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1.1.Gene therapy background
1.1.1. History

Gene therapy could be characterized as genetic material transfer in order to
modify cells in vitro, in vivo and ex vivo mediated by transcription and/or translation.
These modifications -obtained by recombinant nucleic acids, viruses, or genetically
engineered microorganisms- are intended to repair, regulate, replace or even edit cells’
genome (1). Despite the simplicity of this concept, the application of gene therapy
strongly depends on designing a suitable long-term delivery system without adverse
effects. Nearly seven decades ago, Frederick Griffith elucidated the transformation of
the non-virulent type of pneumococcal bacteria into the virulent type. Several years
later, in 1944, Avery, Macleod and McCarty described a genetic information carried
in the form of deoxyribonucleic acid (DNA) that was responsible for the
transformation of the pneumococcus bacteria. Years later, Watson and Crick identified
DNA double-helix structure in 1953. This discovery was built on the previous work
of Maurice Wilkins, in 1952, that had obtained extremely excellent X-ray diffraction
photographs of DNA. The Wilkins’ results were synchronized with those of Rosalind
Franklin, in 1952, that had photographed a few different DNA fibers, and ultimately
produced diffraction patterns using X-ray crystallography (1). After that, Howard
Temin the stated r in 1961 that virus could transfer genetic material. One year later, in
1962, Maclaw Szybalski was the first researcher to transfer genes into mammalian
cells. Theodore Friedmann and Richard Roblin subsequently in 1972 cited the Rogers’
idea that “good DNA” could be used to replace faulty DNA in people with genetic
defects, which was published in 1970 as the first recommendation to treat genetic
diseases by gene therapy (2). At the same year, 1970, Hamilton Smith (Nobel prize
laureate in 1978) discovered the restriction enzymes, which break DNA molecules at
sites where a particular sequence of nucleotides occurs (3). Rogers and Pfuderer
performed the first viral gene therapy trial in 1973, Based on the theory that viruses
could be useful tools to introduce genetic materials into cells. Their study has opened
the door for further discussion on the ethical aspects and rationale of gene therapy.
Interestingly, in 1977, Fredrick Sanger (who won the Nobel prize twice) and his

colleagues introduced the chain-termination method for sequencing DNA molecules
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(4). This was a major achievement and allowed long stretches of DNA to be rapidly
and accurately sequenced. In 1983, the polymerase chain reaction (PCR) technique
was discovered by Kary Mullis, a breakthrough that enabled scientists to rapidly
amplify DNA (5).

1.1.2. Clinical trials and commercial products of gene therapy

After decades of research, cell and gene therapies are moving from bench lab to
bedside. Since the year 1989 (first gene therapy clinical trial), more than 2600 clinical

trials for gene therapy have been approved globally till the year 2017 (Figure 1) (6).

Figure 1. The number of gene therapy clinical trials approved worldwide 1989-2017
(6).

In 1990 the 4-year-old DeSilva with severe combined immune deficiency
(SCID) became the first patient to undergo gene therapy in the United States. This trial
was authorized by the NIH Recombinant DNA Advisory Committee (RAC) and the
Food and Drug Administration (FDA). Functional adenosine deaminase (ADA) genes


http://dnalc.org/resources/animations/pcr.html
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were transferred by retroviral vectors into the cultured T cells. The T lymphocytes
with the corrected gene were reinfused back into the patient about 12 days after blood
was drawn. Also, at the NIH Clinical Center in1991, Cynthia a 9-years-old girl
underwent another trial. Unfortunately, in 1999 the 18-year-old Jesse Gelsinger with
inherited enzyme deficiency was the first victim of gene therapy after 4 days of
injection with a genetically altered adenovirus into his liver. This was a direct reason
for severe handicap in the research field of this technology (7). The field of gene
therapy was shaken again in 2002, when a three-year-old boy with SCID treated in a
French trial developed leukemia. Therefore, gene therapy clinical trials were halted
again (8). Nevertheless, Gendicine (recombinant human p53 adenovirus) was
approved in 2003 by the China Food and Drug Administration (CFDA) as a first gene
therapy product to treat head and neck cancer (9). In 2007, British doctors performed
the world’s first gene therapy operation to treat Leber Congenital Amaurosis due to
RPE65 mutations via ocular subretinal injection of adeno-associated virus (AAV) gene
vector (10). In 2012, the first gene therapy drug approved by the European Medicines
Agency (EMA) was Glybera (alipogene tiparvovec). Glybera is an AAV vector

engineered to express lipoprotein lipase for the treatment of lipoprotein lipase

— - Russia
S g i P < Ministry of
3 ? Healthcare

Vitravene Approved

Glybera
Spinraza
Defibrotide
Luxturna
Patisiran
Strimvelis N =TTy
Zalmoxis > N A TSN

Vitravene

Macugen
Rexin-G
Kynamro
Imlygic
Exondys51
Spinraza
Defibrotide
Luxturna

Gendicine
Oncorine

Patisiran
Zolgensma

Kymriah o

Yescarta 4

deficiency (11).

Figure 2. Distribution countries of approval gene therapy drugs (12)
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The year of 2017 is considered the distinguished starting point for gene therapy
in the United States. In August 2017, kymriah® was approved by the FDA as the first
gene therapy product to be marketed for treatment of acute lymphoblastic leukemia. In
the same year, Yescarta®, was approved by FDA for treating large B-cell lymphoma.
Furthermore, by December 2017, the FDA-approved Luxturna® became the first in vivo
gene therapy drug to treat Leber congenital amaurosis LCA (a rare inherited eye
disease). Recently, Zolgensma® became the first gene therapy approved by FDA in
2019 to treat children less than two years of age with spinal muscular atrophy (SMA),

a leading hereditary cause of infant mortality.

Vitravene
Gendicine

Macugen
1998
2003 @ 2004

2007. -

Neovasculgen

Glybera

Figure 3. Timeline of gene therapy development (12)

Such recently approved drugs for human use based on gene, along with advances on
revolutionary genome editing technologies, suggest that gene therapy can become a
regular medical option into the clinical practice.



Chapterl

One of the organs that is considered an enticing gene therapy target is the eye,
because of its accessibility and its immune privilege. The vision process is highly
complex, and requires coordination of numerous components in both eye and brain.
Moreover, the retina of the eye represents a part of the central nervous system (CNS)
and is actually a brain tissue. Although the RPE65 gene therapy (via viral carriers) has
paved the way for the treatment of retinal diseases. Some other genes are too large to
be carried into the retina via viral carriers, such as the gene causing Stargardt’s

hereditary maculopathy.

The Retinostat® is a gene therapy that is currently in phase I clinical trial for the
wet subtype of age-related macular degeneration (AMD). It inhibits blood vessel
growth by expressing angiostatin and endostatin proteins. On the other side, the sFLT
gene (carried on AAV vector) was injected subretinal to block the vascular endothelial
growth factor (VEGF) (13). Table 1 depicts some gene therapy clinical trials for eye
disorders at different stages. In a CNS clinical trial (NCT01454596), the gene for
epidermal growth factor receptor (EGFRvVIII) was incorporated in retrovirus to treat
patients with glioblastoma. A retroviral vector transporting a chimeric antigen receptor
(CAR) for the EGFRvIII tumor antigen, can be used to mediate genetic transfer of CAR
with high efficiency (14). Table 2 elaborates more on the gene therapy clinical trials for
CNS disorders.

Table 1. Gene therapy clinical trials on eye diseases (15).

Company Product indications Phase Expected reporting date
GenSight GS010 Leber Hereditary Optic (REC:FI{!E & Topline data for RESCUE expected Q1 20189; filing for market
Biologics Neuropathy RESCUE) authorization expected in Europe in Q4 2019 and in the U.S. in H2 2020
Nightstar . . 1=
i NSR-REP1 Choroideremia Ph 1l Complete enrollment 1H 2019; data anticipated 2020
Therapeutics
REGENXBIO RGX-314 'VetAge-Related Macular o\ Trial expected to initiate in 2H 2019
Degeneration (wet AMD)
AGTC rAAV2tYF- X-linked Retinitis Ph /I Interim data updates from dose-escalation and expansion groups
CB- hRS1 Pigmentosa expected in Q3 and Q4 of 2019
E:aorl‘csalggn":‘: GS030 Retinitis Pigmentosa Ph /1l Early findings expected 1H 2019; topline results expected 4Q 2020
4P M‘;L““"’" 4Dp-110 Choroideremia Phi Clinical trial to initiate in 2019
Adverum
Biotechnologi ADVM-022 Wet AMD Phl Enroliment update in 1H 2019; interim data in Q1 2020
es
AGTC‘/ il [ bt Advanced retinal disease s . IND to be submitted in 1H 2019
Sight d preparation
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Table 2. Gene therapy clinical trials on CNS diseases (15).

Company Product Indications Phase Expected reporting date
MAA filing, BLA
AveXis / Novartis  AVXS-101 SMA Type 1 submission, J-NDA Responses from EMA, F.DA' MHLW (fapan)
o expected mid-2019
filing (Japan)
bluebird bio Lenti-D Cerebral Adrenoleukodystrophy Ph 11l To be initiated in 2019
AT Contro'lled IE recurrent glioblastoma Ph I Trial to initiate in 1H 2019
Oncology + Libtayo
CTX product - I B )
ReNeuron candidate Stroke disability Ph llb Ongoing; top-line data expected in early 2020
uniQure AMT-130 Huntington's disease Ph I/1l Trial to initiate in 2H 2019
Kolon Lift
o'on Hite KLS-2031 Neuropathic pain Ph I/1IA Trial to initiate by EOY 2019
Science
Axovant AXO-AAV- GM1 GM1 gangliosidosis Phi Expected to initiate trial |r.1 1H 2019, with initial
data expected in 2H 2019
Voyager VY-AADC Parkinson’s disease Phl Provide 12-month data in Q2 2019
AveXis / Novartis AVXS-201 genetic ALS (SOD1) Pre-IND e SelEmEsET EXP:;;:d latelebes/eany
PTC Therapeutics TBD Friedreich ataxia pre-IND Expected to submit IND in 2019
late-infantile neuronal ceroid
REGENXBIO RGX-181 lipofuscinosis type 2 (CLN2) Pre-IND IND submission anticipated in 2H 2019
disease
Voyager VY-HTTO1 Huntington's disease IND submission Submit IND in 2019
Voyager VY-SOD102 ALS-SOD1 Pre-IND Submit IND in 2019

1.1.3. Gene therapy strategies

Currently, various gene therapy strategies do exist. Such strategies could be
categorized into: (1) gene replacement for the monogenic diseases, (2) gene addition to
treat acquired diseases, (3) gene editing to introduce targeted changes in host genome,
and (4) alteration of gene expression by targeting RNA. The treatment may take place
outside of the body (ex vivo) or inside the body (in vivo). Modified viruses or other
vectors are used as gene delivery systems To deliver the gene into the genome into the
cells.

The significant potential of using plasmids for gene therapy has been recognized
since 1990. Selecting the right composition of a plasmid is fundamental to ensure the
success of gene therapy. There are many factors and elements to be considered when
choosing the plasmid backbone such as: cloning or expression safety, plasmid size,
antibiotic resistance, restriction sites in multiple cloning site (MCS), promoter,
terminator, ribosome binding site (RBS) sequence, or protein modifications (adding a
tag or a fusion protein to the plasmid to further understand the function of a specific
gene) (16). Both figure 4 and table 3 describe different elements of the plasmid.


https://www.esgct.eu/useful-information/gene-and-cell-therapy-glossary.aspx#vector
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Selectable
Marker
\’romoter

5’ Primer Site

= Restriction Site

Plasmid Map

== Restriction Site

' 3’ Primer Site
Antibiotic
Resistance Gene

@

Origin of Replication

Figure 4. A representative map of the main features of a plasmid vector. (17)

Table 3. Plasmid elements and their description. (17)

Plasmid Element Description

Origin of Replication (ORI) DNA sequence which allows initiation of replication within a plasmid by recruiting
& P transcriptional machinery proteins

Antibiotic Resistance Gene Allows for selection of plasmid-containing bacteria.

Short segment of DNA which contains several restriction sites allowing for the easy insertion of]

Multiple Cloning Site (MCS
ultiple Cloning Site ( ) DNA. In expression plasmids, the MCS is often downstream from a promoter.

Insert Gene, promoter or other DNA fragment cloned into the MCS for further study.

Drives transcription of the target gene. Vital component for expression vectors: determines

Promoter Region . . ) . . .
€ which cell types the gene is expressed in and amount of recombinant protein obtained.

The antibiotic resistance gene allows for selection in bacteria. However, many plasmids also

Selectable Marker
have selectable markers for use in other cell types.

A short single-stranded DNA sequence used as an initiation point for PCR amplification or

Primer Binding Site
8 sequencing. Primers can be exploited for sequence verification of plasmids

Plasmids are simpler and cheaper to make, ship and store compared with viral
and RNA-based vectors and have a much longer shelf life. The modular nature of
plasmids also allows enables simple molecular cloning, making them easy to
manipulate and design for therapeutic use. In addition, the plasmids can be distributed
repeatedly, unlike viruses. Most plasmid DNA preparations include many topological
plasmid variations, including supercoiled (the preferred topology), but also the

undesirable linear and open circular forms of the plasmid. In order to deliver their
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payload, Plasmids require vectors, physical forces, or advanced modifications for
uptake and nuclear localization. Since plasmids are non-replicating episomes, the
expression of transgenes is transient and diluted by cell division. The dinucleotides of
unmethylated cytosine-phosphate-guanine (CpG) are more widespread in bacterial
DNA than in mammalian DNA. They have the ability to be recognized by the
mammalian immune system via toll-like receptor (TLR)-9, and are potentially
precipitating not only in transgene silencing, but also in immune response (18).

RNA precursors are essential targets in genetic therapies. Antisense
oligonucleotides (ASOs) are single-stranded (ss) DNA or RNA sequences that can be
used for silencing overexpressed proteins in toxic “gain of function” diseases. They can
target RNA for degradation, preventing the translation of a specific RNA into protein
and altering the splicing of pre-mRNA. ssDNA complementary to mRNA could be used
to block the translation of specific mMRNA (19).

Aptamers are short, single-stranded DNA or RNA (ssDNA or ssRNA)
molecules that can bind to a specific target, including proteins, peptides, carbohydrates,
small molecules, toxins, and even living cells. Aptamers are selected from a large
oligonucleotide library through a process called SELEX (Sequential Evolution of

Ligands by Exponential Enrichment) (20).

Recently, the gene editing tool CRISPR/Cas9 (Clustered Regularly Interspaced
Short Palindromic Repeats/ CRISPR-associated protein 9) was used (figure 5). Cas9 is
an RNA-guided DNA endonuclease enzyme that uses CRISPR sequences as a guide to
identify and cleave specific strands of DNA complementing the CRISPR sequence in
order to mediate genome alteration with high precision. Unlike the previous gene
editing techniques such as Transcription Activators-Like Effective Nucleases
(TALENS) this technology is simple, easy to use and inexpensive. However, they have
limitations, such as narrow targeting range and potential for off-target mutagenesis
(22).

But with higher precision, one of the approaches based on the CRISPR
technique is prime editing technology tool, which both specifies the target location and

encodes the desired edit. The prime technique writes new genetic information directly

10
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into a specified DNA site using a catalytically impaired Cas9 endonuclease fused to an
engineered reverse transcriptase, programmed with a prime editing guide RNA
(pegRNA). It rewrites DNA by cutting just one strand to add, delete, or substitute base
pairs that can edit more genetic mutation forms than genome-editing approaches like
CRISPR-Cas9 (22).

RNA interference (RNAI) is formulated and presented as a small double-stranded (ds)
RNA intended to down-regulate its target transcript (i.e, mRNA) and protein.
Nonetheless, for long-term knockdown, a more robust strategy is to use another RNAI
route, by delivering synthetic microRNA (miRNA) (24). Additionally, short interfering
RNAs (siRNAs) can downregulate a selected mMRNA gene that appears to degrade
through the RNA-interfering silencing complex (RISC). The platforms siRNA and
ASO are both nucleic acids containing antisense strand designed to identify a target
MRNA. Though, ASOs have one strand while siRNAs have two, which can reduce cost
and simplify delivery (25).

In 2018, Alnylam launched the ONPATTRO® (patisiran) drug which has
been approved by the FDA as the first sSiRNA-based therapy for the rare hereditary

disease transthyretin-mediated amyloidosis in adult patients (26).

11
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gRNA
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Chromosomal DNA T
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(Gene disrupted) {Gene has new sequence)

Figure 5. CRISPR/Cas9-mediated DNA cleavage and simplified repair mechanism
(23).

1.2.Gene delivery vectors

Current gene delivery vehicles, namely vectors, are classified mainly into two
classes: the viral and the non-viral vectors.
1.2.1.Viral vectors

Viruses are attractive gene-delivery vehicles due to their ability for efficient
nucleic acid delivery to specific cell type while escaping host cell immune surveillance.
Moreover, they may exploit the cellular machinery to encourage their replication (27).
Viral delivery system is based on a virus with nucleic acid coated by capsid protein and
in many cases further by an envelope structure. One or more viral structural genes are
deleted to deactivate the virus from spread in the host organism (28). Viral vectors had
been designed for temporary short-term and permanent long-term expression, and can

be conveyed by both RNA and DNA viruses with either single-stranded or double-

12
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stranded genomes (29). However, many disadvantages and safety issues are related to
the use of viral vectors such as complex and expensive production, limited carrying
capacity, broad tropism, oncogenicity, mutagenicity, immunogenicity and
inflammatory responses (30). Recently, chimeric viral vectors have been developed in
a trial to overcome the limitations of each viral species, by combining suitable features

of two or more different viruses into one (31).

The retroviral capsid is an enveloped shell of protein with size of 80-100 nm. It
has an average packaging capacity of 8 kb. Retroviral vector integrates in the host cell
genome, by using reverse transcriptase in a stable and permanent manner. Replication-
competent and replication-defective are the two types of retroviral vectors. Retrovirus
are mainly applied in studies for tissue repair and engineering due to their capability of

infecting dividing cells without developing any immunogenic viral proteins (32).

Lentiviruses, subtype of retrovirus, are able to integrate into non-dividing cells.
The lentiviral genome is similar to other retroviruses; however, it contains six other
genes -two regulatory genes and four accessory genes- that code for proteins essential
for viral replication, binding, infection, and release. Lentivirus common example is the
human immuno- deficiency virus type 1 (HIV-1). Lentiviral vectors seem to be less

mutagenic than their retroviral counterparts (33).

Adenoviruses are icosahedral, non-enveloped, ds DNA viruses with a size of 70
nm, and a genome size of about 36 kb. They are the most widely used viral vectors able
to overcome the limitations of other viral vectors as the retrovirus Among the 50
different serotypes of adenovirus, the types 2 and 5 are the most frequently used ones
(34). The packaging capacity of dsSDNA adenoviruses is about 7.5 kb of foreign DNA
with short-term episomal expression with broad range of host cells. In addition, there
is a possibility to hybridize adenovirus vectors with sleeping beauty transposase system

for chromosomal integration or with CRISPR/Cas9 nuclease for gene editing (35).

The AAV is a small (22 nm in diameter) nonpathogenic parvovirus with a non-

enveloped, icosahedral capsid. Its genome is composed of a linear, ss DNA. It is used

13
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to target a variety of different types of tissues according to the types of capsid of
different AAV serotypes. Their replications within a host cell nucleus requires either a
helper virus or genotoxic stress conditions. It has a packaging capacity less than 4 kb.
In gene therapy trials, there is a great interest in AAV-based trials in monogenetic
diseases (32).

Herpes simplex virus, the virus responsible for famous cold sore, has a genome
that composed of a dsSDNA (152 kb in length) that coding up to 90 specific viral
proteins. It consists of icosahedral protein shell that is coated by a viral envelope. It has
a high insert capacity (> 30 kb). It has the potential to infect a host and then remain
latent for a while before reappearing again. Moreover, its neurotropic nature enables it

to infect neural cells, so may assist in gene therapy of various neural disease (32).

1.2.2. Non-viral vectors

Delivery systems using non-viral carriers is a promising tool for gene therapy
because of their repeated administration capability and their appealing safety profile
(36). Non-viral vectors are of lower cost, cheaper and easier-to-manufacture alternative
to the viral vectors. Physical and chemical gene carriers are the two broad categories of
non-viral vectors. However, tremendous achievements have been made in this field
recently, clinical application of non-viral-vectors in gene therapy is still hampered by
the lack of highly effective gene delivery techniques (37).

1.2.2.1. Physical gene delivery methods
These simple gene delivery methods (summarized in figure 6) facilitate gene
transfer by physical forces to overcome the barrier function of cell membrane. The

genetic material is delivered into cells without no particulate or viral system (38).

14
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Figure 6. Different methods used of the physical gene delivery.

1.2.2.2. Chemical gene delivery methods

Chemical vectors are the second subcategory of non-viral vectors based on wide
range of molecules and macromolecules (summarized in figure 7). In general, chemical
vectors are in the form of nanoparticles that are able to mimic some viral function
required for gene delivery (39). Theses carriers form electrostatic complexes with the
genetic material.

Inorganic nanoparticles have been reported as non-viral gene delivery vehicles,
such as gold nanoparticles, iron oxide nanoparticles, quantum dots, carbon nanotubes,
graphene, silica and calcium phosphate. Generally, there are three approaches to use
inorganic nanoparticles in gene delivery. The first approach involves conjugation of genetic
material onto the inorganic nanoparticle with a responsive linker. The second approach
involves direct use of positively charged inorganic nanoparticles to form a complex with the

negatively charged genetic material. The third approach involves the use of cationic

15



Chapterl

amphiphilic polymers to aid in the complex formation between genetic material and the

inorganic nanoparticle (40).
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Figure 7. Molecular classification of chemical gene carriers.

Polymers of various architectures may shape nano- or micro-sized particles,

according to the synthesis method. For gene delivery purposes, biocompatibility and

biodegradability are important parameters to take into account when polymer vehicle

is elaborated. The polymer’s surface functionality plays a pivotal role in conjugating

biomolecules for therapeutic targeting into different cells (41). Polymeric nanoparticles

can overcome many hurdles of the gene delivery process, as poor cellular uptake, low
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transfection efficiency, lysosomal degradation, and off-target effects. There are three
main approaches that can be applied to polymeric nanoparticles when formulated with
genetic materials as non-viral vehicles. The first approach is to condense DNA with
polymers (polyplexes) as in case of poly ethylenimine, poly (L-lysine),
polyamidoamine, and poly (B-amino acid)s chitosan. The second approach depends on
encapsulating DNA in polymeric matrix or reservoir [ex: polylactide, poly(lactide-co-
glycolide), and poly (B-amino ester)s chitosan]. The third approach compromises
complexing DNA to the surface of polymeric nanoparticles (e.g. poly alkyl
cyanoacrylate, polylactide, poly(lactide-co-glycolide) chitosan (grafted with cationic

polysaccharides or surfactants) (42).

Dendrimers are highly branched three dimensional macromolecules emerged
from a new class of polymers named “cascade molecules”(43). Dendrimers are gene
delivery vehicles with interesting properties due to their functional group’s high
density, monodispersing features, well-defined shape and multivalences. However,
toxicity due to high cationic charge is a major concern, especially with higher
generation dendrimers. Poly amidoamine/ PAMAMs (the most widely researched
dendrimers for gene delivery) are well characterized dendrimer species. They are
advantageous thanks to their water solubility and lack of immunogenicity. Moreover,
the modification to their terminal amine group facilitates the binding to various hosts
or target molecules. The transfection reagent SuperFect® (by Qiagen), as a PAMAM
dendrimer, depicts high yield gene transfer into primary human retinal pigment
epithelial (RPE) cells (44).

Peptides (single and multifunctional) nanocarriers possess essential
characteristics as non-viral gene delivery systems. Peptides are able to condense DNA
through electrostatic and hydrophobic interactions. Besides, cell penetrating peptides
mediate direct cellular entry via membrane translocation or facilitate endosomal escape
after endocytosis. Moreover, peptides activate cytosolic transport and can function as
nuclear localization signal as in case of protamine polypeptide. Many peptides act as

targeting ligands to specific cell and/or tissue types (45).
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Cationic lipids are interesting materials for gene delivery applications. In 1987,
Felgner et al., synthesizec DOTMA (1,2-di-O-octadecenyl-3-trimethylammonium
propane (chloride salt) as the first cationic lipid for DNA delivery (46). Since that date,
cationic lipids become one of the most important tools for the delivery of DNA, RNA
and many other therapeutic molecules. They are easily designed, synthesized and
characterized. Most of cationic lipids share the same common four domains structure,
cationic head groups, hydrophobic portions, linker bonds between both domains, and
backbone domain (as illustrated in figure 8). (47).

Hydrophobicdomain Linker bond

’ == <
W\N_W\/\% e Hydrophilic
~ head group
+
— °\)<, "G

Hydrophobicdomain ' Back bone domain

Figure 8. General structure of the cationic lipid DOTMA.

