d) in the brain sections from C57BL/6 mice, APP/PS1 mice, APP/PS1 mice
treated with plasmid NGF and APP/PS1 mice (3-4 months of age) treated with PenTf-liposomes
containing chitosan-pNGF complexes were quantified after scanning Ki-67 and AP
immunostaining, respectively. Statistically significant differences (p<0.05) are shown as (*).

97



4. SUMMARY AND CONCLUSION

We successfully prepared and characterized the dual functionalized liposomes by
modifying their surface with Tf for receptor targeting and CPP for enhanced cell penetration for
delivery of genes into the brain. Designed liposomes displayed uniform size distribution and
positive zeta potential. These nanoparticles protected encapsulated plasmid DNA against
enzymatic degradation and exhibited low hemolytic potential and low cytotoxicity. Cellular uptake
occurred in a time-dependent manner through multiple energy-dependent pathways. Caveolae and
clathrin-mediated endocytosis played important role as the main pathways involved on the ability
of liposomes to overcome in vitro and in vivo BBB. Dual functionalization of liposomes enhanced
the transfection efficiency of liposomes loaded pDNA in bEnd.3, astrocytes and primary neuronal
cells as compared to single modified-liposomes. The ability of liposomal formulations to escape
the endosome can play an important role in transfection efficiency.

The established in vitro co-culture BBB model proved to be a reliable model to estimate
the ability of the delivery systems to penetrate into the CNS. Liposomes conjugated to Tf and CPP
showed higher ability to overcome in vitro BBB model and transfect primary neuronal cells,
without disrupting the integrity of in vitro barrier layer, showing greater advantages over single
modified-liposomes.

Liposomal formulations showed ability to translocate across BBB and reach brain
parenchyma of mice. Higher levels of dual-functionalized liposomes were detected in the brain of
mice as compared to single modified-liposomes. Additionally, the fluorescence intensity found in
brain treated with PenTf-liposomes was significantly (p<0.05) higher as compared to the
fluorescence detected for the other liposomal formulations. PenTf-liposomes encapsulating

chitosan-ppgal complexes released the pDNA in the cytoplasm of neurons, induced pB-
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galactosidase production in vivo and elicited a better effect than Plain-liposomes or naked ppgal.
The superior ability of PenTf-liposomes encapsulating pDNA to accumulate in the brain and
transfect neurons was confirmed by induction of GFP expression in brain cells, including neurons,
after tail vein injection in mice with PenTf-liposomes encapsulating chitosan-pGFP complexes.

PenTf-liposomes containing pApoE2 efficiently delivered the therapeutic gene into the
brain of mice and increased ApoE expression, showing a better effect than the preparations without
targeted-modifications. ApoE2 gene transfer across BBB using dual-modified liposomes for brain
targeting and gene delivery has a great potential for prevention and treatment of AD. The
therapeutic efficacy of the system will be further studied in AD mouse model.

The therapeutic potential of PenTf-liposomes encasing chitosan-pNGF complexes-
mediated gene therapy was evaluated in 3 months-old APP/PS1 mice. The treatment increased
NGF levels in the brain, stimulated the formation of new cells, reduced the levels of toxic soluble
and insoluble AP peptides as well as increased the levels of synaptic markers. Therefore, liposome-
mediated NGF gene transfer could be a potential therapeutic approach for treating AD, presumably
through depletion of AP and promotion of neurogenesis and synaptic activity.

In conclusion, we designed brain-targeted gene carrier for transferrin receptor targeting
with enhanced cellular internalization by conjugating Tf ligand and CPP to liposome surface. We
have demonstrated that liposome surface modification was a robust strategy in the design of gene
delivery systems with brain-targeted properties. Dual-functionalized liposomes demonstrated to
be more efficient systems for in vitro transfection, crossing in vitro and in vivo BBB as well as
transfecting neurons in the brain of mice. Finally, PenTf-liposome-mediated NGF gene therapy

has a great potential for prevention and treatment of AD.
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4.1. Future Studies

This study illustrates that strategic design of liposomal formulations might serve as
efficient approach to obtain gene delivery system with brain-targeted properties emphasizing the
use of transferrin receptor-targeting and CPPs to improve carrier gene delivery properties.
Improvement of liposome brain-targeted delivery properties could be achieved by modification of
brain-targeted ligand. Conjugating ApoE ligand to liposomes would target the low-density
lipoprotein receptor-related protein 1 (LRP1), which is abundantly expressed in neurons, glial and
brain vascular cells, and up-regulated in AD brains. Therefore, optimization of liposome brain-
targeted properties could lead to higher delivery efficiency.

Furthermore, liposomes dual modified with Pen and Tf encasing chitosan-pNGF
complexes increased NGF levels in the brain of 3 months-old APP/PS1 mice, stimulated the
formation of new cells as well as reduced the levels of toxic soluble and insoluble AB peptides.
Considering the potential of liposome-mediated NGF gene therapy observed in 3 months-old
APP/PS1 mice, the therapeutic effects of this formulation could be also evaluated in 12 months-
old APP/PS1 mice. Although extracellular deposition of AP can be observed at 2.5 months in
APP/PS1 mice, cerebral cortex similar to AD patients, neuronal loss and memory impairment are
observed around 12 months. Consequently, memory and behavioral studies would evaluate the
effects of liposome-mediated NGF gene therapy on memory improvement. Therefore, studies in
12 months-old APP/PS1 mice would provide better understanding of therapeutic potential of these

liposome-mediated NGF gene therapy in late-stage disease.
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