Interestingly, cationic lipids play various roles in the transfection process. The
positive charge of the head group binds electrostatically to the negative charge of
phosphate group in nucleic acids to form a complex. Also, it facilitates cellular uptake
of nucleic acid by direct interaction with cell membrane negatively-charged
glycoproteins and proteoglycans. Additionally, the positively-charged lipid protects
genetic material against intracellular and extracellular nucleases. Moreover, it triggers
endosomal escape by proton sponge effect (48). The hydrophobic domain structure
determines the phase transition temperature and the fluidity of the bilayer and
influences the stability of the nano formulation, the protection of DNA from nucleases,
the endosomal escape, the release of DNA from complex, and the nuclear penetration
(49). On the other hand, the positive surface charge is known to reduce the half-life of
circulating complex in blood. Therefore, neutral polymers as polyethylene glycol (PEG)
could be used for surface shielding to mitigate the excessive positive charge to prolong
the half-life (50). The hydrophobic and hydrophilic moieties of cationic lipids are
connected by a linker bond, commonly are ether, ester, amide, and carbamate groups.
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In general, ether bonds, as in cationic lipid DOTMA, render better gene delivery
efficiency (51). While, the backbone domain (most commonly glycerol-based)
separates the headgroup from the hydrophobic domain, and acts as a scaffold on which
the cationic lipid is built (49). For gene delivery, cationic lipids can be formulated in
many structures, as liposomes, nano-emulsions, solid lipid nanoparticles,

nanostructured lipid carriers, niosomes, and lipopolysomes (illustrated in figure 9).

1.3. Cationic lipid-based formulations

Liposomes are artificial self-assembled spherical vesicles enclosing a small
volume of aqueous solution in a lipid bilayer. Liposomes consist mainly of
phospholipids (the major component of biological membranes) (52). Generally,
successful gene delivery via liposomes can be boosted by the aid of helper lipids.
Helper lipids are neutral lipids that enhance the effectiveness and stability of cationic
lipid-based delivery formulations. They can broadly bind to cell surfaces and form
cone-shape geometry favoring the formation hexagonal Il phase. That phase is known
to promote endosomal release of the plasmid (are assumed to act as a membrane fusion
promoter). Dioleoyl phosphatidyl ethanolamine (DOPE) is an efficient helper lipid for
in vitro gene transfection via cationic liposomes (53). Cationic liposomes are
extensively tested as gene delivery systems for nucleic acid therapeutics, sSiRNA and
plasmid DNA. Polyethylene glycol (PEG), as a shielding agent, enhances the efficacy
and tolerability of cationic liposomes in systemic delivery (54). Although, there are
many advantages for using cationic liposomes, as their biodegradability and
biocompatibility, many drawbacks limit their use as, phospholipid oxidation, short

half-life, cell toxicity and low stability.

Nano-emulsions a colloidal particulate system consist of oil core in water
stabilized by surfactants. The addition of cationic substance to squalene is an example
for cationic nano-emulsions as a good candidate in drug and gene delivery (55). A
cationic emulsion containing castor oil and DC-Chol was used to deliver plasmids
through portal vein injection in mice. Medium chain triglycerides, soybean oil, and
squalene were used to prepare emulsions for gene delivery and represent the inner phase

of the emulsion (56).
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Solid lipid nanoparticles (SLN) were presented in 1990 as a substitute delivery
system to liposomes, emulsions and polymeric nanoparticles. SLNs are composed of
solid fat which is dispersed in an aqueous phase in the presence of surfactants to
enhance its stability. The proper selection of lipids and surfactants can affect the particle
size, stability, loaded molecules and behaviors of release. Their lipid components are

solid at both body and ambient temperature (57).

Nanostructured lipid carriers (NLCs) are spherical structures with a mixed
solid and liquid matrix, having an aqueous core surrounded by a lipid bilayer. There
are three major types of NLC: cationic, neutral, and targeting-modified NLC. Cationic
NLCs can be used as carriers for negatively charged substance, including proteins,
polypeptides, oligonucleotides, RNAs and DNAs (58) NLC have many clinical
applications because of superior biocompatibility, high biodegradability and low
immunogenicity. They are used in the delivery of nucleic acids including distinct

miRNA molecules for cancer gene therapy.

Niosomes are self-assembled non-ionic surfactant vesicles. They are composed
of three main components: (1) a non-ionic surfactant such as polysorbates; (2) a neutral
helper lipid such as cholesterol, squalene and lycopene; (3) a cationic lipid such as
DOTMA. The incorporation of non-ionic molecules in niosomes reduces the
undesirable toxicity of cationic lipids showing better cellular viability profiles
compared to their corresponding anionic or cationic counterparts (59). Niosomes have
first emerged as a vesicle delivery system in the 70s in the field of cosmetics industry.
Thanks to their capability to encapsulate both hydrophobic and hydrophilic drugs,
niosomes are reported as potential carriers for the delivery of drugs such as doxorubicin,
vaccines, insulin, siRNA. They have many applicable therapeutic effects (e.g. anti-
Alzheimer, anti-cancer, anti-oxidant, anti-diabetics and anti-microbial) and can be
administrated via various methods, as intravenously, orally (e.g., Flurbiprofen); ocular
(e.g., Chloramphenicol, Acetazolamide, Fluconazole), and topically (e.g.,
Erythromycin, Minoxidil, Rofecoxib) (60). Niosomes are highly stable, yet slightly
leakier than liposomes. In comparison to liposomes, niosomes can be formulated at a

lower cost, longer stability and less toxicity. Moreover, researchers highlighted on the
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biocompatible, biodegradable pharmaceutics and low immunogenic features of their
components (non-ionic surfactants, helper lipids as well as charged molecules).
Niosomes have been widely used as oligonucleotide carriers. The formulation of
niosomes, by the method of solvent emulsification-evaporation technique, managed to
deliver pPCMS-EGFP plasmid to the retina and brain. The results proved that niosomes
could protect DNA from degradation and introduced good trafficking pattern with good
chemical and physical stability and relatively smaller sizes. In addition, niosomes can
also be used as vectors in DNA vaccines which provide a simple, stable and cost-
effective solution compared with liposomes. Niosomes can also assist as a delivery

system for targeting stem cells (60).

Lipopolysomes are multifunctional nanocarriers composed by combining
polymersomes and liposomes. Lipopolysomes have the ability for simultaneous
encapsulation of hydrophobic and hydrophilic molecules (61). The vector resulted by
co-formulation of plasmid DNA and lipopolysomes is called lipopolyplexes. In non-
viral gene delivery systems this term (lipopolyplexes) conclude a diverse component of
lipids and polymers co-formulated with genetic materials. One advantage of
lipopolyplexes vehicles is that they have the potential to be targeted to specific cell
types by attaching peptide targeting ligands on the surface, thus increasing both the

transfection efficiency and selectivity for disease targets such as cancer cells (62).
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Figure 9. Different vectors (A) and vector/DNA complexes (B) containing cationic

lipid.

1.4.Gene delivery barriers

On their way to the target cells in vivo, gene delivery systems must circumvent
several extracellular and intracellular barriers (portrayed in figure 10). Therefore, the
design of innovative optimal non-viral vectors is a great challenge to surpass these

hurdles.
1.4.1. Extracellular barriers

Whatever the administration route is (e.g., inhalation, intramuscular injection,
gavage, intravascular injection, oral, etc.), gene delivery vector will be inevitably in

contact with the extracellular environment. Basically, these extracellular barriers
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include lipid bilayer membrane, many blood components and endothelial barriers.
Additional extracellular barriers need to be overcome by the vehicle when specific
tissues need to be targeted, such as the brain, the eye or the lungs (37). The control of
unwanted immune responses is the way to success of gene therapy strategies. Gene
vectors are potentially able to trigger immune responses as lymphocytes. Moreover,
enzymes such as lipases and nucleases can degrade the nano-formulation and the
genetic payload and therefore interfere with transfection efficiency (63). The viral and
non-viral vectors have been shown to induce an immune response. However, this
activation has been most associated with viral vectors. The injection of cationic
lipoplexes in the circulation cause the release of TNFo and IFNy into the serum as
inflammatory response chemokines. This may be as a result of unmethylated CpG
motifs on the plasmid DNA and the subsequent recognition by TLRs (64).Extracellular
barrier to be overcome strongly depend on the organ to be treated as well as the route

of administration.

In the systemic circulation, blood flows to every organ and tissue in the body.
Generally, intravenous administration is the most studied route of administration of
non-viral gene delivery systems. Once gene vehicles are introduced into the circulation,
they are subject to enzymatic degradation, serum proteins inactivation, complement-
mediated clearance and reticuloendothelial system recognition (66). Formed blood
elements (erythrocytes, leukocytes, and platelets) and serum proteins ( albumin,
immunoglobulins, and fibronectin) have a negative surface charge which interacts with
the net positive charge of non-viral vector/DNA complex leading to aggregation or
dissociation of the complex (67).

The delivery of non-viral gene vector to the lung is usually hampered by the
pulmonary architecture, the presence of respiratory secretions (mucus and lung
surfactant), the clearance mechanisms, and the activation of the immune system.
According to the lung disease (e.g., cystic fibrosis, asthma, emphysema and lung
cancer), the target cells can vary from epithelial cells, alveolar cells, macrophages,

respiratory stem cells or endothelial cells (68). The respiratory secretions bind to the
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complexes and sterically obstruct their way to the target cells limiting their diffusions

and effectiveness.
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Figure 10. Extracellular and intracellular barriers, adapted from (65)

The blood-brain barrier (BBB) represents a huge obstacle upon systemic

delivery of non-viral vector/DNA complexes into the brain. BBB is composed of brain

microvascular endothelial cells, pericytes, astrocytes, tight junctions, and basal laminae

(69). Many approaches exploit the receptor-mediated uptake of molecules such as

transferrin, lactoferrin and insulin to cross the BBB, since receptors of those molecules
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are expressed on many cell types, including neurons and the capillary endothelial cells
of the BBB. Another approach uses peptidomimetic monoclonal antibodies (known as
a molecular Trojan horse) to target specific receptors on the BBB and induce receptor-
mediated transcytosis of the non-viral vector into the CNS. Other strategy includes
transient mechanical disruption of the BBB and RNAi-mediated knockdown of tight
junction proteins (70). Local administration to the brain, either by injection or by
infusion is investigated in many pre-clinical studies. Intranasal delivery is another non-
invasive means to deliver non-viral gene carriers to the brain, with the ability to pass

the BBB and transfect and express the encoded proteins (71).

With regard to the eye, it is a highly compartmentalized and immune-privileged
organ that offers interesting advantages as a gene therapy target (72). However, relevant
biological barriers such as cornea, sclera, aqueous humor, blood-retinal barriers (BRB),
choroidal and conjunctival blood flow, lymphatic clearance, and tear dilution need to
be deeply considered. The BRB, which is composed of tight epithelial junctions, limits
the delivery of non-viral vector/DNA complexes to the retina via systemic
administration. Two strategies were suggested to overcome such BRB, (1) by using
vectors smaller than 100 nm, and (2) by the use of ligand-targeted vectors that recognize

specific receptors in the BRB (37).

1.4.2. Intracellular barriers

Gene delivery systems have to overcome many intracellular barriers extending
from cell surface to nuclear entry for successful gene therapy. The non-viral
vector/DNA complex enter the cells either by ligand-receptor binding interaction
(receptor-mediated endocytosis) or by charge-mediated interactions with proteoglycans
on cell membranes. Thus, the vesicles are susceptible to a cascade processes of complex
uptake, endolysosomal escape, trafficking to the nucleus, vehicle unpacking and
nuclear entry (73).

Being up taken into cells is not the only limiting barrier, however it is one of
the most limiting steps affecting non-viral vehicle efficiency. Endocytosis is a vesicle-

mediated process that can be mediated by five main endocytic pathways: clathrin-
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mediated endocytosis (CME), caveolae-mediated endocytosis (CvME), clathrin-

caveolae-independent endocytosis, macropinocytosis and phagocytosis (74).

Lysosomes are membrane-bound intracellular organelles with an acidic pH (4-
5). They have an essential role for degradation and recycling of macromolecules
delivered by endocytosis, phagocytosis, and autophagy (75). The ability of many non-
viral vehicles to deliver nucleic acid efficiently may be attributed to their strong
buffering capacity (pH ranges from 5 to 7). Such strong buffering capacity prevents the

acidification of endosomes by acting as ‘proton sponges’ (48).

Productive gene transfer requires DNA to eventually cross the nuclear envelope
through nuclear pore complexes (NPCs) before initiation of transcription. In the
absence of cell division, the intact nuclear envelope impedes the entry of carrier-
plasmid complexes (76). Various approaches were used to improve plasmids’ nuclear
targeting, such as: complexation of plasmids with peptides, proteins, ligands, polymers,
and inclusion of transcription factor-binding sites (77). As well, nuclear localization
sequence (NLS) peptides can be directly bound to the DNA in order to promote its
transport to the nucleus by the importins (78).

26



Chapterl

Non-viral@ector/@DNAR . Clathrin
complex

. Caveolin
Dynamin

Micropinocytosis

Phagocytosis Clathrin-dependent®@ Caveolae-dependent? .Clathrin— andaveolael
iy £ endocytosis endocytosis :enndde:cirt]g:irs]t
Cell@nembrane & ) 5 7
S N S
e fis § H

...... )
A -
i Y

H
»»»»»» i

4‘1‘", )

Macropinosome \ / i s
O Phagosome i / - § 7

) \ Clathrin@oated®@esicle  Caveosome
o] Yen ) f”\"“-
— )8 ()
Qi Late@ndosome s /) Vel

,,,,, endosome (] \
£ ‘/

.h‘ K:"’ 4{.-""\‘..‘_
o \ - £ ) \_/ ,,//
P S )

e,

Lysosome

o
\

§ Y

-

e

:'-w"r Unpacki g
| £
Nucleus NucIearIEmport

Figure 11. Mechanisms of cellular uptake of non-viral vector/DNA complex.

1.5.Stability of formulations

Chemical non-viral vectors are liquid formulations which upon storage are
susceptible to stability problems. In general, nanoparticles are extremely unstable due
to their high surface energy and they tend to change themselves or react with substances
to reach a relatively stable state. Changes during storage and/or shipping requires
preparation of freshly lipid/DNA complexes before every single use. Nevertheless, an
acceptable stability is essential for pharmaceutical development and
commercialization. Generally, physical stability affects the shelf-life of non-viral
vector that is related to many parameters, such as: uniformity of size distribution, PDI,
zeta potential, lamellar changes, aggregations and/or fusion (79). The change in such
parameters may be considered as a function of pH, temperature, buffer concentration,

ionic strength, storage time, etc. (80).
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The physical stability study upon storage at different temperature (mainly at
25°C, 4°C, -20°C and -80°C) is one of the basic stability studies. Freezing could alter
the membrane structure, and consequently the shape, of Lipofectamine 2000® vesicles
and enhance their gene delivery action without compromising cell viability in many
cell lines (81). Generally, the changes in physical characteristics by freezing of vesicles
can lead to decrease or increase in transfection efficiency. The storage at subzero
temperature may be a good substitute for storage at 4°C due to hydrolytic degradation
caused by excess bulk water of aqueous formulation leading to less stable formulation
on long-term storage. Nonetheless, cryopreservation at -80°C was used for the storage
of liposomes, its use for DNA complexes may be unlogic as the addition of
cryoprotectants as DMSO and sugars may affect the transfection efficacy and viability
of the DNA complexes. In addition, cryopreservation had a damaging effect at the
molecular levels specially on the DNA molecules (82).

The biological stability of chemical non-viral vectors refers to the interaction of
DNA with different components in the biological system. Better understanding of their
interactions is essential to establish specific design criteria. The aggregation of DNA
by serum proteins and degradation by DNase enzymes are essential obstacles in the
stability of DNA vectors. Interestingly, PEG coating tends to provide the protection of
DNA against the serum degradation hazards (83).
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Gene therapy approach aims to treat both inherited and acquired diseases by
delivering a therapeutic genetic material or its regulatory elements to target cells. The
future of gene therapy depends mainly on the success to design optimal vector. Viral
and non-viral vectors have been used as gene delivery carriers. In spite of the fact that
viral vectors have the advantage of high gene transfection, the use of viral vectors is
limited due to their side effects. Thus, non-viral vectors, have been developed and
applied in gene therapy for their advantages, such as its safety, high gene capacity,
stability, chemical design flexibility, and low immunogenic response. Therefore, the
main objective of this thesis to design novel niosome formulations, containing novel

helper lipid, able to deliver genes to eye and brain, safely and effectively.

1. To study the effect of lycopene, as natural helper lipid, in niosome formulation
based on cationic lipid (DOTMA) and non-ionic surfactant (polysorbate 60), to
boost transfection efficiency in retinal pigment epithelial (RPE-19) cells,

without compromising cell viability and using it to transfect rat retina in vivo.

2. To investigate the-lycopene containing-niosomes to transfect NT2 cells,
primary cortical culture as well as brain cortex of rats, as safe and efficient non-

viral vectors to deliver DNA into the CNS to face many neurological disorders.

3. To ensure the role and importance of helper molecule to turn on transfection
efficiency. Niosomes formulation was probed with different cationic lipid {2,3-
di (tetradecyloxy) propan-1-amine (hydrochloride salt)} and different helper
molecule (chloroquine diphosphate) to transfect rat retinal cells. the
incorporation of chloroquine within nano formulations, rather than as a co-

treatment of the cells, could open a new avenue for in vivo retinal gene delivery.
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ABSTRACT
The present study aimed to evaluate the incorporation of the natural lipid
lycopene into niosome formulations based on cationic lipid DOTMA and polysorbate
60 non-ionic surfactant to analyze the potential application of this novel formulation to
deliver genetic material into the rat retina. Both niosomes with and without lycopene
were prepared by the reverse phase evaporation method and physicochemically
characterized in terms of size, zeta potential, polydispersity index and capacity to
condense, release and protect the DNA against enzymatic digestion. In vitro
experiments were performed in ARPE-19 cells after complexion of niosomes with
pCMS-EGFP plasmid at appropriate cationic lipid/DNA ratios. At 18/1 mass ratio,
nioplexes containing lycopene had nanometric size, positive zeta potential, low
polydispersity and were able to condense, release and protect DNA. Percentage of
transfected cell was around 35% without compromising cell viability. The
internalization pathways studies revealed a preference to caveolae mediated
endocytosis and macropinocytosis, which could circumvent lysosomal degradation.
Both subretinal and intravitreal administrations to the rat retina showed that nioplexes
were able to transfect efficiently the outer segments of the retina, which offer
reasonable hope for the treatment of many inherited retinal diseases by a safe non-viral

vector formulation after the less invasive intravitreal administration.

Keywords: Niosomes, Lycopene, Gene therapy, Retina, Non-viral vectors,

Nanotechnology
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Chapter3

3.1.Introduction

The abnormal expression or activity of numerous retinal proteins has been
linked to the pathogenesis of several blinding retinal disorders with a genetic
background, such as Leber congenital amaurosis [1], age-related macular degeneration
[2] or retinitis pigmentosa [3]. Unfortunately, most of these devastating conditions do
not have effective treatment at the moment. Although novel approaches, such as
enzyme/protein replacement and stem cell-based therapies have shown recently
promising results, gene therapy is by far the most well-developed field of research for
the treatment of both inherited and acquired retinal disorders [4,5]. The unique
anatomical and histological features of the eye provide both benefits and challenges for
the progress in gene-based ocular therapeutics [6].

In the last decade, many viral and non-viral gene delivery approaches have been
developed for the treatment of many retinal pathologies [7,8]. Compared with their
counterparts, non-viral vectors have attracted great attention as safer alternative to
deliver genetic material, since they can circumvent many safety issues that are still
associated with viral gene delivery systems, such as immunogenicity, mutagenicity and
oncogenic effects [9]. Consequently, the use of non-viral vectors in clinical trials has
increased since 2004, while that of viral vector has decreased significantly [10].
Actually, cationic lipids and cationic polymers are the most commonly used non-viral
vectors [10,11]. However, to date, one of the main problems that non-viral formulations
have to face, in order to reach the clinical practice, is their limited transfection
efficiency. Therefore, research activity on this area merits special attention for the
scientific community [12].

As drug delivery system, niosomes have received growing attention by time for
being osmotically active and chemically stable formulations [13]. Besides, when it
comes to easy handling and low toxicity, they are considered quite advantageous over
the well-known liposomes [14].

However, their use as gene delivery systems has been poorly studied, although some
recent results have revealed their appealing properties to transfect efficiently brain and

retinal cells in rats [15-17].
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Niosomes, for gene delivery purposes, are self-assembled vesicular nano carrier
systems composed typically by non-ionic surfactant, “helper” and cationic lipids [18].
The non-ionic “electrically neutral” surfactants enhance the stability of niosome
formulations [19]. Additionally, cationic lipids form complexes by electrostatic
interactions upon the addition of negatively charged genetic material [15,16], and
“helper” lipids have a marked influence on both the physicochemical and biological
properties of niosome gene carriers [15,17,20].

Recently, it has been reported on the literature the flattering properties of the
“helper” lipid squalene (a natural lipid that belongs to the terpenoid family) in
cationic niosome gene delivery formulations. Therefore, we decided to investigate the
effect that lycopene, another natural lipid, could have on a niosome formulation based
on cationic lipid N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chlor-ide
(DOTMA) and non-ionic surfactant polysorbate 60.

Lycopene is a carotenoid that contains 40 carbon and 56 hydrogen atoms (Fig.
1-C). Classically, it is known to be one of the most potent natural antioxidants that

mediate cytoprotective, immunomodulatory and anticancer activities [21].
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Fig. 1. Chemical structures of the cationic lipid, N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium chloride (DOTMA) (A), Polysorbate 60 (B), and
Lycopene (C).
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Additionally, lycopene can be found at high concentration levels in the eye,
where it has shown both anti-inflammatory and anti-angiogenic effects [22].

We designed two novel niosome vector formulations for retinal gene delivery
purposes based on the same cationic lipid N-[1-(2,3-dioleoy-loxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA) and the same non-ionic surfactant polysorbate
60, in the absence/presence of lycopene (DP60 and DP60L, respectively). Both
niosomes were elabo-rated by the solvent emulsification-evaporation technique and
com-pared in terms of particle size, polydispersity index (PDI) and zeta potential. Upon
the addition of the reported pPCMS-EGFP plasmid at different cationic lipid/DNA ratios
(w/w), nioplexes were obtained and characterized by size, PDI, morphology, and the
ability to condense, release and protect the DNA from enzymatic digestion. In vitro
experiments were performed to compare the behavior of both vectors in ARPE-19 cells
regarding their cellular uptake, transfection efficiency, viability, and internalization
mechanism. Following the in vitro characterization, the most promising formulation
was administered to rat eyes via intravitreal and subretinal injection in order to evaluate
transfection efficiency by confocal microscopy in both whole-mount and sagittal cross
sections of the retina.
3.2.Materials and methods

3.2.1. Production of cationic niosomes

Niosomes were elaborated with slight modifications of the previously described
reverse phase evaporation method [23]. Briefly, 5 mg of cationic lipid DOTMA D
(Avanti Polar Lipids Inc., Alabama, USA) and 26 mg of polysorbate 60 P60 (0.5%,
w/v, Sigma-Aldrich, Madrid, Spain) with/without 1 mg lycopene L (Sigma-Aldrich,
Madrid, Spain) were dissolved in 1 ml of organic solvent, dichloromethane (Panreac,
Barcelona, Spain). The emulsions were obtained by sonication of such organic phase
with 5 ml milliQ water for 30 s at 45 W (Branson Sonifier 250®, Branson Ultrasonics
Corporation, Danbury, USA). Dichloro-methane was removed from emulsions by
evaporation under magnetic agitation for 2 h leaving the cationic nanoparticles in the
aqueous medium. The corresponding molar ratios of both DP60 and DP60L
formulations were 1:4 and 1:4:0.4, respectively.
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3.2.2.Plasmid propagation and elaboration of nioplexes

pCMS-EGFP plasmid (5541 bp, Plasmid Factory, Bielefeld, Germany), was
propagated in Escherichia coli DH5-a and purified using the Qiagen endotoxin-free
plasmid purification Maxi-prep kit (Qiagen, California, USA) according to the
manufacturer's instructions. The purified plasmid DNA was quantified by measuring
absorbance at 260 nm in a NanoDrop® Spectrophotometer (Thermo Fisher Scientific
Inc. Denver, USA). The purity of the plasmid was verified by agarose gel
electrophoresis (Bio-Rad, Madrid, Spain) in Tris Borate-EDTA buffer, pH 8.0 (TBE
buffer). DNA bands were detected using GelRed™ (Bio-Rad, Madrid, Spain) to stain
DNA, and images were observed with a ChemiDoc™ MP Imaging System (Bio-Rad,
Madrid, Spain). The stock solution of pPCMS-EGFP plasmid (0.5 mg/ml) was estimated
to be around 0.14 uM.

Both DP60 and DP60L nioplexes (niosome/DNA complexes) were elaborated
by mixing an appropriate volume of a stock solution of pPCMS-EGFP plasmid (0.5
mg/ml) with different volumes of the niosome suspensions (1 mg cationic lipid/ml) to
obtain different cationic lipid/DNA mass ratios (w/w). The mixture was left for 30 min
at room temperature to enhance electrostatic interaction between the cationic niosomes

and the negatively charged plasmid.

3.2.3.Characterization of niosomes/nioplexes

Particle size and polydispersity index (PDI) were determined by dynamic light
scattering (DLS) with Zetasizer Nano ZS (Malvern Instruments, UK). Determination
of zeta potential by Laser Doppler
Velocimetry (LDV) was carried out with the same instrument, where samples were
dispersed in a 0.1 mM NacCl solution. Particle size, reported as hydrodynamic
diameter, was obtained by cumulative analysis. All measurements were carried out in

triplicate.
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The morphology of both niosomes and nioplexes was assessed by Transmission
Electron Microscopy (TEM). Briefly, 5 ul of each sample was adhered onto glow
discharged carbon coated grids for 60 s. The remaining liquid was removed by blotting
on paper filter. Samples were visualized under TEM, Tecnai G2 20 Twin (FEl,
Eindhoven, The Netherlands), operating at an accelerating voltage of 200 keV in a
bright-field image mode. Digital images were acquired with an Olympus SIS Morada
digital camera.

The capacity of niosomes to condense, release and protect DNA from enzymatic
digestion was performed by agarose gel electrophoresis assay. Naked DNA or niosome-
complexed DNA samples (200 ng of plasmid/20 ul) were run on a 0.8% w/v agarose
gel, stained with GelRed™. The gel was immersed in a Tris—acetate—EDTA buffer and
exposed for 30 min to 120 V. Bands were observed under a digital ChemiDoc™ MP
Imaging System (Bio-Rad, Madrid, Spain). To analyze the release of DNA from both
formulations at different mass ratios, 20 pl of a 2% SDS solution (Sigma-Aldrich,
Madrid, Spain) was added to the samples. Protection capacity of nioplexes against
enzymatic diges-tion was studied after adding DNase | (Sigma-Aldrich, Madrid, Spain)
at a final concentration of 1 U DNase 1/2.5 png DNA. Afterwards, the mixtures were
incubated at 37 °C for 30 min. Finally, 2% SDS solution was added to release DNA
from nioplexes. The integrity of DNA was determined in comparison to untreated
DNA.

3.2.4. Cell culture and in vitro transfection assays

ARPE-19 cells from the American Type Culture Collection (ATCC, CRL-
2302"™) were seeded in 24-well plates at a density of 9 x 10* cells/ well, with 300 pl of
complete medium, formed of D-MEM/F-12 containing 10% fetal bovine serum
(Gibco®, California, USA). 24 h later, the medium was removed and cells were washed
with serum-free Opti-MEM® solution (Gibco®, California, USA). Then, cells were
exposed to nioplexes (1.25 ng DNA), at different cationic lipid/DNA mass ration (w/w),
diluted in serum-free Opti-MEM® solution for 4 h at 37 °C. After the incubation time,
transfection medium was removed and cells were washed thoroughly with PBS. Next

complete medium was added and cells were allowed to grow for further 72 h until
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fluorescence microscopy imaging (Nikon TSM) and FACSCalibur flow cytometer
analysis (BD Biosciences, USA) to determine transfection efficiency. To analyze cell
viability, cells were stained with Propidium lodide (Sigma-Aldrich, Madrid, Spain)
prior to flow cytometry analysis. Experiments with uncomplexed DNA and with
Lipofectamine™ 2000 (Invitrogen, California, USA) were considered as negative and
positive controls, respectively. As a minimum, 10.000 events were collected and

analyzed for each sample. Each formulation was analyzed by triplicate.

3.2.5.Cell uptake and intracellular distribution of nioplexes

To determine cellular uptake of nioplexes, ARPE-19 cells were transfected as
mentioned in the previous 3.2.4 section, but in this case, nioplexes were prepared with
FITC-labeled plasmid (pCMS-EGFP) (DareBio, Madrid, Spain). After 2, 3 and 4 h of
incubation time with the vectors at 37 °C, transfection medium was removed and cells
were washed thoroughly with PBS, detached, and analyzed by FACSCalibur flow
cytometer (BD Biosciences, USA) using the FL1 channel (Ex/ Em = 490/525 nm). For
each sample, 10.000 events were collected and analyzed. Cellular uptake data were
expressed as the percentage of FITC-positive cells. Naked DNA was used as a negative
control. Each formulation was analyzed by triplicate.

The intracellular distributions of the complexes were visualized by confocal
laser scanning microscopy (CLSM; Olympus Fluoview500). Briefly, cells were seeded
on coverslips-containing 24-well plates and treated with both nioplexes. After 2 and 4
h of incubation, coverslips were washed several times with PBS, fixed with 3.7%
paraformaldehyde (PFA, Sigma-Aldrich, Madrid, Spain) and then mounted on Dapi
Fluoromount-G from Southern Biotech (Birmingham, AL, USA).
3.2.6.Intracellular trafficking studies

The endocytosis mechanisms involved in the uptake of both nioplexes were
evaluated by colocalization of nioplexes (prepared with FITC-pCMSEGFP) with
different fluorescently labeled endocytosis markers, all obtained from Invitrogen
(California, USA). To illustrate caveolae raft-mediated or clathrin-mediated

endocytosis, we used AlexaFluor® 555-Cholera Toxin (10 pg/ml) and AlexaFluor®
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546-Transferrin (50 pg/ml), respectively. Additionally, 0.15 uM AlexaFluor® 594-
labeled dextran (anionic, 10,000 MW), were used to analyze macropinocytosis
pathway. Briefly, cells at appropriate density were seeded on coverslips-containing 24-
well plates and co-incubated with FITC-labeled nioplexes and one of the three
aforementioned markers for 4 h. Next, transfection medium was removed and cells
were washed twice with PBS, fixed with a 3.7% PFA. Preparations were mounted on
Dapi Fluoromount-G and visualized with an Olympus Fluoview 500 confocal
microscopy under sequential acquisition to avoid overlap of fluorescent emission
spectra. Colocalization was first assessed qualitatively by the occurrence of yellow
pixels resulting from the spatial overlap of green (pseudo color of nioplexes) and red
pixels (pseudo color of endocytosis marker) from two separate channels. Colocalization
between markers and nioplexes from images was then quantified by the Mander's
colocalization coefficient (M). NIH Fiji© program was used to analyze images. The
tone of each image was adjusted and overlapped to give a merged picture by digital
processing. A minimum of three optical sections per sample were analyzed in three
independent experiments [24].

3.2.7. Intravitreal and subretinal administrations

All experimental procedures were carried out in accordance with the Spanish
and European Union regulations for the use of animals in research and the Association
for Research in Vision and Ophthalmology (ARVO) statement for the use of animals
in ophthalmic and vision research and supervised by the Miguel Hernandez University
Standing Committee for Animal Use in Laboratory.

Nioplexes were injected intravitreally and subretinally in four adult female
Sprague-Dawley rats (6—7 weeks old, 200-300 g weight) each. 4 ul of nioplexes
suspension (containing 100 ng of plasmid) were injected under an operating microscope
(Zeiss OPMI® pico; Carl Zeiss Meditec GmbH, Jena, Germany) with the aid of a
Hamilton microsyringe (Hamilton Co., Reno, NV). A bent 33-gauge needle was used
to inject into the vitreous of the left eyes, immediately adjacent to the ora serrata without
touching the lens. To deliver nioplexes into the subretinal space, the needle was

introduced through a sclerotomy (1-2 mm) posterior to ora serrata and in a tangential
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direction toward the posterior retinal pole along the subretinal space. Successful
administration was confirmed by the appearance of a partial retinal detachment by
direct ophthalmoscopy of the eye fundus through the operating microscope. The
untreated right eyes served as negative control. Commercially available

Lipofectamine™ 2000 was used as positive control.

3.2.8.Analysis of EGFP expression

Three days post-injection, rats were sacrificed and perfused with 0.9% saline
followed by 4% PFA in 0.1 M PBS at 4 °C. Native EGFP was analyzed in whole-mount
retinal preparations using immunohistochemistry, EGFP protein expression was then
evaluated in fresh-frozen retinal sections. Briefly, both eyes were enucleated, and the
anterior segments, including the lens, were removed. Posterior eyecups were fixed in
PBS containing 4% paraformaldehyde. Samples were then immersed in a graded series
of sucrose solutions, 15%, 20% and 30% in PBS overnight at 4 °C for cryoprotection.
Eyecups were embedded and oriented in optimal cutting temperature (O.C.T.)™
compound (Tissue-Tek®, Sakura Finetek Europe B.V., Alphen and den Rijn,
Netherlands) and frozen in 2-methylbutane cooled in liquid nitrogen at —60 °C. Vertical
sections of 16 um thick were obtained using cut with a cryostat (HM 550; Microm
International GmbH, Walldorf, Germany), mounted on SuperFrost® Plus microscope
slides (VWR International BVBA, Leuven, Belgium). Prior to immunostaining, the
frozen sections were blocked through non-specific staining with 10% normal donkey
serum for 1 h with 0.5% Triton X-100 (Sigma-Aldrich, Madrid, Spain), then incubated
overnight at 4 °C with combinations of primary antibodies: Chicken anti-GFP
(Invitrogen, California, USA), rabbit anti-NeuN (Millipore, MA, USA) and rabbit anti-
recoverin (Millipore, MA, USA). Primary antibodies were visualized using Alexa Fluor
488 and Alexa Fluor 555-conjugated secondary antibodies (Invitrogen, California,
USA). Cell nuclei were counterstained with Hoechst 33,342 (Sigma-Aldrich, Madrid,
Spain), mounted with anti-fading medium and examined by CLSM.

Immunofluorescence and EGFP expression were evaluated using a Leica TCS
SPE spectral confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany).

Images were processed, montaged and composed digitally using ImageJ (NIH,
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Bethesda, MD) and Adobe® Photoshop® CS5.1 software (Adobe Systems Inc., CA,
USA).
3.2.9. Statistical analysis

Statistical analysis was completed with the InStat programme (GraphPad
Software, San Diego, CA, USA). Differences between groups at significance levels of
95% were calculated by the ANOVA and the Student's t-test. In all cases, P values <
0.05 were regarded as significant. Normal distribution of samples was assessed by the
Kolmogorov-Smirnov test and the homogeneity of the variance by the Levene test. Data
were presented as mean £ SD, unless stated otherwise.

3.3.Results

3.3.1. Physicochemical characterization of niosomes and nioplexes

Table 1 summarizes the particle size, zeta potential (ZP) and polydispersity
index (PDI) of both DP60 and DP60L niosomes. The size of niosomes increased from
66 to 102 nm when lycopene was incorporated into the niosome formulation. Regarding
ZP values, the addition of lycopene decreased ZP to 34 mV in DP60L, compared to 45
mV in DP60, while no true difference in PDI vales was observed between both

niosomes (0.46 and 0.44 for DP60 and DP60L formulations, respectively).

Table 1

Physical characterization of DP60 and DP60L niosomes regarding particle size (nm);
Polydispersity index (PDI), and Zeta potential (mV). Data represent mean + SD (n =
3).

Particle Size (nm) PDI Zeta potential (mV)
DP60 niosome 66.49 + 1.17 0.46+0.02 45.30+1.57
DP60L niosome 101.60 £ 2.48 0.44+0.02 33.80+1.13

The physicochemical characterization of both DP60 and DP60L nioplexes at
different cationic lipid/DNA mass ratios (w/w) is summarized in Fig. 2. Fig. 2-A depicts
size and ZP values of both nioplexes at different ratios (from 6/1 to 22/1). The size of

DP60 nioplexes (light bars) varied between 146 nm at 14/1 cationic lipid/DNA mass
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ratio to 89 nm at 22/1 mass ratio. Regarding size of nioplexes based on DP60 (dark
bars), the highest value was observed at 6/1 mass ratio (154 nm), while the lowest one,
was found as well at 22/1 ratio (90 nm). In general, slight modifications on sizes were
observed between both DP60 and DP60L based nioplexes at different cationic
lipid/DNA ratios. PDI values did not exceed 0.45 in all nioplexes (data not shown).
Concerning ZP, readings were clearly higher in DP60 nioplexes, surpassing their
DP60L counterpart at all cationic lipid/DNA mass ratios tested. As illustrated in Fig.
2-B, the morphology of both nioplexes, assessed by TEM, exhibited a pattern of
discrete imperfectly spherical morphology with no aggregates. Fig. 2-C represents gel
retardation assays of both DP60 and DP60L nioplexes prepared at different cationic
lipid/DNA ratios (6/1, 12/1, 18/1 and 22/1). Both niosomes were able to complex
partially the DNA, since faint SC bands were observed on 4, 7, 10 and 13 wells.
However, the DNA bound to both niosomes was released upon the addition of SDS, as
can be observed on lanes 5, 8, 11 and 14. Moreover, complexed DNA to both niosome
formulations was protected from enzymatic digestion, since clear SC bands were
detected on lanes 6, 9, 12 and 15. No SC bands were observed on lanes 3, which suggest

that the enzyme worked properly.

3.3.2.In vitro transfection and viability studies in ARPE-19 cells

As can be observed in Fig. 3A, all cationic lipid/DNA mass ratios (w/w) studied
above 6/1 clearly depicted higher percentage of transfection with DP60L nioplexes
compared to their DP60 counterpart. The percentage of ARPE-19 cells transfected with
DP60 nioplexes was in the range of 3-4%. Nonetheless, in the case of DPL60 niosomes,
an increase in the percentage of transfected cells proportionally to the cationic
lipid/DNA mass ratio was observed. The maximum percentage of transfection with
DPL60 niosomes was obtained at cationic lipid/ DNA ratio 18/1 (34.4%), although it
was significantly lower (p < 0.05) to that obtained with commercial reagent Lipofecta-
mine™2000 (42.6%). Then, the percentage of transfected cells with DP60L niosomes
decreased to 28.2% at 22/1 ratio. Meanwhile, naked DNA plasmid did not show any
transfection (data not shown). Both vectors did not hamper cell viability that was over

90% at all ratios studied. However, viability in cells transfected with commercial
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reagent Lipofectamine™2000 significantly decreased to 82% (p < 0.05). The
micrographs obtained in (Fig. 3B) demonstrated that transfected ARPE-19 cells
maintained a normal morphology with both nioplexes even with high cationic
lipid/DNA mass ratios.

A 400 - [IDP6O Size EmDP60L Size

-»-DP60 ZP --DP60L ZP
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Size (nm)
N
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100 -

6/1 8/1 10/1 12/1 14/1 16/1 18/1 22/1
Cationic lipid/DNA mass ratio (w/w)

DNA 6:1 12:1 18:1 22:1

Fig. 2. Physicochemical characterization of nioplexes. A) Effect of cationic lipid/DNA
mass ratio (w/w) on both particle size (bars) and zeta potential (lines). Each data point
represents the mean = SD (n = 3). TEM of DP60 (B1) and DP60L nioplexes (B2) at
ratio of 18/1 cationic lipid/DNA mass ratio (w/w). Scale bar = 500 nm. Binding, SDS-
induced release and protection of DNA at different cationic lipid/DNA mass ratios
(w/w) of nioplexes based on both DP60 (C1) and DP60L (C2) visualized by agarose
electrophoresis. Lanes 1-3 correspond to uncomplexed DNA; lanes 4-6, cationic
lipid/DNA mass ratio 6/1; lanes 7-9, cationic lipid/DNA mass ratio 12/1; lanes 10-12,
cationic lipid/DNA mass ratio 18/1; lanes 13-15, cationic lipid/DNA mass ratio 22/1.
Nioplexes were treated with SDS (lanes 2, 5, 8, 11 and 14) and DNase | + SDS (lanes
3, 6,9, 12 and 15). OC: open circular form, SC: supercoiled form.

3.3.3.Cell uptake studies
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Nioplexes at cationic lipid/DNA mass ratio of best transfection, 18/ 1, were used
to determine uptake percentage in ARPE-19 cells. Fig. 4-A features the percentage of
FITC-positive cells quantified by flow cytometry. In general, the uptake percentage
increased over time for both formulations. Additionally, DP60 uptake values (50.5%,
62.4%; and 75.5%) were significantly higher (p < 0.05) than values of DP60L uptake
(5.8%, 11.1% and 23%) at the time points tested, respectively.
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Fig. 3. In vitro transfection efficiency and cell viability in ARPE-19 cells at 72 h post-
transfection. (A) Flow cytometry-based evaluation of the percentage of EGFP-positive
cells (bars) and percentage of viable cells (lines) at different cationic lipid/DNA mass
ratios (w/w). Values represent mean £ SD (n = 3). (*P < 0.05 vs. Lipofectamine™2000
transfection). (P < 0.05 vs. Lipofectamine™2000 viability). (B) Overlay of
fluorescence and phase-contrast micrographs of ARPE-19 cells 72 h post-transfection
at different cationic lipid/DNA mass ratios (w/w). Scale bar = 100 um.

Confocal micrographs were obtained after 2 and 4 h of incubation to visualize
the progress of complex internalization over time. Fig. 4-B showed that both nioplexes
were homogeneously distributed within the cytoplasm 2 h of incubation. However, after
4 h of incubation, cytoplasmic aggregates of DP60 complexes were discerned compared
to their DP60L counterparts that maintained their relative homogeneous cytoplasmic

distribution.

51



Chapter3

A 100 -
O DP60 E DPéOL
g 80 - —k
2 —k
® 60 A =
[
>
£ 40 -
wv
=}
[
o 20 A
=
L
e 2 3

Time (hours)
2h 4h

Fig. 4. Uptake of FITC-labeled nioplexes in ARPE-19 cells. Both DP60 and DP60L at
a mass ratio of 18/1 (w/w). (A) Percentage of FITC-positive cells. Data represent mean
+ SD (n = 3). *p < 0.05. (B) Fluorescence micrographs of ARPE-19 cells at 2 h and 4
h of incubation with FITC-labeled DP60 and DP60L nioplexes (green). Nuclei stained
with Dapi (blue). Original magnification 63x. Scale bar = 20 um. (For inter-pretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

DP60

DP60L

3.3.4. Cell internalization studies

Fig. 5 illustrates that DP60 nioplexes (green) highly co-localized with each one
of the three different endocytosis markers used (red), resulting in yellowish signals that
were quantified by Mander's overlap coefficient. Values of M > 0.6 indicated a positive
co-localization. However, DP60L complexes, co-localized mainly with cholera toxin
(M =0.76 £ 0.04) and dextran (M = 0.76 + 0.07) endocytosis markers, whereas no

positive co-localization was observed with transferrin (M = 0.53 + 0.03).
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Fig. 5. Three-channel overlay RGB images of ARPE-19 cells showing nioplexes with
FITC-labeled pCMS-EGFP (green) and one of the endocytosis markers in red
(AlexaFluor® 555-Cholera Toxin, AlexaFluor® 546-Transferrin or AlexaFluor® 594-
dextran). Presence of yellow/orange color represents the overlay of an endocytic marker
and nioplexes. (M = Mander's overlap coefficient). Original magnification 63x, Scale
bar = 25 pum. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.3.5.Histology and immunofluorescence analysis of EGFP expression in vivo

After 72 h of intravitreal administration of DP60L nioplexes, EGFP expression in
the rat retina was analyzed by CLSM (Fig. 6). The analysis of whole-mount
preparations (Fig. 6-A, B) revealed native EGFP-expression in some ganglion cells
containing NeuN immunoreactivity (red color) as well as in some cells in contact with
a typical microglial-like morphology, while no fluorescence was detected in control
retina (data not shown). Fig. 7 shows vertical retinal sections where EGFP expression
was detected in both ganglion cell layer (GCL) labeled with anti-NeuN (red color), and

outer segments (OS) of photoreceptors with anti-Recoverin, a marker of photoreceptors
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(red color) after intravitreal (Fig. 7-A, B) and subretinal injection (Fig. 7-C, D),
regardless the route of administration. Both positive controls of rat retinae transfected
with Lipofectamine™ 2000 and negative controls of non-transfected retinae can be
observed in the Supplementary data section (Fig. S1).

3.4.Discussion

Due to its appealing chemical structure, the commercially available cationic lipid
DOTMA has been widely used for gene delivery applications [25]. As shown in Fig. 1-
A, its structure is composed of a polar head-group, two non-polar hydrophobic chains,
a linker and a back-bone, which classically are known as the four domains that rule

gene transfection process [26].

We combined DOTMA with the non-ionic surfactant polysorbate 60, in a niosome
formulation at a molar ratio of 1:4 respectively, in order to enhance cell tolerance [27]
and provide a steric barrier to avoid aggregation [28]. It has been reported on the
literature that the presence of PEG chains in the chemical structure of polysorbates (Fig.
1-B) provides physicochemical stability to lipid formulations [29], conserves
effectiveness over time and boosts transfection efficiency [30]. Compared with
polysorbate 80, another polysorbate that has been widely used in the elaboration of
niosome formulations for gene delivery applications, [15-17,31] polysorbate 60 could
offer some important advances. For instance, the lack of double bonds in the
hydrocarbon chains (Fig. 1-B) could provide low permeability of the vesicles, and
therefore better stability of niosome membranes [29]. Additionally, compared with
other hydrophilic surfactants such as polysorbates 80, 40 or 20, the low hydrophilic-
lipophilic balance (HLB) value of polysorbate 60 (14.9) could help to solubilize
lycopene more efficiently [31]. The addition of the natural and non-polar lipid lycopene
(Fig. 1-C) into niosome bilaminar membrane could increase its fluidity, disturb
membrane packing, and consequently vesicle susceptibility to environmental stresses
[32].
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Fig. 6. Immunohistochemical study of EGFP expression in retinal whole-mount
preparations 3 days after intravitreal administration of DP60L nioplexes. Partial
colocalization of EGFP (green color) with NeuN-positive ganglion cells (red) was
observed in the ganglion cell layer (GCL) (red). EGFP expression was observed as well
in some cells with typical microglial morphology in GCL (NeuN-negative cells). Nuclei
were stained with Hoechst 33342 (blue). Scale bars: 10 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Once elaborated by the reverse phase elaboration method, both DP60 and DP60L
niosomes showed appropriate size (in the nanometric scale) and PDI values (below 0.5)
for gene delivery purposes (Table 1). High positive ZP values (> +25 mV) ensure long-
lasting stability [33], spontaneous electrostatic interaction with DNA, as well as binding
of the resulting nioplexes to the negatively charged components of the cell membrane

prior to cellular uptake [26].

To elaborate nioplexes, we added pCMS-EGFP reporter plasmid to both niosome
formulations at different cationic lipid/DNA mass ratios, since otherwise, the complex
assembly process could be slowed down [34]. The slight changes discerned in the size
of nioplexes (100-150 nm, Fig. 2-A), at the mass ratios studied, might be due to the
delicate balance of different events involved in the multistep self-assembled complex

formation, such as: electrostatic interaction, further membrane merging, lipid mixing
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and aggregate growth [34]. Regarding the ZP values, the gradual increase of superficial
charge along with cationic lipid/DNA ratios (w/w) suggests the capacity of cationic
niosomes to bind to and neutralize the negatively charged phosphate groups of DNA
[17]. Lycopene addition reduced ZP value of DP60L nioplexes, compared to DP60, at
all ratios studied. This fact could be explained by the perturbation of the lipid membrane
bilayer, which could dissipate the electrical potential (Fig. 2-A) [35]. In any case, both
formulations could function as gene delivery carriers, since the positively charged
complexes could interact electrostatically with the anionic cell coat, inducing early
steps of the endocytosis process [36]. The high positive ZP value of both DP60 and
DP60L nioplexes, especially at 18/1 mass ratio (42 and 27 mV, respectively), could
ensure the discrete morphology and absence of aggregates observed by TEM
micrographs (Fig. 2-B) [[37].].

Among other factors that can influence on the transfection process, the
electrostatic interactions between the negatively charged phosphate groups of the DNA
and the positively charged amine groups of the cationic niosomes merits special
attention [15-17,38]. We observed by agarose gel electrophoresis assay that at all
cationic lipid/DNA ratios tested, both niosomes were able to condense, release and
protect the DNA from enzymatic digestion (Fig. 2-Cland C2).

Once we evaluated that our formulations were biotechnologically suitable for
gene delivery purposes, we proceeded to evaluate their biological performance in
ARPE-19 cells.

ARPE-19 cell line has a normal karyotype and has functional and structural properties
similar to retinal pigment epithelia (RPE) in vivo, expresses RPE-specific markers,
hence it is considered a suitable transfection model to investigate our vectors'
effectiveness and safety before its application in vivo [39]. It has been reported that the
non-ionic nature of surfactants makes niosomes well tolerated by cells [40]. Our results
in Fig. 3 show higher cell viability values in cells transfected with both nioplexes when
compared with cells transfected with Lipofectamine™ 2000. Additionally, we observed
under the fluorescence microscope that cells transfected with both nioplexes

maintained their normal morphology, even at high cationic lipid/DNA ratios (Fig. 3-
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B). Although the percentage of transfected cells with DP60L niosomes at 18/1 mass
ratio was significantly lower than that obtained with commercially available
Lipofectamine™ 2000, our niosomes formulation was better tolerated by ARPE-19
cells. Therefore, it could be an interesting alternative to Lipofectamine™ 2000, since
some authors have reported damage on the retina associated to the in vivo
administration of Lipofectamine™ 2000 in the eye [41]. Regarding the transfection
efficiency, the lipid composition is considered a primary limiting factor that affects to
this process [25]. We clearly observed in Fig. 3 the impact that lycopene had on
transfection efficiency in ARPE-19 cells, since values were clearly higher when
lycopene was present in the niosome formulation. Although the exact mechanism of
lycopene action has not yet been fully elucidated, some authors suggest the existence
of a lycopene receptor and/or transporter in the nuclear membrane of cells [42].

Additionally, other study has documented the capacity of lycopene to modulate
transcription [43]. Such effect could be either by direct interactions with transcription
factors such as nuclear factor-kappa, or by indirect modifications of transcriptional
activity. In any case, further research is still needed to determine the exact mechanism
[44]. The ascending transfection percentages obtained by DP60L at high mass ratios
might be attributed, partially, to the triggering effect of free niosomes absorbed on to
the cell membrane. At higher cationic lipid/DNA mass ratios, there is a large excess of
cationic lipid to DNA, therefore a population of free niosomes is expected [45]. This
free cationic lipid could prolong cellular retention or decreases degradation rate of DNA
[25]. Nonetheless, additional experiments are needed to elucidate the detailed

mechanisms involved.
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Fig. 7. Confocal fluorescence micrographs of retinal cross-sections after 3 days of
intravitreal (A,B) and subretinal (C,D) administration of DP60L nioplexes. After
intravitreal injections, EGFP fluorescence was observed in glial cells in the GCL, and
in the outer segments of the photoreceptors. Localization of EGFP after subretinal
injections was detected as well in OS of photoreceptors (stained with recoverin, in red)
and some microglial cells. Cell nuclei were counterstained with Hoechst 33342 (blue).
Scale bars: 20 um. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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To determine whether enhanced internalization was among the effects that lycopene
incorporation could have in niosome formulations, we studied the percentage of cellular
uptake of both DP60 and DP60L formulations at the mass ratio of best transfection
efficiency (18/1) in ARPE-19 cells at different times (Fig. 4). Surprisingly, flow
cytometry studies showed that lycopene addition clearly reduced the percentage of
cellular uptake at all times studies when compared to DP60 formulation (Fig. 4-A).
Such reduction in the cellular uptake could probably be due to the lower zeta potential
of DP60L formulation compared with DP60 (Fig. 2-A).

Additionally, CLSM studied (Fig. 4-B), excluded mere electrostatic adherence of
cationic nioplexes to the negatively charged surface of ARPE-19 cell, since a clear
intracellular distribution of both nioplexes was observed in the case of both
formulations. In any case, the cytoplasmatic distribution of both nioplexes showed a
different behavior. Whereas DP60L nioplexes maintained a homogeneous distribution
in the cytoplasm over the time, DP60 nioplexes showed some aggregates at 4 h. The
differences observed in the cytoplasmatic distribution of both formulations could
suggest different internalization pathways. Therefore, and motivated by the differences
observed between both formulation in terms of transfection efficiency and cellular
uptake, we next studied the cellular trafficking of both nioplexes at the mass ratio of
best transfection efficiency (18/1). Three of the pathways most employed in the uptake
processes were assayed; clathrin-mediated endocytosis (CME), caveola-mediated
endocytosis (CvME) and macropinocytosis (Fig. 5) [9]. The performance of non-viral
vectors is known to be clearly affected by their distinct cellular internalization pathway,
taking into account the variable effectiveness of every pathway in the release of DNA
into the cytoplasm, which is one of the critical steps in the eventual transgene
expression [34]. Although there is not a clear consensus in the scientific community, it
is widely accepted that the endolysosomal fate is the hallmark feature of CME [37,46].
In the other hand, CvME and macropinocytosis are widely related to non-acidic and
non-digestive routes of cellular uptake [47,48]. Therefore, our results observed in Fig.

5 suggest that internalization of DP60L via these last pathways could be advantageous
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over CME internalization, in terms of both DNA delivery and integrity, since it could

avoid lysosomal degradation [9].

Once the intracellular trafficking of both DP60 and DP60L nioplexes was studied,
next, we performed a preliminary in vivo study to evaluate the transfection efficiency
of DP60L vectors in rat retina after both intravitreal (IV) and subretinal (SR)
administrations. These routes are considered the most clinically viable options to
deliver genetic material to the back of the eye in an effective way. IV injection has been
extensively studied thanks mainly to its relative easiness and to the capacity to deliver
high doses of genetic material to retinal cells. Additionally, it is less invasive and
traumatic than the counterpart SR administration [49]. Typically, after IV injection, the
delivered genes are expressed, mainly, in the ganglion cell layer (GCL) of the retina
[16]. Among many applications, transfection at this level could be of clinical
importance for the treatment of glaucoma, a devastating eye disease that is considered
the first cause of blindness worldwide [50]. However, our in vivo data showed not only
a good and uniformly distributed EGFP expression at this level (Fig. 6 and Fig. 7-A,
B), but also we observed EGFP expression in some of the outer segments (OS) of
photoreceptors (Fig. 7-A, B), which suggests a partial diffusion of our DPL60 niosomes
through the different layers of the retina. Diffusion of nioplexes could be probably
explained by the PEG chains of the polysorbate 60 non-ionic tensioactive which could
prevent aggregations with fibrillar structures in the retina. In any case, for further
clinical applications, where the volume of the human vitreous is significantly bigger
than the volume of the rat vitreous, we should also consider the possible electrostatic
interactions between the positively charged niosome based complexes and the
negatively charged components of the vitreous such as hyaluronans, proteoglycans,
hyalocytes or proteins. These interactions could affect to the final performance of the
formulation. To avoid this scenario, positively charged complexes could be coated with
negatively charged compounds such us hyaluronic acid, which has been recently

reported that can enhance retinal gene delivery after intravitreal injection [51].
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Transfection at the outer layers of the retina is highly desirable from a therapeutic
point of view, since to date, mutations in over 200 genes expressed in photoreceptors
and RPE cells have been associated with many inherited retinal disorder, that until
know, do not have curative treatment, such as Retinitis Pigmentosa, Stargardt Disease,
Age-related Macular Degeneration, or Leber's Congenital Amaurosis, [16] to name just
a few. Although being able to deliver the EGFP gene to the same layers as IV
administration (Fig. 7-C,D), SR injection bears the risk of retinal detachment [49].
Therefore, our preliminary in vivo study offers reasonable hope to target the outer retina
by the much safer 1V instead of SR administration route, which relevant clinical

implications.

3.5.Conclusion

This work describes the elaboration and characterization of a novel non-viral
formulation based on DOTMA cationic lipid and polysorbate 60 non-ionic surfactant.
Interestingly, the incorporation of natural lipid- lycopene- to the formulation clearly
increased transfection efficiency in ARPE-19 cells, without affecting cell viability,
probably due to the particular endocytosis pathway, where CvME and macro-
pinocytosis pathways could avoid DNA degradation in the lysosome. In vivo
administrations to the rat retina showed that DP60L niosomes were able to transfect the
outer segments of the retina, which offer reason-able hope for the treatment of many
inherited retinal diseases by a safe non-viral formulation after IV administration.
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3.7. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jconrel.2017.03.386.

Fig. S1. Confocal imaging of whole mount retinas. A) EGFP expression 3 days after
intravitreal injection of lipoplexes based on commercially available lipofectamine. B)
Non-transfected retina from a right eye used as negative control. EGFP (green color),
NeuN-positive ganglion cells (red color). Nuclei were stained with Hoechst 33342 (blue
color). Scale bars: 20 um.
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Abstract

Development of safe and efficient non-viral vectors to deliver DNA into the CNS
represents a huge challenge to face many neurological disorders. We elaborated
niosomes based on DOTMA cationic lipid, lycopene “helper” lipid and polysorbate 60
as non-ionic surfactants for gene delivery to the CNS. Niosomes, and their
corresponding nioplexes obtained after the addition of the pPCMS-EGFP plasmid, were
characterized in terms of size, charge, morphology and capacity to condense, release
and protect DNA. In vitro experiments were performed in NT2 cells to evaluate
transfection efficiency, viability, cellular uptake and intracellular distribution.
Additionally, transfection in primary cortex cells were performed prior to brain
administration into rat cerebral cortex. Data obtained showed that nioplexes exhibited
not only adequate physicochemical properties for gene delivery applications, but also
relevant transfection efficiencies (17%), without hampering viability (90%).
Interestingly, In vivo experiments depicted promising protein expression in both

cortical glial cells and blood vessels.

Keywords: Central nervous system, Gene therapy, Non-viral vectors, Niosomes,

Cationic lipids
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4.1.Introduction

Gene therapy concept relies on the introduction of genetic material into target cells to
modify protein expression for therapeutic purposes (Pezzoli et al., 2012). Over the time
has emerged as a promising strategy for the treatment of many diseases. From a practical
point of view, the nervous system transfection represents a huge challenge to address
many devastating neurological disorders such as Parkinson or Alzheimer diseases
(Nobre and Almeida, 2011) that are difficult to treat with traditional pharmacology
approaches, mainly due to the brain physical barriers that drugs need to overcome after
systemic administration and the complexity of the system (Nagabhushan Kalburgi et
al., 2013). However, nowadays, gene therapy clinical trials for neurological disorders
are still few in number, mainly due to the lack of safe and suitable approaches to deliver
genetic material to targets cells (Yin et al., 2014). Non-viral vectors have received
increasing attention thanks to their flattering properties such as; easy elaboration, low
cytotoxicity, immune tolerance and lack of oncogenic effects. Additionally, it is
possible to use larger DNA inserts (Mansouri et al., 2004; Tang and Szoka, 1997).
Therefore, a notable shift of preclinical studies has occurred from viral to non-viral
vectors in various applications, including neurological disorders (Peluffo et al., 2015).
However, the expression of genes delivered via such vectors is typically low, which
justifies the need for further research in this topic. Among non-viral vectors, niosomes
have recently emerged as promising gene delivery systems (Attia et al., 2017; Ochoa et
al., 2014; Ojeda et al., 2016¢; Puras et al. 2014, 2015). Basically, niosomes are non-
phospholipid liposome like vesicles, with a bilayer structure (Ojeda et al., 2016a).
Compared to liposomes, niosomes are recognized for their low cost and superior
chemical and storage stabilities (Rajera et al., 2011). The typical components of a
niosome formulation include the cationic lipid, which electrostatically interacts with
negatively charged genetic material to form complexes, known as nioplexes (Agirre et
al., 2015). The “helper” lipid, which enhances physicochemical properties of the
formulation and the intracellular disposition of the complexes (Ojeda et al., 2016b), and
the non-ionic surfactants, which increase the stability of the formulation and avoid
aggregation between vesicles (Huang et al., 2011). Among cationic lipids, DOTMA has

been widely used to elaborate lipid nanoparticles for gene delivery applications, mainly
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due to its high aqueous solubility and its appealing chemical structure, which includes
a polar head-group, a linker, a backbone and a hydrophobic domain (Rezaee et al.,
2016). Lycopene is a natural carotenoid known for its potent antioxidant properties
(Krishnamoorthy et al., 2013). Recently, has been used as “helper” lipid to enhance
transfection efficiency in retina (Mashal et al., 2017). Polysorbates contain polyethylene
glycol (PEG) chains that improve transfection efficiency of liposome formulations
(Meyer et al., 1998). Therefore, polysorbates are classically incorporated into niosome
for gene delivery applications as non-ionic surfactants.

4.2.Material and methods
4.2.1. Preparation of niosomes and nioplexes

The reverse phase emulsification evaporation technique was used for
elaboration of niosomes as previously described (Mashal et al., 2017). Briefly, the
cationic lipid DOTMA (0.1% w/v, Avanti Polar Lipids Inc. Alabama, USA), non-ionic
surfactant Polysorbate 60 (0.5% w/ v, Sigma Aldrich, Madrid, Spain) and helper lipid
Lycopene (0.02% w/ v, Sigma Aldrich Madrid, Spain) were mixed at a molar ratio of
1/4/0.4 and dissolved in 1 ml of the organic solvent dichloromethane (Panreac,
Barcelona, Spain). The chemical structure of such components can be observed on Fig.
1. Next, 5 ml miliQ water were added and the emulsion was sonicated for 30 s at 45 W
(Branson Sonifier 250, Danbury, USA). After 2 h of magnetic evaporation, the organic
phase was removed, leaving DP60L cationic niosomes suspended in the aqueous phase
at a 1 mg/ml cationic lipid DOTMA concentration. Nioplexes were formed by mixing
a stock solution of pPCMS-EGFP plasmid (0.5 mg/ml) with niosome suspension. Under
gentle pipetting, different cationic lipid/DNA (w/w) ratios were elaborated. The mixture

was left for 30 min at room temperature.

4.2.2. Size and zeta potential measurement

The hydrodynamic diameter and zeta potential of both niosomes and nioplexes,
were measured by Dynamic Light Scattering (DLS) and Laser Doppler Velocimetry

(LDV) using Zetasizer Nano ZS (Malvern Instrument, UK). Particle size reported as
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hydrodynamic diameter was obtained by Z-average. All measurements were carried out

in triplicates. Only data that met the quality criteria were included in the study.
4.2.3. Cryo-TEM analysis

The morphology of formulations was revealed by Cryo-TEM analysis and
samples were examined by a TEM, TECNAI G2 20 TWIN (FEI), operating at an
accelerating voltage of 200 KeV in a bright-field and low-dose image mode (Ojeda et

al., 2015). Digital images were acquired with digital camera.
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Fig. 1. Chemical composition of DP60L cationic niosomes. (A) Cationic lipid
DOTMA-CI, (B) Polysorbate 60 and (C) Lycopene.

4.2.4. Agarose gel electrophoresis studies

The ability of the niosomes to condense, release and protect plasmid DNA
against enzymatic digestion was assayed by agarose gel electrophoresis. Nioplexes
were analyzed at different cationic lipid/DNA (w/ w) ratios (200 ng of DNA/well). The
agarose gel (0.8%, w/v) was immersed in a Tris-acetate-EDTA buffer and exposed for
30 min to 120 V. DNA bands were stained with GelRed® and observed with a
ChemiDoc® MP Imaging System. SDS solution (3%) and DNase | enzyme (1 U DNase

1/2.5 pg DNA) were added to the samples to evaluate the release and protection,
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respectively. The integrity of DNA in each sample was compared to a control of
untreated DNA.

4.25. NT2 cell culture and in vitro transfection

NT2 cells (ATCC®-CRL,1973) were cultivated in complete medium,
Dulbecco’s Modified Eagle’s Medium (DMEM), enriched with 10% fetal bovine serum
(FBS) and antibiotics (100 U/ml penicillin and 100 pug/ml streptomycin, Gibco®, Life
Technologies S.A., Madrid, Spain). Before transfection, NT2 cells were seeded in 24-
well plates at an initial density of 8 x10* cells/well and allowed to grow to 70-80%
confluence. Then, the medium was replaced with serum-free Opti-MEM (Gibco®, Life
Technologies S.A., Madrid, Spain), and cells were exposed to nioplexes (1.25 pg of
pCMS-EGFP/well). After 4 h of incubation, transfection medium was removed and
refreshed with complete medium. Cells were allowed to grow for 24 h until being
analyzed by flow cytometry (FACSCalibur, BD, San Jose, USA). Positive control
(Lipofectamine® 2000, Gibco®, Life Technologies S.A., Madrid, Spain) was prepared

following the manufacturer’s protocol.
4.2.6. Cellular uptake and intracellular distribution studies

NT2 cells were cultured as previously mentioned. The regular growth media
was removed and cells were exposed to nioplexes (prepared with FITC-labeled pCMS-
EGFP plasmids, DareBio. Madrid, Spain). After 4 h of incubation, the transfection
medium was removed and cells were washed with PBS, trypsinized and analyzed by
FACSCalibur flow cytometer. 10.000 events were collected and analyzed for each
sample. Each sample was analyzed in triplicate.

To determine the intracellular distribution of internalized nioplexes, cells were seeded
on coverslips (24-well plates) and exposed to the nioplexes. The intracellular
distribution of nioplexes was analyzed by confocal laser scanning microscopy (CLSM;

Olympus Fluoview 500).

4.2.7. Endocytosis mechanism
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The endocytosis mechanisms were analyzed by co-localization of

nioplexes prepared with FITC-pCMS-EGFP plasmid with different fluorescence-
labeled markers. To illustrate caveolae raft-mediated (CvME) or clathrin-mediated
endocytosis (CME), AlexaFluor® 555Cholera Toxin (10 pg/ml) and AlexaFluor® 546-
Transferrin (50 pg/ml, Thermo Fisher Scientific. Madrid, Spain), were used
respectively. Additionally, 0.15 puM AlexaFluor® 594-labeled dextran (anionic, 10,000
MW), was added to stain macropinocytosis (MPC). LysoTracker® Red DND-99 (140
Nm, Thermo Fisher Scientific. Madrid, Spain) was used to determine co-localization
with late endosomes. NT2 cells were seeded on coverslips and co-incubated with FITC-
labeled nioplexes and one of the four markers for 4 h. Next, the medium was removed
and cells were washed with PBS and fixed with a 2% paraformaldehyde (PFA) solution.
Samples were mounted on DAPI Fluoromount-G and visualized by an Olympus
Fluoview 500 confocal microscopy. Next, the Mander’s co-localization coefficient (M),
was calculated using the NIH Fiji© program. A minimum of three optical sections per
sample were analyzed in three independent experiments (Zinchuk and
Grossenbacher-Zinchuk 2011).

4.2.8. Inhibition of uptake by endocytosis inhibitors

In a 24-well plate, NT2 cells were incubated for 30 min with methylp-
cyclodextrin 3 mM, genistein 200 uM, wortmannin 50 nM and for 60 min with
chlorpromazine hydrochloride 5 ug/ml (Thermo Fisher Scientific (Madrid, Spain) prior
to addition of complexes. The FITC-labeled nioplexes were incubated with cells for 4
h at 37 °C. Then, the transfection medium was removed and cells were washed with

PBS, detached from the wells and analyzed by flow cytometer.
4.2.9. pH-buffering capacity

The pH-buffering capacity of DP60L niosomes was evaluated by volumetric
analysis. Briefly, aliquots of 100 pL of 0.1 M HCI were added to 10 ml of the niosome
solution, and the resulting pH changes were monitored by a pH meter (RISON, GLP

21+, Barcelona, Spain).
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4.2.10. Vulnerability assay of nioplexes in the late endosome

Anionic micelles of phosphatidyl serine (PS), considered as an analogue for
endosome compartment, were prepared, as described previously (Agirre et al., 2015).
PS micelles and nioplexes were incubated at a pPCMS-EGFP/PS (w/w) ratio of 1/50 for
1 h. Then, the amount of the released DNA from each complex was determined by
agarose gel electrophoresis.

4.2.11. Primary cortical neuron culture

Experimental procedures for in vitro isolation and culture of primary cortex
cells were carried out according to the directive 2010/63/EU of the European Parliament
and of the Council, and the RD 53/2013 Spanish regulation on the protection of animals
use for scientific purposes. Additionally, all procedures were approved by the Miguel
Hernandez University Committee for Animal use in Laboratory. Dissociated cultures
from primary cortical neurons were obtained from E17-E18 rat embryos (Sprague
Dawley) and preserved in HBSS (Gibco®, Life Technologies S.A., Madrid, Spain),
during extraction. Then, trypsin was added to the medium and incubated at 37 °C for
chemical dissociation. Subsequently, the tissue was dissociated in NB/FBS (Gibco®,
Life Technologies S.A., Madrid, Spain), and cell density was determined using a
hemocytometer. Cells were seeded on glass coverslips following the same transfection
protocol previously described. Then, samples were fixed with PFA (4%), blocked for
non-specific staining (10% normal bovine serum (Jackson, West Grove, PA, USA)) and
then incubated overnight at 4 °C with rabbit anti-NeuN (Millipore, 1:300) antibody
diluted in PBS containing TritonX100 (0.5%). Later, coverslips were washed in PBS
and incubated for 1 h with Alexa Fluor 555conjugated donkey anti-rabbit 1gG (1:100).
Hoechst 33,342 was used to label the nuclei. Finally, coverslips were mounted for

imaging and analyzed with a Leica TCS SPE fluorescence microscope.
4.2.12. In vivo studies in rat brains

Adult male Sprague—-Dawley rats (67 weeks old,) were used as experimental

animals. All experimental procedures were carried out in accordance with the Spanish
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and European Union regulations for the use of animals in research and supervised by
the Miguel Hernandez University Standing Committee for Animal Use in Laboratory.
Pretreatment of rats and injection of nioplexes were performed as previously reported
(Ojeda et al., 2016c).

4.2.13. Evaluation of EGFP expression in the rat brain

After 72 h of surgery, animals were sacrificed and intracardiac perfusion with
PBS followed by PFA (4%) was performed for an initial fixation. Then, rat brains were
preserved in PFA (4%) and cryoprotected in sucrose solution (30%) with PBS before
slicing. A cryostat (HM 550; Microm International GmbH, Walldorf, Germany) was
used to obtain slices of 20 um from coronal frozen sections adjacent to the injection
area. Once the slices were mounted for immunohistochemistry analysis, sections were

processed as previously reported (Ojeda et al., 2016c¢).
4.2.14. Statistical analysis

Statistical differences at significance levels of >95% were calculated by
ANOVA and Student’s t test. In all cases, P values < 0.05 were regarded as significant.
Normal distribution of samples was assessed by the Kolmogorov- Smirnov test and the

homogeneity of the variance by the Levene test.

4.3.Results

4.3.1. Physicochemical characterization of formulations

Fig. 2 summarizes physicochemical characterization of both niosomes and nioplexes at
different cationic lipid/DNA mass ratios (w/w) in terms of particle size, polydispersity
index (PDI), zeta potential (ZP), morphology and capacity to condense, release and
protect DNA against enzymatic digestion. The size of niosomes was in the nanoscale
range, measuring about 100 nm; ZP value was in the positive territory, around +34 mV;
and PDI was relatively high, 0.44. All these parameters were affected when DNA was
incorporated into the surface of niosomes to obtain corresponding nioplexes at different

cationic lipid/DNA (w/w) ratios. Size of nioplexes decreased from 154 nm at 6/1 (w/w)
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ratio to 94 nm at 18/1 ratio. Regarding ZP of nioplexes, all readings were in the positive

region, but inferior than that observed in the niosomes.

A Size | PDI Zeta
(nm) potential
(mV)

Niosomes | 101.6+2.5 0.44 338+ 1.1

Nioplexes
6/1 1543+1.3 0.40 12.0+0.8

10/1 107.8+£0.7 0.29 22.7+1.6
14/1 118.7£2.6 0.35 229+23

18/1 94.03+£1.2 0.31 27.1+3.1

_ DNA _ DPOL6M  DP6OL10M  DPEOL14M DPGOL 1811
Fig. 2. Physicochemical characterization of DP60L niosomes and nioplexes. A) particle

size (nm); polydispersity index (PDI); and Zeta potential (mV). Data represent mean +
SD (n = 3). CryoTEM micrographs of DP60L niosomes (B1) and nioplexes at 14/1
cationic lipid/DNA mass ratio (w/w) (B2). Scale bars 100 nm. C) DNA binding, SDS-
induced release and protection at different cationic lipid/DNA mass ratios (w/w) of
DP60L nioplexes. Lanes 1-3 correspond to uncomplexed DNA; lanes 4-6, cationic
lipid/DNA mass ratio 6/1; lanes 7-9, cationic lipid/DNA mass ratio 10/1; lanes 10-12,
cationic lipid/DNA mass ratio 14/1; lanes 13-15, cationic lipid/ DNA mass ratio 18/1.
Lanes 2, 5, 8, 11 and 14 depict nioplexes treated with SDS, while lanes 3, 6, 9, 12 and
15 demonstrate DNase | + SDS-treated nioplexes. OC: open circular form, SC:
supercoiled form.

Moreover, the positive charge gradually increased with the increase in the cationic
lipid/DNA (w/w) ratio, from 12 mV at 6/1 ratio to 27.1 mV at 18/1 ratio, a value very
similar to that found in the niosome formulation. Regarding PDI, the lowest value was
observed at 10/1 cationic lipid/DNA (w/w) ratio, 0.29. When assessed by Cryo-TEM,
niosomes adopted a discrete spherical morphology (Fig. 2-B1), whereas the morphology
of DP60L nioplexes at 14/1(w/w) ratio, showed heterogeneous construction, with
various shapes, mostly elongated (Fig. 2-B>, black arrows). In the same field, many
uncomplexed niosomes appeared as electron lucent spheres with variable size (Fig. 2-
B>, white arrows).Agarose gel electrophoresis assays revealed a partial binding of DNA
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to niosomes (lanes 4, 7, 10 and 13) which corresponded to 6/1, 10/1, 14/ 1 and 18/1
cationic lipid/DNA (w/w) ratios, respectively. Upon the addition of the tensioactive
agent, SDS, the condensed DNA was completely released from all nioplexes, since no
bands were observed on wells 5, 8, 11 and 14 (6/1, 10/1, 14/1 and 18/1 ratios,
respectively). SC (supercoiled bands) bands on lanes 6, 9, 12 and 15 showed that
released plasmid DNA was protected from enzymatic digestion at 6/1, 10/1, 14/1 and
18/1 cationic lipid/DNA(w/w), respectively.

4.3.2. Transfection efficiency and cell viability studies in NT2 cells.

Quantitative expression of EGFP and viability in NT2 cells were determined 24 h post-
transfection by flow cytometer (Fig. 3). As the cationic lipid/DNA mass ratios
increased, the percentages of transfected cells (bars) gradually increased from 2% at 6/1
mass ratio to a peak of 17% at 14/1 mass ratio (45% of transfection normalized to
Lipofectamine® 2000). Then, the number of transfected cells gradually decreased at
higher mass ratios, 18/1. NT2 cells were not transfected when free “uncomplexed”
DNA was used. Regarding cell viability, it decreased gradually from 98% at 6/1 mass
ratio to a minimum of 88% at 18/1 mass ratio. In any case, cell viability at all cationic

lipid/DNA mass ratios was higher than viability of Lipofectamine® 2000 (83%).

4.3.3. Cellular uptake and intracellular distribution studies

The percentage of FITC-positive NT2 cells was quantified in Fig. 4. DP60L nioplexes
at 14/1 cationic lipid /DNA (w/w) mass was about 60%, while the uptake of the positive
control Lipofectamine® 2000 was around 85%. Control cells and naked DNA did not
induce any notable uptake (Fig. 4-A, and B). In Fig. 4-C, it can be observed that FITC-
labeled DP60L nioplexes were distributed within the cytoplasm, close to the nucleus of

most cells in the field (white arrows).

4.3.4. Internalization studies
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Internalization studies of FITC-labelled DP60L/DNA nioplexes (green) at 14/1

cationic lipid/DNA mass ratio (w/w) are represented in Fig. 5.
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Fig. 3. In vitro transfection studies. Flow cytometry analysis of transfection efficiency
and cell viability in NT2 cells at 24 h. Percentage of EGFP-positive cells (bars) and
percentage of viable cells (line) at different cationic lipid/DNA mass ratios (w/w).
Values represent mean + SD. (n = 3). (L2K = Lipofectamine®™2000) ("P < 0.05 vs.
L2K transfection). (*P < 0.05 vs. L2K viability).

After 4 h of nioplexes incubation with corresponding specific markers (red) of CvME
(AlexaFluor 555-Cholera Toxin, Fig. 5-A1), CME (AlexaFluor 546-Transferrin, Fig. 5-
Az), MPC (AlexaFluor 594-Dextran, Fig. 5-As), and late endosome/lysosome
(LysoTracker Red DND-99, Fig. 5-As), Manders M colocalization coefficients were
0.86, 0.72, 0,69 and 0.60, respectively. As seen in Fig. 5-B, the inhibition of either
CvME (by genistein) or CME (by chlorpromazine hydrochloride) uptake pathway had
notable effects on cellular uptake of nioplexes, since cellular uptake decreased to

around 45 and 30%, respectively. A similar value to that obtained when both previously
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Fig. 4. Cellular uptake studies in NT2 cells 4 h post incubation. (A) Flow cytometry
dot-plots (SSC-H and FL1) of control cells without treatment (A1), naked DNA (A2),
DP60L nioplexes at 14/1 (w/w) ratio (As), and lipofectamine 2000® (L2K) at 2/1(w/w)
ratio (As). (B) Flow cytometry measurement of NT2 cells treated with FITC-labeled
formulations. Error bars represent SD (n = 3). “p < 0.05. (C) Fluorescence microscopy
images of NT2 cells after 4 h of incubation with FITC-labeled DP60L nioplexes at 14/1
(w/w) ratio. Cells were stained with DAPI-fluoromount G (blue). White arrows indicate
nanoparticles around the nucleus. (Scale bar =25 um). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Internalization studies. (A) Confocal microscopy images showing intracellular
distribution in NT2 cells of nioplexes at 14/1 ratio labelled with FITC-pCMS EGFP
(green) plasmid and AlexaFluor 555-Cholera Toxin (A1), AlexaFluor 546-Transferrin
(A2), AlexaFluor 594-Dextran (A3), and LysoTracker Red DND-99 markers (A4), all
in red. (M1 = Mandefs overlap coefficient). Scale bars =25 um. (B) Effect of endocytic
inhibitors on the cellular uptake of FITC-labeled nioplexes. Data were normalized to
uptake without inhibitor. (C) Agarose gel electrophoresis DNA released profiles of
lipoplexes and nioplexes incubated with or without PS. (D) Quantification of released
DNA in agarose gel electrophoresis.

mentioned endocytosis mechanisms were simultaneously inhibited by prior treatment
with methyl cyclodextrin (28%). However, MPC inhibition by wortmannin, as an
inhibitor of MPC, had less effect on cellular uptake reduction, since uptake values
where higher, around 80%. The capacity of DNA compacted with both DP60L
niosomes and lipofectamine® 2000 to escape from the late endosome, simulated by PS
micelles (167 nm, and —65 mV), was analyzed by agarose gel electrophoresis assay
(Fig. 5-C). As noticed in Fig. 5-D, in the presence of PS micelles, the amount of DNA
released from lipoplexes was around 20%, while in the case of nioplexes,
approximately, double amount of DNA, 40%, was released. Without the previous

incubation with the anionic PS micelles, the released DNA was almost 0% in the case
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of lipoplexes, and about 30% with DP60L nioplexes. Additionally, the pH titration
curve (Supplementary data, Fig. 1) provided evidence of the buffering capacity of
DP60L formulation, since pH value, slightly decreased from 4.1 to 1.7, after the
addition of 1.400 pL of HCI 0.1 M.

4.1.1. Primary cortical neuron and in vivo gene expression studies

Fig. 6. Primary cortical culture and in vivo gene expression of EGFP carried by DP60
nioplexes at 14/1 mass ratio (w/w). A1 and Ao, transfection of primary neuronal cell
cultures 24 h post transfection. NeuN-positive neurons (red) and nuclei counterstained
with Hoechst 33342 (blue) (Scale bars =20 and 40 um, respectively). B, in vivo gene
expression of pPCMS-EGFP 72 h after intracortical administration of nioplexes. Nuclei
are shown in blue (Hoechst), neurons in red (NeuN™), and EGFP expression (GFP™) in
green. White arrow points a blood vessel. Scale bar 40 um. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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EGFP-expressing neural cell morphology were discerned on primary cortical cultures
transfected with DP60L nioplexes at 14/1 mass ratio (w/w) in Fig. 6-Al. However, none
of them were NeuN+ (Fig. 6-A2). 72 h after mice intracranial injection of nioplexes,
immunochemistry of the cryopreserved sections showed NeuN— (non-neuronal) cells
with glial morphology, expressing EGFP throughout dendritic processes. Interestingly,

cells in the wall of some vessels were EGFP+ as well.

4.4.Discussion

Gene therapy directed to the CNS represents a great challenge to bring normal gene
copies and correct mutant gene deficiencies in many neurodegenerative diseases
(Maguire et al., 2014). However, in order to apply this promising technology into the
regular clinic practice, safe and efficient gene carrier systems are needed. Compared
with viral vector, non-viral vectors have several important advantages. For instance,
they are easier and cheaper to produce, and there is no preexisting immunity to these
vectors. Additionally, they are not derived from pathogens, and consequently show less
safety concerns. However, their transfection efficiency is lower than their virus-based
counterparts. Therefore, research on this topic merits special attention.

Based on the flattering properties showed recently by niosomes to transfect retinal cells
after both intravitreal and subretinal administration (Mashal et al., 2017; Puras et al.,
2014; Ochoa et al., 2014), we elaborated cationic niosomes based on DOTMA,
polysorbate 60 and lycopene to deliver DNA into the brain cortex of rats after cerebral
cortex administration. DOTMA is a highly water-soluble quaternary ammonium salt
lipid that has been extensively used for gene delivery purposes, due to its ability to
condense DNA (Zhang et al., 2012). Lycopene is a natural carotenoid that when used
as “helper” lipid, enhances transfection efficiency in retinal cells (Mashal et al., 2017).
Polysorbate 60 is the major component of the niosome formulation, and its
poly(ethylene glycol) structure has been reported that increases in vivo transfection
efficiency in CNS (Tang et al., 2003; Yao et al., 2012).

Prior to perform any biological study, we characterized in Fig. 2 our formulation in
terms of size, superficial charge, morphology and capacity to condense, release and
protect DNA against enzymatic digestion. Although there is no a general rule about the

85



Chapter4d

optimal particle size of formulations for each gene delivery application, it is generally
accepted that this parameter clearly influences the final performance, and that in case
of niosomes, is affected by the cationic lipid/DNA mass ratio (Puras et al., 2015). Size
of DP60L niosomes was around 100 nm. Interestingly, when DNA was incorporated to
obtain nioplexes at 6/1 ratio, size increased up to 154 nm. However, at higher ratios,
size decreased, probably due to the electrostatic interactions that condense DNA more
efficiently, and therefore, decreased PDI values as well. Additionally, differences
observed in PDI values could be due to different DNA topologies found in nioplexes
(Cherng et al., 1999). Regarding ZP values, we found a positive correlation with the
cationic lipid/DNA ratio, which suggests that cationic DOTMA binds and neutralize the
negatively charged DNA (Paecharoenchai et al., 2012). Under TEM observation,
niosomes appeared spherical, while nioplexes at 14/1 mass ratio showed heterogeneous
shapes, but mostly elongated. Interestingly, at this ratio, spherical niosomes were also
discerned (Fig. 2-B>), which could accumulate on the surface of cell membranes and
enhance DNA delivery (Smith et al., 1998; Song and Liu, 1998). To further analyze
electrostatic interactions, we performed a gel retardation assay (Fig. 2-C), since an
optimum balance is required for efficient gene delivery (Paecharoenchai et al., 2012).
Despite the incomplete DNA condensation observed, which could be affect by different
thermodynamic factors, kinetics mixing, or by the lycopene incorporation in to the
niosome formulation or the high aqueous solubility of DOTMA (Mahato, 2005), all
cationic lipid/DNA ratios analyzed, were able to protect plasmid DNA against
enzymatic digestion.

Once physicochemical properties of nioplexes were analyzed, next, we performed in
vitro studies to evaluate, initially, both transfection efficiency and viability in NT2 cells.
These cells represent an interesting model to study the efficiency of gene delivery
vectors into CNS due to their capacity to differentiate into bot neuronal and glial cells
(Agirre et al., 2015). Unlike other teratocarcinoma cell lines, the NT2 cells depict an
exclusive commitment to a neural lineage when exposed to retinoic acid (RA).
Therefore, it has been considered as a promising human cell source in studies of cell in
vivo therapeutic applications in many neurodegenerative diseases such as Parkinson

disease (Cacciotti et al., 2017). Accordingly, we considered NT2 cells as an interesting
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model to study the efficiency of gene delivery vectors into CNS. Additionally, these
cells represent a promising platform in cell-based gene delivery as they could be
genetically-modified and then transplanted (Tinsley and Eriksson, 2004).

Data obtained in Fig. 3 revealed that transfection efficiency increased in proportion to
the cationic lipid/DNA mass ratio, reaching the peak at 14/1 ratio (17% of cells were
transfected). Although the percentage of transfected cells were inferior to those obtained
with commercially available lipifectamine®2000 (17% and 37%, respectively), viability
values were higher (90% and 83%, respectively). The reported low cytotoxicity of
nioplexes represents an appealing feature for potential further in vivo applications, since
the in vivo use of lipifectamine®2000 is discouraged due to its cytotoxicity (Yang et al.,
2014). To better understand the transfection process mediated by DP60L nioplexes in
NT2 cells, we evaluated the cellular uptake and the intracellular trafficking of nioplexes,
since those two factors clearly influence on the final performance of gene delivery
carriers (Puras et al., 2015). Cellular uptake values were compared with
lipifectamine®2000. As observed in Fig. 4, lipoplexes obtained with commercially
available lipofectamine®2000, were more efficiently internalized than DP60L nioplexes
(around 85% and 60%, respectively), which could explain the higher percentage of
EGFP expression in NT2 cells transfected with lipofectamine®2000. Differences
observed in cellular uptake between both formulations could be due to particular
topologies of complexes or specific interactions of the complexes with cell membrane
lipids (Cherng et al., 1999). In any case, percentage of transfected cells with DP60L
nioplexes (17%, Fig. 3) were clearly inferior to the percentage of positive cells for
FITC-labeled DP60L nioplexes (60%, Fig. 4-B), which suggest the influence of other
biological events, such as intracellular trafficking or endosomal scape, in the final EGFP
expression (Cardarelli et al., 2016). Therefore, we analyzed three of the most employed
cellular internalization pathways such as clathrin-mediated endocytosis (CME),
caveolae-mediated endocytosis (CvME) and macropinocytosis (MPC). Although there
is not a clear consensus regarding the most efficient endocytosis pathway, the release
of DNA into the cytoplasm, and therefore, the final performance, is clearly affected by
the cellular uptake process (Nam et al., 2009). The results observed in Fig. 5 suggested
that DP60L nioplexes were internalized, mainly, by CvME and CME, while MPC had
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much less participation in the cellular uptake process. It is generally accepted that both
CvME and CME are endocytosis routes that transfer genetic material to late
endosomes/lysosomes, where the acidic environment degrades the DNA, making
transfection process inefficient (Agirre et al., 2015). Therefore, the observation of
nioplexes in the late endosome (Fig. 5-As) might explain the relatively low transfection
efficiency values (17%) observed (Fig. 3), despite the fact that high number of NT2
cells (60%) captured the complexes (Fig. 4). Nonetheless, this hypothesis needs further
verification since the endosomal escape capacity of nioplexes, if present, could evade
degradation. Therefore, in next experiments, we evaluated the ability of nioplexes to
escape from degradation in lysosomes. Several particle dependent endosomal escape
mechanisms have been reported in the literature, being the proton-sponge mechanism
one of the most widely described (Varkouhi et al., 2011).

Therefore, we analyzed the pH-buffering capacity of cationic DP60L niosomes.
As observed (Supplementary data, Fig. 1), the incorporation of both cationic DOTMA
and lycopene lipids into the niosome formulation, increased the pH-buffering capacity
upon titration with 0.1 M HCI compared with niosomes elaborated only with
polysorbate 60, which could suggest that those lipids could increase the proton sponge
effect, and therefore, the endosomal scape capacity of DP60L niosomes. Another
widely proposed endosomal scape mechanism consists on the destabilization of the
endosomal membrane by electrostatic interactions between the cationic nanoparticles
and the anionic lipids of the late endosome membrane, which could allow the DNA
release to the cytoplasm (Varkouhi et al., 2011). To evaluate this endosomal scape
mechanism, we added DP60L nioplexes to anionic micelles made with phosphatidyl
serine (PS), that simulated the endosomal compartment, and the DNA release from PS
micelles was evaluated in an agarose gel electrophoresis assay (Agirre et al., 2015). As
observed in Fig. 5, about 40% of DNA was released form DP60L nioplexes, in the
presence of PS, micelles. However, only 30% of DNA was released without previous
incubation with the anionic PS micelles, which demonstrates the capacity of the DP60L
nioplexes to release DNA once they contact the endosomal lipid bilayer membrane. In
the case of lipoplexes based on lipofectamine®2000, all DNA was condensed with the
formulation and up to 20% was released in the presence of PS micelles.
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Next, and prior to perform in vivo studies, we evaluated transfection efficiency of
DP60L nioplexes in primary cortical cultures of rat embryos, since primary cells
normally express their tissue-specific receptors, and mimic in vivo conditions, where
different kind of neurons and glial cells are mixed to set up neuronal-glial networks. In
these conditions, we observed that, apparently, only glial cells, expressed EGFP (Fig.
6-A1). This assumption was further confirmed by lack of NeuN*-immunoreactivity in
EGFP expressing cells (Fig. 6-A2). Such preferential transfection of glial cells could be
attributed to their higher mitotic and/or phagocytic activities (Schafer and Stevens,
2013).

Interestingly, in in vivo experiments performed by direct intracranial injection of
nioplexes, again, NeuN negative cells (neuroglia and cells in blood vessel wall) were
the only ones transfected by DP60L nioplexes (Fig. 6-B). These results reveal the
incapacity of nioplexes to transfect neuron cells, probably due to the impaired uptake
and/or intracellular trafficking (Bergen et al., 2008). Therefore, DP60L nioplexes could
be of great interest to transfect glial cells in the CNS in glia-related neurological
disorders. Glial cells constitute over 70% of the total cell population in the CNS, and
they play a pivotal role for the normal development and function of nervous tissue
(Alvarez et al., 2013; Fields and Stevens-Graham, 2002). Their perturbation is
associated with several neurological disorders such as; stroke, multiple sclerosis,
epilepsy, Alzheimer’s and Parkinson’s diseases (Barres, 2008; Milligan and Watkins,
2009). Therefore, the preferential transfection of glial cells could be of great importance
in future applications in glia-related neurological disorders. Additionally, cells in the
wall of some blood vessels were also transfected with DP60L nioplexes (Fig. 6-B, white
arrow). Transfection at this level could be of great relevance in cerebrovascular
diseases, such as; stroke, transient ischemic attacks, subarachnoid hemorrhage or

vascular dementia, just to name a few.
4.5.Conclusion

In summary, we conclude that non-viral vector formulations based on niosome
nanoparticles, where DOTMA is the cationic lipid, lycopene the “helper” lipid and
polysorbate 60 the non-ionic surfactant, presents suitable physicochemical properties
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for gene delivery applications in terms of size, superficial charge, polydispersity, or
capacity to protect genetic material against enzymatic digestion. In addition, such
formulation was able to transfect efficiently NT2 cultured cells, were both clathrin and
caveolae-mediated endocytosis pathways predominated over macropinocytosis,
exhibiting endosomal scape properties that could explain the high protein expression
levels observed. Promising results obtained in both primary cortical cultures of rat
embryos and in in vivo conditions after intracranial injection open the door for future
application of such niosomes as efficient gene delivery tools for therapeutic treatment

of some degenerative as well as malignant CNS disorders.
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ABSTRACT

The incorporation of chloroquine within nano formulations, rather than as a co-
treatment of the cells, could open a new avenue for in vivo retinal gene delivery. In this
manuscript, we evaluated the incorporation of chloroquine diphosphate into the cationic
niosome formulation composed of poloxamer 188, polysorbate 80 non-ionic
surfactants, and 2,3-di (tetradecyloxy) propan-1-amine (hydrochloride salt) cationic
lipid, to transfect rat retina. Niosome formulations without and with chloroguine
diphosphate (DPP80, and DPP80-CQ), respectively) were prepared by the reverse phase
evaporation technique and characterized in terms of size, PDI, zeta potential, and
morphology. After the incorporation of the pCMS-EGFP plasmid, the resultant
nioplexes -at different cationic lipid/DNA mass ratios- were further evaluated to
compact, liberate, and secure the DNA against enzymatic digestion. In vitro procedures
were achieved in ARPE-19 cells to assess transfection efficacy and intracellular
transportation. Both nioplexes formulations transfected efficiently ARPE-19 cells,
although the cell viability was clearly better in the case of DPP80-CQ nioplexes. After
subretinal and intravitreal injections, DPP80 nioplexes were not able to transfect the rat
retina. However, chloroquine containing vector showed protein expression in many
retinal cells, depending on the administration route. These data provide new insights
for retinal gene delivery based on chloroquine-containing niosome non-viral vectors.

Keywords: Niosomes, Non-viral vector, Gene therapy, Retina, Chloroquine
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Chapter 5

5.1.Introduction

Retinal degeneration is a devastating ocular pathology caused by functional
impairment of genes related mainly to the phototransduction process, the structure and
metabolism of the retinal cells, and the maturation process of the mRNA needed to
synthetize specific proteins. One of the most promising alternatives to treat retinal
disorders like age-related macular degeneration [1], Leber congenital amaurosis (LCA)
[2] retinitis pigmentosa [3] or choroideremia consists on the delivery of a normal copy
of the mutated genes to the affected cells by means of gene therapy technology [4].
Since the success of first RPE65-gene-replacement trials for LCA type-2, further
clinical trials of gene therapy have been conducted for other devastating retinal
disorders [5]. In most of those clinical trials, viral-vectors have been used to deliver the
genetic material. Among them, adeno-associated virus (AAV) stand out for their safety
profile [6]. In fact, Luxturna, the first gene therapy-based medicine approved by the
FDA in 2017 for the treatment of mutations in RPE65 gene linked to retinitis
pigmentosa and Stargardt disease, is based on such AAV. However, the limited
carrying capacity of genetic material, around 5 kb, hampers their ap-plication to deliver
genes that over pass such size to the retina. For instance, ABCA4 and MYOT7A genes,
whose mutations can be related to Stargardt disease and Usher Syndrome Type 1B,
respectively [7], have a size of around 7 kb. Therefore, the use of non-viral vectors
represents an interesting alternative, since the size of DNA that can be inserted in some
of these formulations is theoretically unlimited [8,9].

Despite their limited transfection efficiency and transient gene ex-pression, non-
viral vectors have emerged as a promising alternative to deliver genetic material. Some
of the main advantages of such gene delivery systems, in addition to their higher
carrying capacity, include their low cost of production or their capacity to be easily
modified in order to enhance their performance [10,11]. Hence, the research ac-tivity
related to the design and characterization of novel non-viral vector formulations for
gene delivery has considerably increased [12]. Cationic niosomes are self-assembled
vesicular nanovehicles, similar to liposomes, with encouraging properties for gene
delivery applications. To mention a few, the chemical structure of niosomes makes it

possible to provide more stable and less cytotoxic formulations at a low cost [13]. The
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amphiphilic nature of non-ionic surfactants enable niosomes to trap both hydrophobic
and hydrophilic compounds [14].The cationic part here is the hydrochloride salt of the
cationic lipid 2,3-di (tetra-decyloxy) propan-1-amine (D). Such cationic lipid contains
the four pivotal components that manage the gene transfection process: a polar head, a
backbone, a linker, and two non-polar tails [15].

One of the key limiting steps in the transfection process is the endosomal
escape. Chloroquine is a known endosomal disrupting molecule and lysosomotropic
agent that can cross the blood retinal barrier. Although chloroquine has been used in
vitro as a pre-treatment of cultured cells to facilitate gene delivery [16], this study will
be the first -to the best of our knowledge- to apply a chloroquine-containing nio-some
formulation in gene delivery setting. The incorporation of one or more of the materials
at the molecular level, within the nano-formulation, can dramatically affect the
transfection process under in vitro and in vivo conditions [12]. Thereafter, scientists
may face a great challenge in the near future to test a library of different materials that
can be incorporated within the gene delivery vehicles.

Based on the aforementioned (D) cationic lipid, two niosome vehicles were
formulated for retinal gene delivery with two non-ionic surfactants [polysorbate 80
(P80) and poloxamer 188 (P)], in the absence/presence of chloroguine (CQ), referred
as DPP80 and DPP80-CQ, respectively (Fig. 1). The two vehicles were prepared by the
emulsification/solvent evaporation system and characterized in terms of particle size,
polydispersity index (PDI) and zeta potential. Then, the reporter pCMS-EGFP plasmid
was added at different weight ratios of cationic lipid to obtain nioplexes. Such
DPP80/DPP80-CQ nioplexes were further characterized by size, PDI, charge,
morphology, and the capability to compact, liberate and protect the DNA from digestive
enzymes. In vitro comparative studies of both vehicles in ARPE-19 cells were achieved
respecting their cellular uptake, transfection efficiency, viability and internalization
mechanism. Finally, the two formulations were administered to rat eyes via intravitreal
and subretinal injections, as a probe of concept, to estimate transfection efficiency by

confocal microscopy.

5.2.Materials and methods
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5.2.1. Production of cationic niosomes

The synthesis of the hydrochloride salt form of the cationic lipid 2,3-di
(tetradecyloxy) propan-1-amine (D) was performed as described in the literature, with
slight modifications of the laboratory protocol [17]. Niosomes were composed by
modified reverse-phase evaporation approach [18]. Concisely, 5 mg (0.1% w/v) of the
lipid was dispersed in 1 ml of dichloromethane (organic phase). Subsequently, 5 ml
milliQ water containing 12.5 mg (0.25% wi/v) poloxamer 188 (P) (Sigma-Aldrich,
Madrid, Spain), 12.5 mg (0.25% wi/v) polysorbate 80 (P80) (Sigma-Aldrich, Madrid,
Spain) and 2.5 mg (0.05% w/v) chloroquine diphosphate (CQ) (Sigma-Aldrich,

Madrid, Spain) were added to the organic phase.
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Fig. 1. Chemical structure of the components of DPP80 and DPP80-CQ niosomes.
(A) Polysorbate80, (B) Chloroquine diphosphate salt, (C) Poloxamer188 and (D)
cationic lipid (DTPA-CI).

The emulsions were obtained by sonication of the mixture for 50 s at 45 W
(Branson Sonifier 250®, Danbury, USA). Di-chloromethane was eliminated from
emulsions by dissipation under magnetic stirring for 2 h, rendering the cationic
niosomes in the aqueous medium. The molar ratios of both DPP80 and DPP80-CQ
formulations were, 1.9/0.3/1.9 and 1.9/0.3/1.9/1, respectively.
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5.2.2. Plasmid propagation and elaboration of nioplexes

The protocols for propagation, purification, and quantification of pPCMS-EGFP
plasmid (5541 bp, Plasmid Factory, Bielefeld, Germany), have been described
previously [12]. The nioplexes (hniosome/DNA complexes) of both DPP80 and DPP80-
CQ were formed by mixing an adequate volume of pCMS-EGFP plasmid stock solution
(0.5 mg/ml) with various amounts of the niosome suspension (1 mg cationic lipid/ ml)
to get different cationic lipid/DNA mass ratios (w/w). To enhance the electrostatic

interaction, the nioplexes mixture was allowed to settle for 30 min at room temperature.

5.2.3. Characterization of niosomes/nioplexes

Dynamic light scattering (DLS) technique was used to estimate both particle
size and polydispersity index (PDI) measurements (Malvern Zetasizer Nano ZS, UK).
Particle size, was determined by cumulative analysis of the recorded hydrodynamic
diameter. Laser Doppler Velocimetry (LDV) was used to assess zeta potential (ZP).
Samples were dispersed in a 0.1 mM NaCl solution. Triple measurements were carried
out for all samples. The morphology of both niosomes and nioplexes was estimated by
transmission electron microscopy (TEM). Shortly, onto glow-discharged carbon coated
grids, 5 ul sample was allowed to adhere on the surface for 60 s. Samples were
examined under TEM, Tecnai G2 20 Twin (FEI, Eindhoven, The Netherlands). In a
bright-field image mode, the operation was done with an accelerating voltage of 200
keV. Digital images were captured by an Olympus SIS Morada di-gital camera.
Niosomes' ability to compact, liberate and safeguard DNA from enzymatic digestion
was assessed by agarose gel electrophoresis studies. Nioplexes samples (200 mg of
plasmid DNA/20 ul) were com-pared to naked (uncomplexed) DNA. The agarose gel
(0.8% wi/v) was immersed in a Tris—acetate—EDTA buffer, and the DNA samples were
run on the gel for 30 min at 120 V. Next, agarose gel was stained with GelGreen®. A
digital ChemiDoc™ MP Imaging System (Bio-Rad, Madrid, Spain) was used for band
observation. 20 ul of a 2% SDS solution (Sigma-Aldrich, Madrid, Spain) was added to
the samples to estimate the liberation of DNA from both DPP80 and DPP80-CQ
vehicles at different cationic lipid/DN mass ratios. In addition, DNase I (Sigma-Aldrich,

Madrid, Spain) was added at a concentration of 1 unit of DNase 1/2.5 ug DNA to
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evaluate the protective ability of both vehicles against enzymatic digestion. Then, the
samples were incubated at 37 °C for 30 min and a 2% SDS solution was added to
evaluate if released the DNA from the vehicles wad protected from the enzymatic
digestion.

5.2.4. In vitro transfection experiments

ARPE-19 cells, purchased from the American Type Culture Collection (ATCC,
CRL 2302®), were seeded in 24-well plates at a density of 8 x 10* cells/well, with 500
ul of complete medium, formed of D-MEM/F-12 containing 10% fetal bovine serum
(Gibco®, California, USA). Then, at a confluence level of 70-80%, the media was
removed, and cells were exposed to nioplexes at different cationic lipid/DNA mass
ratios (w/w) (1.25 png DNA/well) dispersed in serum free Opti-MEM® solution
(Gibco®, California, USA) at 37 °C for 4 h. Subsequently, transfection medium was
removed, and cells were thoroughly washed 3 times with PBS. Then, cells were
cultured in 1 ml of complete medium and allowed to grow for further 72 h until
fluorescence microscopy imaging (Nikon TSM) and flow cytometry analysis
(FACSCalibur™, BD Biosciences, USA) were done. FL1 (530/30) was used to detect
EGFP-expressing transfected cells, and FL3 (670) was used to detect Propidium lodide-
stained dead/dying cells. Untransfected cells were used as negative control for all
experiments, while cells transfected with Lipofectamine™ 2000 (Invitrogen,
California, USA), according to manufacturer's protocol, were considered as positive
controls. 10.000-gated events were acquired and analyzed using Flowing Software
2.5.1. Data represent the mean (x SD) of three independent experiments, each of them
performed in triplicate.

5.2.5. Cellular uptake and endocytosis mechanism studies

FITC-labeled (pCMS-EGFP) plasmid (DareBio, Madrid, Spain) was used
instead of pCMS-EGFP plasmid to estimate the cellular uptake of the vehicles. The
same protocol described in the previous 5.2.4 section, was used to incubate and
maintain ARPE-19 cells, and to evaluate cellular uptake. After removal of the

transfection medium and multiple washes of the plates with PBS, the cells were assayed
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by FACSCalibur flow cytometer. The negative control cells were transfected with
naked DNA, and the percentage of FITC-positive cells represented the cellular uptake
values. Each specimen was assayed in triplicate. Different up-take inhibitors were used
to estimate the endocytosis mechanism of vehicles. Genistein, chlorpromazine
hydrochloride, methyl-p-cyclo-dextrin and wortmannin were used as inhibitors for
caveolae-mediated endocytosis (CvME), clathrin-mediated endocytosis (CME), both
(CvME and CME) and macropinocytosis (MPC), respectively. Nioplexes at 10/1
cationic lipid/DNA mass ratio were complexed with pCMS-EGFP plasmid, and
followed the same protocol described in the previous 5.2.4 section to transfect ARPE-
19 cells. Prior to the addition of nioplexes, cells were incubated with either 200 uM
genistein for 30 min, or with 5 mM methyl-B-cyclodextrin, 50 nM wortmannin, or with
5 pg/ml chlorpromazine hydrochloride for 60 min. Cells were incubated with serum-
free Opti-MEM® solution for 4 h at 37 °C. Subsequently, cells were carefully washed
with PBS after removal of the transfection medium. Then, complete medium was
added, and cells were incubated to grow for a further 72 h until flow cytometer analysis
was done to determine the transfection efficiency. Each specimen was analyzed in

triplicate.

5.2.6. Buffering capacity of niosomes

The buffering capacity of both DPP80 and DPP80-CQ niosomes was assayed
by volumetric analysis. Briefly, 10 ml formulation samples were titrated with aliquots
of 100 pl 0.1 M HCI solution, and the changes in pH value were monitored by a pH
meter (CRISON, GLP 21, Barcelona, Spain).

5.2.7. Invivo studies

Intravitreal (4 pl containing 100 ng of pDNA) and subretinal injection (1 pl
containing 25 ng of pDNA) of both DPP80 and DPP80-CQ nioplexes suspension were
performed into four adult female Sprague—Dawley rats (6—7 weeks old, 200-300 g
weight) per formulation. Experiments were done according to the Spanish and
European Union regulations for the use of animals in research and the Association for

Research in Vision and Ophthalmology (ARVO) statement, as de-scribed in the
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literature [12]. To deliver nioplexes to the subretinal space, a bent 33-gauge needle was
introduced through a sclerotomy (1-2 mm) posterior to ora serrata and in a tangential
direction toward the posterior retinal pole along the subretinal space. Successful ad-
ministration was confirmed by the appearance of a partial retinal detachment by direct
ophthalmoscopy of the eye fundus through the operating microscope (Zeiss OPMI®
pico; Carl Zeiss Meditec GmbH, Jena, Germany). The untreated right eyes were

injected only with the vehicles and served as negative controls.

Rats were sacrificed and perfused with 4% paraformaldehyde (PFA) after 72 h and
eyes were removed, opened at the cornea and immersed in PFA. For whole mounts,
retina was dissected from the eyecup and flattened onto Superfrost glass slides
(Superfrost Plus, Fisher Scientific). For cryosections, the eyes were cryoprotected in
sucrose and embedded in Tissue-Tek® OCT (optimum cutting temperature). The eyes
were cryosectioned at 16 um and transferred directly onto microscope slides

(Superfrost, Fisher Scientific).

For immunohistochemistry, whole mounts or retinal sections were washed and
blocked with 10% bovine serum albumin and 0,05% triton in PBS for 1 h (cryosections)
or 2 h (whole mounts). Both sections and whole mounts were incubated overnight at 4
°C with primary antibodies: rabbit anti-NeuN (Merck Millipore, MA, USA), rabbit
anti-recoverin (Merck Millipore, MA, USA), rabbit anti-Protein kinase C (PKC, Santa
Cruz Biotechnology) and rabbit anti-GFAP (Santa Cruz Biotechnology). Samples were
rinsed and incubated with Alexa Fluor 555 donkey anti rabbit (Thermofisher Scientific)
and counterstained with Hoechst 33342 (Thermofisher Scientific). Finally, whole
mounts and sections were mounted with antifade mounting meédium and evaluated
with a Leica TCS SPE spectral confocal microscope (Leica Microsystems GmbH,

Wetzlar, Germany).
5.2.8. Statistical analysis

INSTAT program (GraphPad Software, San Diego, CA, USA) was used to

perform the statistical analysis. Differences between groups at significance levels of

106



Chapter 5

95% were calculated by the ANOVA and the Student's t-test. In all cases, P values <
.05 were regarded as significant. Normal distribution of samples was assessed by the
Kolmogorov-Smirnov test and the homogeneity of the variance by the Levene test.
Numerical data were presented as mean + SD.

Table 1

Physical features of both DPP80 and DPP80-CQ niosomes in terms of size (nm),
Polydispersity index (PDI), and zeta potential (mV). The values exemplify the mean +
SD (n = 3).

Size (nm) Zeta potential (mV) PDI
DPP80 90.41 + 0.65 44.3+1.48 0.42 +0.01
DPP80-CQ 118.18+1.46 289+ 7.73 0.13+£0.02

5.3.Results

5.3.1. Characterization of niosomes/nioplexes

Both niosome vehicles were prepared by mixing [polysorbate 80 (P80) and
poloxamer 188 (P)] non-ionic surfactants and cationic lipid (D). In the
absence/presence of chloroquine (CQ), niosomes were referred as DPP80, or as DPP80-
CQ, respectively (Fig. 1). Both niosomes were prepared by the emulsification/solvent
evaporation method and were characterized in terms of particle size, zeta potential (ZP)
and polydispersity index (PDI) as shown in Table 1. The incorporation of chloroquine
into the DPP80 niosome formulation increased the size of those niosomes from 90
to118 nm. Moreover, upon chloroquine addition, the ZP values decreased remarkably
to 29 mV in DDP80-CQ niosomes compared to 44 mV in DPP80 niosomes.
Interestingly, the addition of chloroquine also decreased the PDI value from 0.42 in
DPP80 formulation to 0.13 in DPP80-CQ formulation.

Fig. 2 illustrates the physicochemical characterization of DPP80 and DPP80-CQ
nioplexes. In Section 2-A, the size and ZP values of both nioplexes at different ratios
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(from 4/1 to 12/1) can be observed. The size of DPP80 nioplexes (light bar) generally
decreased, with fluctuations, between 170 nm at 4/1cationic lipid/DNA mass ratio to
106 nm at 12/1 mass ratio. With respect to the size of DPP80-CQ nioplexes (dark bars),
it depicted an evident decreasing pattern (from 300 nm at 4/1 to 140 nm at 12/1 cationic
lipid/DNA mass ratios). Basically, the addition of chloroquine to the formulation
increased the sizes at all cationic lipid/DNA mass ratios, in comparison to DPP80
nioplexes. Regarding the ZP, at all cationic lipid/DNA mass ratios, readings of DPP80
nioplexes (light lines) exceeded their DPP80-CQ counterparts (dark lines).

Concerning the PDI values (Supplementary data, Table. 1), except for the 4/1
cationic lipid/DNA mass ratio, the PDI values of DPP80 nioplexes surpassed those of
DPP80-CQ. As depicted in Fig. 2-B1, the morphology of DPP80 nioplexes by TEM,
revealed distinct imperfectly spherical structure, while DPP80-CQ nioplexes
morphology showed aggregated lamellar morphology (Fig. 2-B>). Fig. 2-C represents
the agarose gel electrophoresis assays of both DPP80 (Ci) and DPP80-CQ (C2)
nioplexes prepared at different cationic lipid/DNA mass ratios (4/1, 6/1, 8/1 and 10/1).
At all cationic lipid/DNA ratios, both niosomes were able to condense the DNA, since
clear white bands were recognized in wells 4, 7, 10, and 13. However, in the case of
DPP80-CQ (C>) dim supercoiled (SC) bands were noticed on 7, 10, and 13 wells. Upon
SDS addition, the DNA was successfully released from both formulations at all cationic
lipid/DNA ratios evaluated, since clear SC bands were observed on lanes 5, 8, 11, and
14. Furthermore, the DNA bound to the surface of both niosome structures was shielded
from enzymatic digestion, as clear SC bands were observed on lanes 6, 9, 12, and 15.
No SC bands were detected on lane 3, which proves that the plasmid DNA can be fully
digested by the DNase | enzyme.

5.3.2. Invitro transfection and viability studies in ARPE-19 cells
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Fig. 3-A depicts the transfection efficiency and cell viability of cationic niosome/DNA
nioplexes in ARPE-19 cells. Cationic lipid/DNA mass ratios (w/w) higher than 4/1
showed about 20-30% of cells transfected by both DPP80 and DPP80-CQ nioplexes.
However, the values of ARPE-19 cells transfected by DPP80 nioplexes at 6/1, 8/1 and
12/1 cationic lipid/DNA mass ratios (light bars) were significantly higher that values
obtained at those same rations when ARPE-19 were transfected with DPP80-CQ (dark
bars) formulation. In any case, transfection values for both formulations were
significantly lower (p < .05) than those values gained with Lipofectamine™2000
(36.6%). Meantime, naked DNA plasmid did not show any transfection (data not

shown).
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Fig. 2. Physicochemical features of nioplexes. (A) The impact of cationic lipid/DNA
mass ratio (w/w) on the size (bars) and zeta potential (lines). The data represent the
mean £ SD (n = 3). TEM images of DPP80 (B1) and DPP80-CQ complexes (B2) at 8/1
and 10/1cationic lipid/DNA mass ratio (w/w) respectively. Scale bar = 200 nm. (C)
condensation, release by SDS and DNase | protection of DNA at various cationic
lipid/DNA mass ratios (w/w) of nioplexes based on DPP80 (C1) and DPP80-CQ (C>)
vehicles depicted by agarose gel electrophoresis. Lanes 1-3 represent uncondensed
DNA; lanes 4-6, cationic lipid/DNA mass ratio 4/1; lanes 7-9, cationic lipid/DNA mass
ratio 6/1; lanes 10-12, cationic lipid/DNA mass ratio 8/1; lanes 13-15, cationic
lipid/DNA mass ratio 10/1. Complexes were processed with SDS (lanes 2, 5, 8, 11 and
14) and DNase | + SDS (lanes 3, 6, 9, 12 and 15). OC: open circular structures, SC:
supercoiled structures.
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Regarding cell viability, all cationic lipid/DNA mass ratios (w/w) studied above
6/1, had obviously revealed higher percentages of viability with DPP80-CQ nioplexes
compared to their DPP80 counter-parts. The viability value of cells transfected with
DPP80-CQ at 10/1 cationic lipid /DNA mass ratio (90%) was similar to the viability
value obtained with Lipofectamine™ 2000 commercial reagent (89.5%). The
micrographs observed in Fig. 3-B: for DPP80, and in Fig. 3-B. for DPP80-CQ
nioplexes, confirmed the previously mentioned difference in the viability of transfected
ARPE- 19 cells with both nioplexes at 8/1 and 10/1 cationic lipid/DNA mass ratios
respectively.
5.3.3. Cellular uptake studies

Fig. 4-A illustrates the cellular uptake study of both DPP80 and DPP80-CQ
nioplexes with FITC-labeled pDNA in ARPE-19 cells carried out by flow cytometry.
Nioplexes at the cationic lipid/DNA mass ratio of the highest transfection efficiency,
8/1 and 10/1 for DPP80 and DPP80-CQ respectively, were used to evaluate the uptake
percentage after 4 h of incubation. The uptake values of DPP80 and DPP80-CQ were
73.60% and 74%, respectively.
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Fig. 3. In vitro transfection and viability performance of both DPP80 and DPP80-CQ
nioplexes in ARPE-19 cells. (A) The percentage of EGFP-positive cells (bars) and the
percentage of viable cells (lines) at various cationic lipid/DNA mass ratios (w/w)
evaluated by flow cytometry at 72 h. Data are expressed in terms of mean £ SD, n = 3.
L2K = Lipofectamine™2000. *P < .05 compared to DPP80, “P < .05 compared to
nioplexes. (B1 and B») fluorescence and phase-contrast overlay micrographs of ARPE-
19 cells after 72 h transfection at 8/1 and 10/1 cationic lipid/DNA mass ratios (w/w) for
DPP80 and DPP80-CQ, respectively. Scale bar = 100 um.
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5.3.4. The impacts of endocytosis inhibitors on cellular transfection

Fig. 4-B shows cellular transfection of pPCMS-EGFP plasmid, medi-ated by DPP80
(light bars) and DPP80-CQ (dark bars) nioplexes, in ARPE-19 cells with different
endocytosis inhibitors. The transfection results were calculated as percentages from the
absolute transfection values obtained by DPP80 and DPP80-CQ nioplexes at 8/1 and
10/1 cationic lipid/DNA mass ratios, respectively, in the absence of en-docytosis
inhibitors. Transfection efficiency of both nioplexes was slightly affected by the
caveolae inhibitor, genistein (transfection values were about 93% for both DPP80 and
DPP80-CQ), without statistically significant difference between both nioplexes (p >
0.05).

Additionally, selective inhibition of CME (by chlorpromazine hydro-chloride) had a
more pronounced effect on DPP80 nioplexes than on DPP80-CQ (p < 0.05) (the
normalized values of transfection were 67% and 89%, respectively). Nevertheless,
transfection efficiency was more affected by methyl-B-cyclodextrin (inhibitor of both
CME and CvME) (transfection values decreased to be 11% and 23% for DPP80 and
DPP80-CQ nioplexes without inhibition, respectively). Interestingly, wortmannin, an
inhibitor of MPC, had statistically reduced the normalized transfection efficiency of
DPP80-CQ nioplexes (to be 57%) when compared to DPP80 counterparts (75%).

5.3.5. Buffering capacity of niosomes

Fig. 4-C shows the buffering capacity of both DPP80 and DPP80-CQ niosomes.
After addition of successive volumes (100 ul) of a 0.1 M HCI aqueous solution to a
fixed volume of niosomes (10.000 pl), the pH titration curve revealed that DPP80-CQ
had a considerably higher buffering capacity than DPP80, whereas the initial pH values
of both formulations were around 4.

5.3.6. Invivo study

5.3.6.1.Histological assessment after subretinal injections
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At 10/1 cationic lipid /DNA mass ratio, DPP80-CQ nioplexes were
administered subretinally. After 72 h, EGFP expression in rat retinae was analyzed by
CLSM (Fig. 5). In retinal cross sections, EGFP protein expression was recognized in
GCL (Fig. 5-A, and B, white arrows). Interestingly, EGFP expression was also
observed in some photoreceptor cells (Fig. 5-A, and C, yellow arrows). Such EGFP
expression colocalized with some recoverin positive photoreceptors (Fig. 5-B, yellow
arrows). Transfection of DPP80-CQ nioplexes on photoreceptors after subretinal
administration was also observed on Supplementary Fig. 3 (pink arrows). Additionally,
blue arrows observed in Fig. 5-D suggest that some damaged and displaced RPE cells
were transfected close to the injection site. It is worth mentioning that no co-localization
was observed in the bipolar cells stained with PKC. No fluorescence was detected in
the retinae injected with the vehicle (Supplementary Fig. 4-C).

5.3.6.2. Histological assessment after intravitreal injections

Fig. 6 revealed some EGFP expression in whole mount sections of the retina
in both GCL (Fig. 6-A, white arrows) and INL (Fig. 6-B, yellow arrows), close to the
injection site.

According to the morphology and the retinal layer examined, such fluorescence
could correspond to ganglion and amacrine transfected cells. In any case, endothelial
cells migrating to the injection site or glial cells could also have been transfected.
Transfection in the GCL was also observed in retinal cross-sections (Fig. 6-D, white

arrows) and, interestingly, in the OPL (Fig. 6-C, blue arrows).

After both intravitreal and subretinal injections, we did not observe GFP expression

in regions distal from the injection sites (Fig. 4-A, B, Supplementary data).

5.4.Discussion

In this research work, we offer a novel approach to design, char-acterize and evaluate
chemical vectors for retinal gene delivery. More precisely, we evaluated the role of
chloroquine incorporation into niosomes composed of cationic lipid and a mixture of

non-ionic surfactants.
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Fig. 4. Cellular uptake and internalization studies of both DPP80 and DPP80-CQ
nioplexes at 8/1 and 10/1 cationic lipid/DNA mass ratio. (A) Flow cytometry
histograms representing the FITC-labeled plasmid uptake in ARPE-19 cells after 4 h of
incubation. (B) Endocytic inhibitors effect on the transfection performance of DPP80
and DPP80-CQ nioplexes. The values were normalized to the transfection without
inhibitor. *P < .05 (C) pH buffering capacity analysis of DPP80 and DPP80-CQ
niosomes.

Chloroquine, by itself, can enhance transfection efficiency whenever included to the
cell culture medium or incorporated into cationic-peptide-DNA complexes [19] in a
dose-dependent matter. However, the pre-treatment with chloroquine, has shown high
toxicity levels that limit further clinical applications [20]. To avoid such noxious effect,
in the current study, chlorogquine was incorporated within the niosome formulation.
Such inclusion of chloroquine into a niosome formulation, rather than as a co-/pre-
treatment of cells, would be a more logical approach for in vivo settings. The
amphiphilic nature of both non-ionic surfactants used (P80 and P) can deliver both
hydrophilic and lipophilic molecules. Interestingly, propylene oxide chains of the P can
interact with lipid membranes and induce their structural re-arrangement for better

stability and translocation of the gene carriers [21]. In addition, the incorporation of P
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to polycation-DNA complexes enhanced the expression level of the delivered genes in
both in vitro and in vivo conditions at doses below the known toxicity levels [22]. P80
has been reported to act as a co-emulsifier along with P, in drug and gene delivery
endeavors [23]. Moreover, the encouraging properties of P80 create a steric barrier that
evades the aggregation of nano-vesicles, enhances the cell tolerance [11], and improves
transfection efficiency due to the presence of polyethylene glycol (PEG) chains in its
structure [24]. However, the ability P to form network structures might be more suitable
than P80, if used with water-soluble cationic lipids, to enhance their flexibility and
durability [25]. In such case, a mixture of two specific types of non-tensioactive

molecules could provide a synergistic enhancement of nano-vesicle stabilization [26].

Regarding the cationic lipid, the high solubility of the D-Cl salt enhances
biodistribution of lipid/plasmid complexes, and therefore, transfection efficiency [27].
However, in a previous study, we observed that the solubility of cationic lipid can
dramatically shift the transfection results according to the type of the cells and the way
of formulation. In that study, the DTPA cationic lipid (non-salt form) succeeded to
transfect retinal cells in vitro conditions [11], while in such mentioned study, the salt
form failed to transfect retinal cells in vivo. Interestingly, the same formulation with
the same salt form of cationic lipid (DPP80) succeeded to transfect cerebral cortical
cells in vivo [28]. Strikingly, both salt/non-salt forms of the cationic lipid were able to
transfect ARPE-19 cells in vitro conditions. In any case, the non-salt form was superior
in terms of transfection and cell viability. This contradiction emphasizes the lack of
correlation between the in vivo and in vitro transfection conditions and the importance

of the formulation at physical level.

To emphasize the impact of chloroquine, DPP80 and DPP80-CQ niosomes were
elaborated and compared. The characterization data of both niosomes were analyzed
(Table 1). The incorporation of chloroquine slightly increased the size of niosomes by
about 28 nm, and reduced both PDI (about 69% decrease) and ZP (about 34% decrease).
Drug/gene delivery vehicles are generally favored by small poly-dispersity values [29].

The positive ZP values (> +25 mV) detected for both niosomes would reflect a
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potentially long-lasting stability. Once the niosomes were characterized in terms of
size, PDI, and zeta potential, nioplexes were elaborated with the pCMS-EGFP plasmid
at various cationic lipid/DNA mass ratios by adding the reporter plasmid to the

niosomes and not the opposite to ensure proper condensation process [30].

Fig. 5. Retinal cross sections micrographs obtained by confocal microscopy 3 days post
subretinal injection of DPP80-CQ nioplexes (A-D). EGFP protein was observed
mainly in GCL (white arrows), photoreceptors (yellow arrows) and RPE cells (blue
arrows). Retinal sections were stained with antibodies against NeuN(A), recoverin (B,
D) and protein kinase C (C). The cell nuclei were counterstained with Hoechst 33342.
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; OS,
photoreceptor outer segment Scale bars: 20 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

The ZP of DPP80 nioplexes was clearly lower when compared to the same
niosomes without chloroguine (Fig. 2-A). On the other hand, ZP of chloroquine-
containing nioplexes (DPP80-CQ) oscillated within a narrower range (19-25 mV) in
comparison to DPP80-CQ niosomes (29 mV). Generally, the compaction of DNA is
improved when 90% of the charge is compensated in an aqueous solution [31].
Strikingly, at 8/1 and 10/1 mass ratios for DPP80 and DPP80-CQ, respectively, ZP

values fluctuated within a narrow range (23-27 mV) which represents a small reduction
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in ZP for DPP80-CQ compared to ZP of niosomes (29 mV). This suggests a
spontaneous electrostatic inter-action of pDNA with DPP80-CQ niosomes at 10/1 mass
ratio which could be explained by a direct interaction of chloroquine with pDNA.
Regarding PDI values of nioplexes, an obvious effect of chloroquine addition at all
ratios studied above 4/1 was observed, as PDI values decreased in comparison to
DPP80 formulation (Supplementary Table 1). The electron micrographs illustrated a
discrete, almost spherical morphology and absence of aggregates in DPP80 complexes
(Fig. 2-B1). By contrast, DPP80-CQ nioplexes appeared as clusters of multilamellar
planar structures that form string-like colloidal aggregates (Fig. 2-Bz). The lamellar
spacing was around 5.5-6 nm, suggesting that the pDNA strands were complexed with
the cationic lipid bilayers [15]. Similarly, many mixtures of neutral lipids (as DOPC
and DOPE), along with cationic lipids (as DOTAP), extensively used for gene delivery

purposes, are known to form lamellar complexes with DNA [32].

The agarose gel retardation assay showed that both niosomes, at all studied cationic
lipid/DNA ratios, were able to condense, release and protect the DNA from enzymatic
digestion (Fig. 2-C). Of note, the relatively lower DNA condensation, observed by the
chloroquine-containing formulation (Fig. 2-C.), did not hamper the release or the
protection of the condensed DNA, which is of utmost importance during the
transfection process. Any change in condensation efficiency might affect the pattern
and topology of spatial DNA configuration. Even more, the state of DNA condensation
can be affected by both the type and the content of the surfactant or other additives as
chloroquine. Therefore, the fine-tuning of such molecules could be of importance to
unveil the mechanism of condensation of different types of DNA molecules within
different nano-vesicles. Even at high concentrations of chloroquine, 100 ug/ml, ARPE-
19 cells appeared healthy with good viability, despite the appearance of many vacuoles
in the cytoplasm (Supplementary Fig. 1). The transfection efficiency in vitro, ARPE-19
cells, fluctuated within a small range in both vectors at all mass ratios studied (Fig. 3).
However, the cell viability was in favor of DPP80-CQ (Fig. 3-A). Noteworthy,
chloroquine inhibits lysosomal enzymes by increasing the pH of the lysosomes and

disturbing their fusion with autophagosomes, thus inhibits autophagy [33]. Moreover,
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chloroquine and its autophagy inhibiting derivative, hydroxychloroquine, are both
FDA-approved agents [34]. According to the cell type or the state of stress, autophagy
might protect or promote cell death in the eye [35].

Fig. 6. Confocal fluorescence micrographs of whole mount (A, B) and cross-sections
(C, D) of the retina 3 days after intravitreal administration of DPP80-CQ nioplexes.
EGFP expression can be observed in both GCL (A, C and D, white arrows) and INL (B
and C, yellow arrows). Interestingly, some protein expression was also observed in
OPL (C, blue arrows). Whole mount and retinal sections were stained with NeuN (A-
D). The cell nuclei were counterstained with Hoechst 33342 (blue). GCL, Ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bars: 20 um. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

This mutable nature of autophagy might be the reason for the increased cell viability

observed with DDP80-CQ formulation in comparison with its chloroquine-free
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counterpart, DPP80. Generally, cell viability and metabolism of ARPE-19 cells are
relatively unaffected by the concentrations of chloroquine between 10 and 30 pg/ml,
though affected in a dosage-dependent fashion afterward [36]. To analyze whether the
enhanced cell internalization of nioplexes was among the effects that chloroquine could
have on niosome formulations, we determined the percentage of ARPE-19 cell uptake
of both DPP80 and DPP80-CQ formulations at the mass ratios of best transfection
efficiency, 8/1 for DPP80 and 10/1 for DPP80-CQ (Fig. 4).

Interestingly, flow cytometry studies showed that chloroquine incorporation
had an insignificant effect on the percentage of cellular uptake when compared to the
DPP80 formulation (Fig. 4-A). Such observation is most probably due to the indifferent
surface charge of both nioplexes at the aforementioned mass ratios (22.5 + 7.3 and 25.3
+ 2.5 for DPP80 and DPP80-CQ, respectively, P > .05). The similar uptake percentages
in such ratios could justify the unaltered transfection results depicted pre-viously (Fig.
3-A). The transfection efficiency can be markedly affected by the mechanism of
endocytosis. Consequently, we studied three of the most active cellular internalization
pathways: clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis
(CvME) and macro-pinocytosis (MPC). The results observed in Fig. 4-B suggested that
DPP80-CQ nioplexes were internalized mainly by MPC, while CvME and CME had
less participation in the cellular uptake process. Due to its ability to internalize larger
structures, macropinocytosis pathway has been proposed to mediate the internalization
of non-viral gene delivery vehicles [37]. Moreover, MPC is considered as the major
pathway responsible for DNA transfection in certain cell types [38]. In contrary, DPP80
nioplexes were internalized mainly by CME and, to a lesser extent, by MPC, while
CvME had a much less participation in the cellular uptake process. However, the minor
fluctuation in transfection efficiency between the two nioplexes could be due to limited
variations between the two main different mechanisms of internalization (CME for
DPP80 and MPC for DPP80-CQ). The delivery of genetic material by CvME and CME
passes through late endosomes/lysosomes, which in-creases the hazards of DNA
degradation and lowers the transfection efficiency [39]. So, an expected trivial effect of
CVvME and especially CME pathways could explain the high percentages of EGFP
expression in ARPE cells by both nioplexes (Fig. 3), compared to lipofectamine® 2000
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(approximately, 80% and 75% of lipofectamine®2000 for DPP80 and DPP80-CQ,

respectively).

Afterwards, we analyzed the pH-buffering capacity of both niosomes (Fig. 4-
C). The incorporation of chloroquine into the niosome formulation increased the pH-
buffering capacity upon titration with 0.1 M HCI, compared to the niosomes elaborated
without chloroquine (at pH values > 2). Though, there was no change in the buffering
capacity when the pH was < 2 for both niosomes. Chloroquine might induce endosomal
and lysosomal escape via the proton sponge effect [40]. This result could suggest that
chloroquine-containing formulation could increase the proton sponge effect, and
therefore, the endosomal escape capacity of DPP80-CQ niosomes. However, as the
predominant mechanism of internalization for DPP80-CQ was neither CvME nor CME,
the impact of the proton sponge effect of chloroquine on the transfection efficiency was

insignificant.

Based on the previously mentioned physicochemical and in vitro biological
results, we were enthusiastic to perform a preliminary in vivo study to evaluate the
transfection efficiency of our formulations, DPP80-CQ in particular, in rat retinae after
both subretinal (Fig. 5), and intravitreal injections (Fig. 6). Subretinal injection is a
well-known clinical route to deliver genetic/drug material to the back of the eye. In
addition, it enables direct contact of the injected nucleic acids with the outer retinal
layers, photoreceptors and RPE cells. Noteworthy, clinical trials to treat many inherited
retinal diseases such as LCA type 2 used the subretinal injection route [41]. However,
it is less desirable than the intravitreal route due to the possible complications; such as
retinal detachment or the localized side effects around the site of injection. Generally,
IV injection is more widely applicable in the clinical practice due to its ability to deliver
genetic material to a larger retinal surface, in addition to less surgical trauma compared
to the SR route [42].

Surprisingly, DPP80 did not induce any transfection to retinal cells in vivo after

both subretinal or intravitreal injections (Supplementary Fig. 2), whereas the
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chloroquine-containing formulation, DPP80-CQ did (Figs. 5 and 6). The lack of
correlation between in vitro and in vivo transfection results has been widely reported

as it is a context-dependent matter [12].

Based on previous physicochemical and in vitro biological results, we were
enthusiastic to perform a preliminary in vivo study to evaluate the transfection
efficiency of our formulations, DPP80-CQ in particular, in rat retinae after subretinal
(Fig. 5) and intravitreal injections (Fig. 6). Subretinal injection is a well-known clinical
viable route to deliver genetic material to the eye. It enables direct contact of the
injected nucleic acids with the outer retinal layers, photoreceptors and RPE cells.
Noteworthy, clinical trials to treat many inherited retinal diseases such as LCA type 2
use subretinal injection [41]. However, it is less desirable than the 1V route due to the
possible complications such as retinal detachment or the localized effect around the site
of injection. Generally, intravitreal injection is more widely applicable in the clinical
practice due to its ability to deliver genetic materials to a larger retinal surface and
advantages of less surgical trauma compared to the SR route [42].

Subretinal administration allows direct contact of genetic material with RPE
cells and outer layer of the retina. Although this route of administration is highly
effective to locally transfect cells close to the site of the injection, the occasionally
observed side effects, related to this invasive route, such as retinal detachment,
hemorrhages or alterations in RPE cells can hamper its practice [43]. In any case, sub-
retinal injections have been widely used on clinical trials to treat some devastating
genetic disorders of the retina reporting excellent outcomes [44]. In addition, the
recently FDA/EMA-approved Luxturna medicine
to deliver healthy copies of the RPE6G5 gene to the retina is administered by subretinal
injection. In our in vivo experiments, after subretinal administration of nioplexes, we
observed localized EGFP expression, mainly in some photoreceptor and RPE cells,
close to the injection site. Transfection at this level can have clinical relevance because

mutations of > 200 genes in RPE cells/photoreceptors are related to relevant ge-netic
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disorders of the retina such as; Leber congenital amaurosis, retinitis pigmentosa, and

Stargardt disease, to name just a few ones [45].

Compared to subretinal injection, intravitreal injection represents an interesting
alternative to deliver genetic material to the back of the eye, and therefore to access
retinal structure. It is a less invasive route, more easily to perform, and higher doses
can be delivered [46]. Consequently, large retinal surfaces can be transfected by this
route of administration [47]. When we administered 4 ul of DPP80-CQ nioplexes by
intravitreal injection, the inner layers of the retina (GCL and INL) were mainly
transfected as observed in Fig. 6. (white and yellow arrows, respectively). Transfection
at this level can be of clinical relevance in treatment of devastating ocular pathologies
that compromise the function of ganglion cells as glaucoma [48]. Interestingly, EGFP
expression was also discerned in the OPL (Fig. 6-C, blue arrows) which suggests that
nioplexes partially diffused, not only through the vitreous where they were
administered, but also through the inner retinal layers until reach the OPL. Transfection
of the outer layers of the retina by intravitreal administration of non-viral vectors
represents a great challenge for the scientific community, since can avoid the subretinal

injections and the corresponding side effects commonly associated to such injection.

Unfortunately, chloroquine, like other endolytic agents, has been found to be
cytotoxic in several pre-clinical or clinical trials [49]. Chloroguine passes the blood-
retinal barrier and is toxic to the retina. Nevertheless, such retinal toxicity is related to
large doses and long-term use of chloroquine [50]. In this study, at 10/1 cationic lipid
/IDNA mass ratio, the final concentration of chloroquine was only 25 pg/ml which did
not induce any significant cytotoxicity in accordance with Chen et al, [36]. The affinity
of retinal cells to the modified salt form of the cationic lipid, in addition to the favorable
properties of P and P80, along with the effect of chloroquine, raise the possibility to
target different retinal cell layers safely and effectively after both subretinal and

intravitreal administrations.
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5.5.Conclusions

The addition of chloroquine to a niosome formulation retained its functionality
in vitro, but most importantly, enhanced its transfection ability in vivo. This work
highlights the use of chloroquine as a built-in component in the gene delivery vehicles

to evade its toxicity and to provide new insights into the future of retinal gene therapy.
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Supplementary fig.1. (A) ARPE-19 cell viability after 4h of incubation with different
concentrations of chloroquine diphosphate. Phase contrast microscopy of ARPE-19
cells showing control cells (Ctrl) and cells with vacuolated cytoplasm (CQ) after their
treatment with chloroquine diphosphate 100ug/ml.

Supplementary fig. 2. Confocal fluorescence micrographs of (A) retinal whole mount
after 3 days of intravitreal administration of DPP80 nioplexes and of (B) retinal cross-
sections after 3 days of subretinal administration of DPP80 nioplexes. There is no GFP
expression detected in different retinal layers. Scale bars: 20 um.

123



Chapter 5

GEAR
HOECH Sil}

Supplementary Fig.3. EGFP expression after subretinal injection of DPP80-CQ
nioplexes in retinal cross-section obtained close to the site of injection. EGFP
expression colocalizes with GFAP-positive Miiller glial cells (white arrows). EGFP
expression can also be observed in the ganglion cell layer (yellow arrows), in the INL
(blue arrows) and in the photoreceptors of the ONL (pink arrows). The cell nuclei were
counterstained with Hoechst 33342 (blue). GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer; OS, photoreceptor outer segment. Scale bar: 20 pum.

Supplementary Fig.4. Whole mount (A), and retinal cross-sections (B) after both
intravitreal and subretinal injection of DPP80-CQ nioplexes. No EGFP fluorescence
was observed neither in ganglion cell layer of whole mount (A) nor in retinal cross-
sections (B) obtained approximately 300-400 um away from the injection site after both
injections. (C) Retinal cross-section at the site of subretinal injection of the vehicle
alone in a control retina. No EGFP expression was observed. The cell nuclei were
counterstained with Hoechst 33342 (blue). Scale bars: 20 um.

124



Chapter 5

Supplementary table 1. Polydispersity index values of both nioplexes (DPP80 and
DDP80-CQ). Data represent mean * standard deviation, n=3.

N/P ratios 4/1 6/1 8/1 10/1 12/1

DPP80 0.211+0.017 0.260%+0.014 0.217%+0.003 0.288+0.032 0.202+0.005

DPP80-CQ 0.239+0.039 0.139+0.007 0.208+0.055 0.190+0.012 0.182+0.014
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Presently, cationic niosomes, as non-viral gene delivery carrier, have become
an important tool to deliver both genetic macromolecules and drug molecules.
Development of efficient non-viral gene delivery systems could reduce the time and
save expenses for coming new market therapies. In addition, they would be
significantly safer than their viral counterparts. Development of safe and efficient non-
viral vectors to deliver DNA into the CNS represents a huge challenge to face many
neurological disorders. Despite its peripheral location, the retina or neural layer of the
eye, is actually a part of the central nervous system.

In the current study, we have designed, prepared and characterized niosome
formulations based on different cationic lipids and various helper molecules. In
vitro studies were conducted to evaluate transfection efficiency, viability and
internalization mechanism in ARPE-19 and NT2 cells. Subsequently, their in vivo

application was evaluated in both retina and brain.

6.1 Lycopene enhances the efficacy of cationic niosomes based on DOTMA and
polysorbate 60 for retinal gene delivery purposes

Due to its appealing chemical structure, the commercially available cationic lipid

DOTMA has been used widely for gene delivery applications (1).

ADOTMA | T 7

HO{/\/O

B Polysorbate 60

HsC_ CHs CHs Ha HyC l
C Lycopene M\/w
CH3 CHs CH; HiC CH;

Fig. 1. Chemical structures of the cationic lipid, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA) (A), Polysorbate 60 (B), and Lycopene (C).
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As shown in Fig. 1-A, its structure is composed of a polar head-group, two non-polar
hydrophobic chains, a linker and a back-bone, which classically are known as the four

domains that rule gene transfection process (2).

We combined DOTMA with the non-ionic surfactant polysorbate 60, in a
niosome formulation at a molar ratio of 1:4 respectively, in order to enhance cell
tolerance (3) and provide a steric barrier to avoid aggregation (4). It has been reported
on the literature that the presence of PEG chains in the chemical structure of
polysorbates (Fig. 1-B) provides physicochemical stability to lipid formulations (5),

conserves effectiveness over time and boosts transfection efficiency (6).

Table 1

Physical characterization of DP60 and DP60L niosomes regarding particle size (nm);
Polydispersity index (PDI), and Zeta potential (mV). Data represent mean + SD (n =
3).

Particle Size (nm) PDI Zeta potential (mV)
DP60 niosome 66.49 + 1.17 0.46+0.02 45.30+1.57
DP60L niosome 101.60 + 2.48 0.44+0.02 33.80+1.13

Compared with polysorbate 80, another polysorbate that has been widely used in the
elaboration of niosome formulations for gene delivery applications, [15-17,31]
polysorbate 60 could offer some important advances.
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Fig. 2. Physicochemical characterization of nioplexes. A) Effect of cationic lipid/DNA
mass ratio (w/w) on both particle size (bars) and zeta potential (lines). Each data point
represents the mean = SD (n = 3). TEM of DP60 (B1) and DP60L nioplexes (B2) at
ratio of 18/1 cationic lipid/DNA mass ratio (w/w). Scale bar = 500 nm. Binding, SDS-
induced release and protection of DNA at different cationic lipid/DNA mass ratios
(w/w) of nioplexes based on both DP60 (C1) and DP60L (C2) visualized by agarose
electrophoresis. Lanes 1-3 correspond to uncomplexed DNA; lanes 4-6, cationic
lipid/DNA mass ratio 6/1; lanes 7-9, cationic lipid/DNA mass ratio 12/1; lanes 10-12,
cationic lipid/DNA mass ratio 18/1; lanes 13-15, cationic lipid/DNA mass ratio 22/1.
Nioplexes were treated with SDS (lanes 2, 5, 8, 11 and 14) and DNase | + SDS (lanes
3, 6,9, 12 and 15). OC: open circular form, SC: supercoiled form.

For instance, the lack of double bonds in the hydrocarbon chains (Fig. 1-B) could
provide low permeability of the vesicles, and therefore better stability of niosome
membranes (5). Additionally, compared with other hydrophilic surfactants such as
polysorbates 80, 40 or 20, the low hydrophilic-lipophilic balance (HLB) value of
polysorbate 60 (14.9) could help to solubilize lycopene more efficiently (7). The
addition of the natural and non-polar lipid lycopene (Fig. 1-C) into niosome bilaminar
membrane could increase its fluidity, disturb membrane packing, and consequently

vesicle susceptibility to environmental stresses (8).
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Fig. 3. In vitro transfection efficiency and cell viability in ARPE-19 cells at 72 h post-
transfection. (A) Flow cytometry-based evaluation of the percentage of EGFP-positive
cells (bars) and percentage of viable cells (lines) at different cationic lipid/DNA mass
ratios (w/w). Values represent mean £ SD (n = 3). (*P < 0.05 vs. Lipofectamine™2000
transfection). (P < 0.05 vs. Lipofectamine™2000 viability). (B) Overlay of
fluorescence and phase-contrast micrographs of ARPE-19 cells 72 h post-transfection
at different cationic lipid/DNA mass ratios (w/w). Scale bar = 100 um.

Once elaborated by the reverse phase elaboration method, both DP60 and DP60L
niosomes showed appropriate size (in the nanometric scale) and PDI values (below 0.5)
for gene delivery purposes (Table 1). High positive ZP values (> +25 mV) ensure long-
lasting stability (9), extempore electrostatic reciprocal action with DNA, along with
binding of the nioplexes to the negatively charged units of the cell membrane previous

to cellular uptake (2).

136



Chapter 6

>
=
o
o

] DP60 B DP60L

g 80 - ok
w —k

@ 60 A ML

QL

>

= 40 -

(7]

o

e

E 20

(F

¢ 2 3
Time (hours)

B

DP60

DP60L

2h 4h

Fig. 4. Uptake of FITC-labeled nioplexes in ARPE-19 cells. Both DP60 and DP60L at
a mass ratio of 18/1 (w/w). (A) Percentage of FITC-positive cells. Data represent mean
+ SD (n = 3). *p < 0.05. (B) Fluorescence micrographs of ARPE-19 cells at 2 h and 4
h of incubation with FITC-labeled DP60 and DP60L nioplexes (green). Nuclei stained
with Dapi (blue). Original magnification 63x. Scale bar = 20 um. (For inter-pretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

To elaborate nioplexes, we added pCMS-EGFP reporter plasmid to both niosome
formulations at different cationic lipid/DNA mass ratios, since otherwise, the complex
assembly process could be slowed down (10). The slight changes discerned in the size
of nioplexes (100-150 nm, Fig. 2-A), at the mass ratios studied, might be due to the
delicate balance of different events involved in the multistep self-assembled complex
formation, such as: electrostatic interaction, further membrane merging, lipid mixing
and aggregate growth (10). Regarding the ZP values, the gradual increase of superficial

charge along with cationic lipid/DNA ratios (w/w) suggests the capacity of cationic
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niosomes to bind to and neutralize the negatively charged phosphate groups of DNA
(11). Lycopene addition reduced ZP value of DP60L nioplexes, compared to DP60, at
all ratios studied. This fact could be explained by the perturbation of the lipid membrane
bilayer, which could dissipate the electrical potential (Fig. 2-A) (12).

Cholera Toxin Transferrin Dextran
M=0.77%0.05 ' M=0.83+0.06 . M=0.87%0.05

DP60 18/1

M=0.76%0.04- M=0.5310.03 : A M=0.7610.07 -

%

i
S~
o0
i
—
o
o
a.
(]

Fig. 5. Three-channel overlay RGB images of ARPE-19 cells showing nioplexes with
FITC-labeled pCMS-EGFP (green) and one of the endocytosis markers in red
(AlexaFluor® 555-Cholera Toxin, AlexaFluor® 546-Transferrin or AlexaFluor® 594-
dextran). Presence of yellow/orange color represents the overlay of an endocytic marker
and nioplexes. (M = Mander's overlap coefficient). Original magnification 63x, Scale
bar = 25 pum. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

In any case, both formulations could function as gene delivery carriers, since
complexes with positive charge could interact electrostatically with the anionic cell
coat, inducing early steps of the endocytosis process (13). The high positive ZP value
of both DP60 and DP60L nioplexes, especially at 18/1 mass ratio (42 and 27 mV,
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respectively), could ensure the discrete morphology and absence of aggregates
observed by TEM micrographs (Fig. 2-B) (14). Among other factors that can command
transfection success, the van der Waals interactions between phosphate groups of the
DNA (negatively charged) and amine groups of the cationic niosomes (positively
charged) deserve special attention (11, 15, 16). We observed by agarose gel
electrophoresis assay that at all cationic lipid/DNA ratios tested, both niosomes were
capable to condense, release and protect the DNA from enzymatic digestion (Fig. 2-
Cland C2).

Once we evaluated that our nano-formulations were biotechnologically fitting
for gene delivery purposes, we proceeded to evaluate their biological performance in
ARPE-19 cells.

ARPE-19 cell line has a normal karyotype and has functional and structural properties
similar to retinal pigment epithelia (RPE) in vivo, expresses RPE-specific markers,
hence it is considered a suitable transfection model to investigate our vectors'
effectiveness and safety before its application in vivo (17). It has been reported that the
non-ionic nature of surfactants makes niosomes well tolerated by cells (18). Our results
in Fig. 3 show higher cell viability values in cells transfected with both nioplexes when
compared with cells transfected with Lipofectamine™ 2000. Additionally, we observed
under the fluorescence microscope that cells transfected with both nioplexes
maintained their normal morphology, even at high cationic lipid/DNA ratios (Fig. 3-
B). Although the percentage of transfected cells with DP60L niosomes at 18/1 mass
ratio was significantly lower than that obtained with commercially available
Lipofectamine™ 2000, our niosomes formulation was better tolerated by ARPE-19
cells. Therefore, it could be an interesting alternative to Lipofectamine™ 2000, since
some authors have reported damage on the retina associated to the in vivo
administration of Lipofectamine™ 2000 in the eye (19). Regarding the transfection
efficiency, the lipid composition is considered a primary limiting factor that affects to
this process (1). We clearly observed in Fig. 3 the impact that lycopene had on
transfection efficiency in ARPE-19 cells, since values were clearly higher when

lycopene was present in the niosome formulation.
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Fig. 6. Immunohistochemical study of EGFP expression in retinal whole-mount
preparations 3 days after intravitreal administration of DP60L nioplexes. Partial
colocalization of EGFP (green color) with NeuN-positive ganglion cells (red) was
observed in the ganglion cell layer (GCL) (red). EGFP expression was observed as well
in some cells with typical microglial morphology in GCL (NeuN-negative cells). Nuclei
were stained with Hoechst 33342 (blue). Scale bars: 10 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Still, the definite mechanism of lycopene action has not yet been fully
expounded, some authors suggest existence of a lycopene receptor and/or transporter
in the nuclear membrane of cells (20). Additionally, other study has documented the
capacity of lycopene to modulate transcription (21). Such effect could be either by
direct interactions with transcription factors such as nuclear factor-kappa, or by indirect

modifications of transcriptional activity.
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Fig. 7. Confocal fluorescence micrographs of retinal cross-sections after 3 days of
intravitreal (A,B) and subretinal (C,D) administration of DP60L nioplexes. After
intravitreal injections, EGFP fluorescence was observed in glial cells in the GCL, and
in the outer segments of the photoreceptors. Localization of EGFP after subretinal
injections was detected as well in OS of photoreceptors (stained with recoverin, in red)
and some microglial cells. Cell nuclei were counterstained with Hoechst 33342 (blue).
Scale bars: 20 um. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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In any case, advanced research is still needed to determine the exact mechanism [44].
The ascending transfection percentages obtained by DP60L at high mass ratios might
be attributed, partially, to the triggering effect of free niosomes absorbed on to the cell
membrane. At higher cationic lipid/DNA mass ratios, there is a large excess of cationic
lipid to DNA, therefore a population of free niosomes is expected (22). This free
cationic lipid could prolong cellular retention or decreases degradation rate of DNA
(1). Nonetheless, additional experiments are needed to elucidate the detailed

mechanisms involved.

To determine whether enhanced internalization was among the effects that lycopene
incorporation could have in niosome formulations, we studied the percentage of cellular
uptake of both DP60 and DP60L formulations at the mass ratio of best transfection
efficiency (18/1) in ARPE-19 cells at different times (Fig. 4). Surprisingly, flow
cytometry studies showed that lycopene addition clearly reduced the percentage of
cellular uptake at all times studies when compared to DP60 formulation (Fig. 4-A).
Such reduction in the cellular uptake could probably be due to the lower zeta potential
of DP60L formulation compared with DP60 (Fig. 2-A).

Additionally, CLSM studied (Fig. 4-B), excluded mere electrostatic adherence of
cationic nioplexes to the negatively charged surface of ARPE-19 cell, since a clear
intracellular distribution of both nioplexes was observed in the case of both
formulations. In any case, the cytoplasmatic distribution of both nioplexes showed a
different behavior. Whereas DP60L nioplexes maintained a homogeneous distribution
in the cytoplasm over the time, DP60 nioplexes showed some aggregates at 4 h. The
differences observed in the cytoplasmatic distribution of both formulations could
suggest different internalization pathways. Therefore, and motivated by the differences
observed between both formulation in terms of transfection efficiency and cellular
uptake, we next studied the cellular trafficking of both nioplexes at the mass ratio of
best transfection efficiency (18/1). Three of the pathways most employed in the uptake
processes were assayed; clathrin-mediated endocytosis (CME), caveola-mediated

endocytosis (CvME) and macropinocytosis (Fig. 5) (23). The performance of non-viral
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vectors is known to be clearly affected by their distinct cellular internalization pathway,
taking into account the variable effectiveness of every pathway in the release of DNA
into the cytoplasm, which is one of the critical steps in the eventual transgene
expression (10). Although there is not a clear consensus in the scientific community, it
is widely accepted that the endolysosomal fate is the hallmark feature of CME (14, 24).
In the other hand, CvME and macropinocytosis are widely related to non-acidic and
non-digestive routes of cellular uptake (25, 26). Therefore, our results observed in Fig.
5 suggest that internalization of DP60L via these last pathways could be advantageous
over CME internalization, in terms of both DNA delivery and integrity, since it could

avoid lysosomal degradation (23).

Once the intracellular trafficking of both DP60 and DP60L nioplexes was studied,
next, we performed a provisional in vivo study to estimate the transfection efficiency
of DP60L vectors in rat retina after both intravitreal (IV) and subretinal (SR)
administrations. These routes are considered the most clinically viable options to
convey genetic material to the back of the eye in an effective way. 1V injection has been
extensively studied thanks mainly to its relative easiness and to the capacity to deliver
high doses of genetic material to retinal cells. Additionally, it is less invasive and
traumatic than the counterpart SR administration (27). Typically, after IV injection, the
delivered genes are expressed, mainly, in the ganglion cell layer (GCL) of the retina
(28). Among many applications, transfection at this level could be of clinical
importance for the treatment of glaucoma, a devastating eye disease that is considered
the first cause of blindness worldwide (29). However, our in vivo data showed not only
a good and uniformly distributed EGFP expression at this level (Fig. 6 and Fig. 7-A,
B), but also we observed EGFP expression in some of the outer segments (OS) of
photoreceptors (Fig. 7-A, B), which suggests a partial diffusion of our DPL60 niosomes
through the different layers of the retina. Diffusion of nioplexes could be probably
explained by the PEG chains of the polysorbate 60 non-ionic tensioactive which could
prevent aggregations with fibrillar structures in the retina. In any case, for further
clinical applications, where the volume of the human vitreous is significantly bigger

than the volume of the rat vitreous, we should also consider the possible electrostatic
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interactions between the positively charged niosome based complexes and the
negatively charged components of the vitreous such as hyaluronans, proteoglycans,
hyalocytes or proteins. These interactions could affect to the final performance of the
formulation. To avoid this scenario, positively charged complexes could be coated with
negatively charged compounds such us hyaluronic acid, which has been recently

reported that can enhance retinal gene delivery after intravitreal injection (30).

Transfection at the outer layers of the retina is highly desirable from a therapeutic
point of view, since to date, mutations in over 200 genes expressed in photoreceptors
and RPE cells have been associated with many inherited retinal disorder, that until
know, do not have curative treatment, such as Retinitis Pigmentosa, Stargardt Disease,
Age-related Macular Degeneration, or Leber's Congenital Amaurosis,(28) to name just
a few. Although being able to deliver the EGFP gene to the same layers as IV
administration (Fig. 7-C,D), SR injection bears the risk of retinal detachment [49].
Therefore, our preliminary in vivo study offers reasonable hope to target the outer retina
by the much safer 1V instead of SR administration route, which relevant clinical

implications.

6.2 Cationic niosome vehicle based on lycopene helper lipid and
DOTMA as efficient gene delivery vehicles to central nervous system
cells into the brain

The flattering properties of the-lycopene containing-niosomes in retinal cells
encouraged the team to use the same particles to transfect NT2 cells, primary cortical
culture as well as brain cortex of rats, to investigate the safety and effectiveness of
lycopene containing-niosome as non-viral vectors to deliver DNA into the CNS to face

many neurological disorders.

Gene therapy aimed to the CNS represents an extreme challenge to bring normal gene
copies and correct mutant gene deficiencies in many neurodegenerative diseases (31).
However, in order to apply this promising technology into the regular clinic practice,

safe and efficient gene carrier systems are needed. Compared with viral vector, non-
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viral vectors have several important advantages. For instance, they are easier and
cheaper to produce, and there is no preexisting immunity to these vectors. Additionally,
they are not derived from pathogens, and consequently show less safety concerns.
However, their transfection efficiency is lower than their virus-based counterparts.

Therefore, research on this topic merits special attention.

Based on the flattering properties showed recently by niosomes to transfect retinal
cells after both intravitreal and subretinal administration (11, 32, 33), we elaborated
cationic niosomes based on DOTMA, polysorbate 60 and lycopene to deliver DNA into
the brain cortex of rats after cerebral cortex administration. DOTMA is a highly water-
soluble quaternary ammonium salt lipid that has been strongly used for gene delivery
goals, due to its ability to condense DNA (34). Lycopene is a natural carotenoid that
when used as “helper” lipid, enhances transfection efficiency in retinal cells (32).
Polysorbate 60 is the major component of the niosome formulation, and its poly
(ethylene glycol) structure has been reported that increases in vivo transfection
efficiency in CNS (35).

Prior to perform any biological study, we characterized in Fig. 8 our formulation in
the matter of size, superficial charge, morphology and capacity to compact, liberate and
secure DNA against enzymatic digestion. Although there is no a general rule about the
optimal particle size of formulations for each gene delivery application, it is generally
accepted that this parameter clearly influences the final performance, and that in case
of niosomes, is affected by the cationic lipid/DNA mass ratio (28). Size of DP60L
niosomes was around 100 nm. Interestingly, when DNA was incorporated to obtain
nioplexes at 6/1 ratio, size increased up to 154 nm. However, at higher ratios, size
decreased, probably due to the electrostatic interactions that condense DNA more
efficiently, and therefore, decreased PDI values as well.
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A Size PDI Zeta
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Nioplexes
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Fig. 8. Physicochemical characterization of DP60L niosomes and nioplexes. A) particle

size (nm); polydispersity index (PDI); and Zeta potential (mV). Data represent mean +
SD (n = 3). CryoTEM micrographs of DP60L niosomes (B1) and nioplexes at 14/1
cationic lipid/DNA mass ratio (w/w) (B2). Scale bars 100 nm. C) DNA binding, SDS-
induced release and protection at different cationic lipid/DNA mass ratios (w/w) of
DP60L nioplexes. Lanes 1-3 correspond to uncomplexed DNA; lanes 4-6, cationic
lipid/DNA mass ratio 6/1; lanes 7-9, cationic lipid/DNA mass ratio 10/1; lanes 10-12,
cationic lipid/DNA mass ratio 14/1; lanes 13-15, cationic lipid/ DNA mass ratio 18/1.
Lanes 2, 5, 8, 11 and 14 depict nioplexes treated with SDS, while lanes 3, 6, 9, 12 and
15 demonstrate DNase | + SDS-treated nioplexes. OC: open circular form, SC:
supercoiled form.

Additionally, differences recognized in PDI values perhaps thanks to different DNA
topologies found in nioplexes (36). Regarding ZP values, we found a positive
correlation with the cationic lipid/DNA ratio, which suggests that cationic DOTMA
binds and neutralize the negatively charged DNA (37). Under TEM observation,
niosomes appeared spherical, while nioplexes at 14/1 mass ratio showed heterogeneous
shapes, but mostly elongated. Interestingly, at this ratio, spherical niosomes were also
discerned (Fig. 8-B2), which could accumulate on the surface of cell membranes and
enhance DNA delivery(38). To further analyze electrostatic interactions, we performed
a gel retardation assay (Fig. 8-C), since an optimum balance is required for efficient
gene delivery (37). Despite the incomplete DNA condensation observed, which could

be affect by different thermodynamic factors, kinetics mixing, or by the lycopene
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incorporation in to the niosome formulation or the high aqueous solubility of DOTMA
(39), all cationic lipid/DNA ratios analyzed, were able to keep safe plasmid DNA
against enzymatic digestion.
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Fig. 9. In vitro transfection studies. Flow cytometry analysis of transfection efficiency
and cell viability in NT2 cells at 24 h. Percentage of EGFP-positive cells (bars) and
percentage of viable cells (line) at different cationic lipid/DNA mass ratios (w/w).
Values represent mean + SD. (n = 3). (L2K = Lipofectamine®2000) ("P < 0.05 vs. L2K
transfection). (*P < 0.05 vs. L2K viability).

Once physicochemical properties of nioplexes were analyzed, next, we performed in
vitro studies to evaluate, initially, both transfection efficiency and viability in NT2 cells.
These cells represent an interesting model to study the efficiency of gene delivery
vectors into CNS due to their capacity to differentiate into bot neuronal and glial cells
(40). Unlike other teratocarcinoma cell lines, the NT2 cells depict special obligation to
a neural lineage upon exposure to retinoic acid (RA). Therefore, it has been considered
as a promising human cell source in studies of cell in vivo therapeutic applications in
many neurodegenerative disorder like Parkinson disease(41). Accordingly, we

considered NT2 cells as an interesting model to study the efficiency of gene delivery
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vectors into CNS. Additionally, these cells represent a promising platform in cell-based

gene delivery as they could be genetically-modified and then transplanted(42).
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Fig. 10. Cellular uptake studies in NT2 cells 4 h post incubation. (A) Flow cytometry
dot-plots (SSC-H and FL1) of control cells without treatment (A1), naked DNA (A2),
DPG60L nioplexes at 14/1 (w/w) ratio (As), and lipofectamine 2000® (L2K) at 2/1(w/w)
ratio (As). (B) Flow cytometry measurement of NT2 cells treated with FITC-labeled
formulations. Error bars represent SD (n = 3). “p < 0.05. (C) Fluorescence microscopy
images of NT2 cells after 4 h of incubation with FITC-labeled DP60L nioplexes at 14/1
(w/w) ratio. Cells were stained with DAPI-fluoromount G (blue). White arrows indicate
nanoparticles around the nucleus. (Scale bar =25 um). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Data obtained in Fig. 9 revealed that transfection efficiency increased in proportion
to the cationic lipid/DNA mass ratio, touching the peak at 14/1 ratio (17% of cells were
transfected). Although the percentage of transfected cells were inferior to those obtained
with commercially available lipifectamine®2000 (17% and 37%, respectively), viability
values were higher (90% and 83%, respectively). The reported low cytotoxicity of
nioplexes represents an appealing feature for potential further in vivo applications, since
the in vivo use of lipifectamine®2000 is discouraged due to its cytotoxicity (43). To

better understand the transfection process mediated by DP60L nioplexes in NT2 cells,
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we estimated the cellular uptake and the intracellular trafficking of nioplexes, since
those two factors clearly influence on the final performance of gene delivery carriers

(28). Cellular uptake values were compared with lipifectamine®2000.
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Fig. 11. Internalization studies. (A) Confocal microscopy images showing intracellular
distribution in NT2 cells of nioplexes at 14/1 ratio labelled with FITC-pCMS EGFP
(green) plasmid and AlexaFluor 555-Cholera Toxin (A1), AlexaFluor 546-Transferrin
(A2), AlexaFluor 594-Dextran (A3), and LysoTracker Red DND-99 markers (A4), all
in red. (M1 = Mandefs overlap coefficient). Scale bars =25 um. (B) Effect of endocytic
inhibitors on the cellular uptake of FITC-labeled nioplexes. Data were normalized to
uptake without inhibitor. (C) Agarose gel electrophoresis DNA released profiles of
lipoplexes and nioplexes incubated with or without PS. (D) Quantification of released
DNA in agarose gel electrophoresis.

As observed in Fig. 10, lipoplexes obtained with commercially available
lipofectamine®2000, were more efficiently internalized than DP60L nioplexes (around
85% and 60%, respectively), which could interpret the higher percentage of EGFP
expression in NT2 cells transfected with lipofectamine®2000. Differences observed in

cellular uptake between both formulations could be due to particular topologies of
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complexes or specific interactions of the complexes with cell membrane lipids (36). In
any case, percentage of transfected cells with DP60L nioplexes (17%, Fig. 9) were
clearly inferior to the percentage of positive cells for FITC-labeled DP60L nioplexes
(60%, Fig. 10-B), which suggest the influence of other biological events, such as
intracellular trafficking or endosomal scape, in the final EGFP expression (44).
Therefore, we analyzed three of the most employed cellular internalization pathways
such as clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CvME)
and macropinocytosis (MPC). Although there is no general agreement in relation to the
most efficient endocytosis pathway, the release of DNA into the cytoplasm, and
therefore, the final performance, is clearly affected by the cellular uptake process (45).

The results observed in Fig. 11 suggested that DP60L nioplexes were internalized,
mainly, by CvME and CME, while MPC had much less participation in the cellular
uptake process. It is generally accepted that both CvME and CME are endocytosis
routes that transfer genetic material to late endosomes/lysosomes, where the acidic
environment degrades the DNA, making transfection process inefficient (40).
Therefore, the observation of nioplexes in the late endosome (Fig. 11-As) might explain
the relatively low transfection efficiency values (17%) observed (Fig. 9), despite the
fact that high number of NT2 cells (60%) captured the complexes (Fig. 10).
Nonetheless, this hypothesis needs further verification since the endosomal escape
capacity of nioplexes, if present, could evade degradation. Therefore, in next
experiments, we evaluated the ability of nioplexes to escape from degradation in
lysosomes. Several particle dependent endosomal escape mechanisms have been
reported in the literature, being the proton-sponge mechanism one of the most widely
described (46). Therefore, we analyzed the pH-buffering capacity of cationic DP60L
niosomes. As observed (Supplementary data, Fig. 1), the incorporation of both cationic
DOTMA and lycopene lipids into the niosome formulation, increased the pH-buffering
capacity upon titration with 0.1 M HCI compared with niosomes elaborated only with
polysorbate 60, which could suggest that those lipids could increase the proton sponge
effect, and therefore, the endosomal scape capacity of DP60L niosomes. Another
widely proposed endosomal scape mechanism consists on the destabilization of the

endosomal membrane by electrostatic interactions between the cationic nanoparticles
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and the anionic lipids of the late endosome membrane, which could allow the DNA

release to the cytoplasm (Varkouhi et al., 2011).
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Fig. 12. Primary cortical culture and in vivo gene expression of EGFP carried by DP60
nioplexes at 14/1 mass ratio (w/w). Az and Ao, transfection of primary neuronal cell
cultures 24 h post transfection. NeuN-positive neurons (red) and nuclei counterstained
with Hoechst 33342 (blue) (Scale bars =20 and 40 um, respectively). B, in vivo gene
expression of pPCMS-EGFP 72 h after intracortical administration of nioplexes. Nuclei
are shown in blue (Hoechst), neurons in red (NeuN™), and EGFP expression (GFP™) in

green. White arrow points a blood vessel. Scale bar 40 um. (For interpretation of the
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references to colour in this figure legend, the reader is referred to the web version of
this article.)

To evaluate this endosomal scape mechanism, we added DP60L. nioplexes to anionic
micelles made with phosphatidyl serine (PS), that simulated the endosomal
compartment, and the DNA release from PS micelles was evaluated in an agarose gel
electrophoresis assay (40). As observed in Fig. 11, about 40% of DNA was released
form DP60L nioplexes, in the presence of PS, micelles. However, only 30% of DNA
was released without previous incubation with the anionic PS micelles, which
demonstrates the capacity of the DP60L nioplexes to release DNA once they contact
the endosomal lipid bilayer membrane. In the case of lipoplexes based on
lipofectamine®2000, all DNA was condensed with the formulation and up to 20% was
released in the presence of PS micelles. Next, and prior to perform in vivo studies, we
evaluated transfection efficiency of DP60L nioplexes in primary cortical cultures of rat
embryos, since primary cells normally express their tissue-specific receptors, and mimic
in vivo conditions, where different kind of neurons and glial cells are mixed to set up
neuronal-glial networks. In these conditions, we observed that, apparently, only glial
cells, expressed EGFP (Fig. 12-A1). This assumption was further confirmed by lack of
NeuN*-immunoreactivity in EGFP expressing cells (Fig. 12-A). Such preferential
transfection of glial cells could be attributed to their higher mitotic and/or phagocytic
activities (47). Interestingly, in in vivo experiments performed by direct intracranial
injection of nioplexes, again, NeuN negative cells (neuroglia and cells in blood vessel
wall) were the only ones transfected by DP60L nioplexes (Fig. 12-B). These results
reveal the incapacity of nioplexes to transfect neuron cells, probably due to the impaired
uptake and/or intracellular trafficking (48). Therefore, DP60L nioplexes could be of
great interest to transfect glial cells in the CNS in glia-related neurological disorders.
Glial cells constitute over 70% of the total cell population in the CNS, and they play a
pivotal role for the normal development and function of nervous tissue (49, 50). Their
perturbation is associated with several neurological disorders such as; stroke, multiple
sclerosis, epilepsy, Alzheimer’s and Parkinson’s diseases (51, 52). Therefore, the
preferential transfection of glial cells could be of great importance in future applications
in glia-related neurological disorders. Additionally, cells in the wall of some blood
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vessels were also transfected with DP60L nioplexes (Fig. 12-B, white arrow).
Transfection at this level could be of great relevance in cerebrovascular diseases, such
as; stroke, transient ischemic attacks, subarachnoid hemorrhage or vascular dementia,

just to name a few.

6.3 Chloroquine-containing cationic niosomes as non-viral vectors for
gene delivery to the rat retina

To emphasize the role and importance of helper molecule to turn on transfection
efficiency, we designed a novel chemical vehicle for retinal gene delivery. More
clearly, we probed the role of chloroquine embodiment into niosomes composed of
cationic lipid and a blend of non-ionic surfactants. Interestingly, chloroquine, on its
own, may improve efficiency of transfection whenever combined to the cell culture
medium or included into cationic-peptide-DNA complexes (53) in a dose-dependent
matter. Nonetheless, the pre-treatment with chloroquine, has shown high toxicity levels
that limit further clinical applications(54). To escape such destructive effect, in the
present work, chloroquine was embodied within the niosome preparation. Such
insertion of chloroquine into a niosome formulation, rather than as a co-/pre-treatment

of cells, would be a more rational approach for in vivo environment.

Table 2

Physical features of both DPP80 and DPP80-CQ niosomes in terms of size (nm),
Polydispersity index (PDI), and zeta potential (mV). The values exemplify the mean £
SD (n =3).

Size (nm) Zeta potential (mV) PDI
DPP80 90.41 + 0.65 44.3+1.48 0.42+£0.01
DPP80-CQ 118.18 +1.46 28.9+7.73 0.13+£0.02
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Both non-ionic surfactants used (P80 and P) have amphiphilic nature and can deliver
both water and lipid soluble molecules. Moreover, propylene oxide chains of the P can
induce structural re-arrangement of lipid membrane for better stability and
translocation of the gene carriers (55). Interestingly, the inclusion of P to polycation-
DNA complexes augmented the expression level of the delivered genes in both in vitro
and in vivo circumstances at doses below the known toxicity levels (56). P80 was

reported to act as a co-emulsifier together with P, in drug and gene delivery efforts (57).
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Fig. 13. Physicochemical features of nioplexes. (A) The impact of cationic lipid/DNA
mass ratio (w/w) on the size (bars) and zeta potential (lines). The data represent the
mean £ SD (n = 3). TEM images of DPP80 (B1) and DPP80-CQ complexes (B>) at 8/1
and 10/1cationic lipid/DNA mass ratio (w/w) respectively. Scale bar = 200 nm. (C)
condensation, release by SDS and DNase | protection of DNA at various cationic
lipid/DNA mass ratios (w/w) of nioplexes based on DPP80 (C1) and DPP80-CQ (C>)
vehicles depicted by agarose gel electrophoresis. Lanes 1-3 represent uncondensed
DNA; lanes 4-6, cationic lipid/DNA mass ratio 4/1; lanes 7-9, cationic lipid/DNA mass
ratio 6/1; lanes 10-12, cationic lipid/DNA mass ratio 8/1; lanes 13-15, cationic
lipid/DNA mass ratio 10/1. Complexes were processed with SDS (lanes 2, 5, 8, 11 and
14) and DNase | + SDS (lanes 3, 6, 9, 12 and 15). OC: open circular structures, SC:
supercoiled structures.

In addition, the encouraging properties of P80 build a steric barrier that avert the

aggregation of nano-vesicles, enhances the cell tolerance (11), and enhances the
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performance of transfection by the inclusion of polyethylene glycol (PEG) chains in
its structure (58). However, if used with water soluble cationic lipid, P’s ability to shape
network structures may be more suitable than P80 to increase their flexibility and
durability (59). In these cases, a mixture of two different types of non-tensioactive

molecules could provide a synergistic improvement of nano-vesicle stabilisation (60).
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Fig. 14. In vitro transfection and viability performance of both DPP80 and DPP80-CQ
nioplexes in ARPE-19 cells. (A) The percentage of EGFP-positive cells (bars) and the
percentage of viable cells (lines) at various cationic lipid/DNA mass ratios (w/w)
evaluated by flow cytometry at 72 h. Data are expressed in terms of mean £ SD, n = 3.
L2K = Lipofectamine™2000. *P < .05 compared to DPP80, “P < .05 compared to
nioplexes. (B1 and By) fluorescence and phase-contrast overlay micrographs of ARPE-
19 cells after 72 h transfection at 8/1 and 10/1 cationic lipid/DNA mass ratios (w/w) for
DPP80 and DPP80-CQ, respectively. Scale bar = 100 um.

With respect to cationic lipid, the high solubility of the D-CI salt increases
biodistribution of lipid/plasmid complexes, and hence, the efficiency of transfection
(39). However, we observed in a previous study that the solubility of cationic lipid can
drastically change the result of transfection according to the nature of the cells and the
formulation process. In this analysis, the DTPA cationic lipid (non-salt form) was able
to transfect retinal cells in vitro conditions (11), while the salt form did not transfect
retinal cells in vivo. Interestingly, the same formulation with the same cationic lipid

salt type (DPP80) has succeeded in transfecting in vivo cerebral cortical cells (61).
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Strikingly, both formulations of the cationic lipid (salt/non-salt) were able to transfect
ARPE-19 cells in vitro conditions. The non-salt type was, in any case superior in terms
of transfection and cell viability.

This inconsistency emphasizes the lack of correlation between the conditions for in

vivo and in vitro transfection, as well as, the importance of the formulation at physical

level.
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Fig. 15. Cellular uptake and internalization studies of both DPP80 and DPP80-CQ
nioplexes at 8/1 and 10/1 cationic lipid/DNA mass ratio. (A) Flow cytometry
histograms representing the FITC-labeled plasmid uptake in ARPE-19 cells after 4 h of
incubation. (B) Endocytic inhibitors effect on the transfection performance of DPP80
and DPP80-CQ nioplexes. The values were normalized to the transfection without
inhibitor. *P < .05 (C) pH buffering capacity analysis of DPP80 and DPP80-CQ
niosomes.

Stressing the effect of chloroquine, DPP80 and DPP80-CQ niosomes were
formulated and compared. Both niosomes characterization data was analyzed (Table
2). The addition of chloroquine slightly increased the size of niosomes by about 28 nm,
and reduced both PDI (about 69% decrease) and ZP (about 34% decrease). Small poly-

dispersity values are generally preferred when designing Drug/gene delivery vehicles
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(62). The positive ZP values (> +25 mV) detected for both niosomes would reflect a

potentially long-lasting stability.

erP
BRECOVERIN

Fig. 16. Retinal cross sections micrographs obtained by confocal microscopy 3 days
post subretinal injection of DPP80-CQ nioplexes (A-D). EGFP protein was observed
mainly in GCL (white arrows), photoreceptors (yellow arrows) and RPE cells (blue
arrows). Retinal sections were stained with antibodies against NeuN(A), recoverin (B,
D) and protein kinase C (C). The cell nuclei were counterstained with Hoechst 33342.
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; OS,
photoreceptor outer segment Scale bars: 20 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Once the niosomes were characterized in terms of size, PDI, and zeta potential,
nioplexes were formed with the pCMS-EGFP plasmid at diverse cationic lipid/DNA
mass ratios by adding the reporter plasmid to the niosomes and not the other way round
to ensure proper condensation process (10). The ZP of DPP80 nioplexes was clearly
lower as compared to the same chloroquine-free niosomes (13-A).
In comparison to DPP80-CQ niosomes (29 mV), ZP of chloroquine-containing
nioplexes (DPP80-CQ) oscillated within a narrower range (19-25 mV).

Generally, DNA compaction Typically improved by compensating 90% of the
charge in an agueous solution [31]. Strikingly, ZP values fluctuated within a narrow
range (23-27 mV) at 8/1 and 10/1 mass ratios for DPP80 and DPP80-CQ, respectively,
which reflects a slight reduction in ZP for DPP80-CQ relative niosomes’ ZP (29 mV).
This indicates a spontaneous electrostatic interaction of pDNA with DPP80-CQ
niosomes at a mass ratio of 10/1 which could be explained by a direct chloroquine
interaction with pDNA. With regard to nioplexes’ PDI value, an obvious effect of
chloroquine addition was observed at all ratios studied above 4/1, as PDI values
decreased compared with DPP80 formulation (Supplementary Table 1).

Supplementary table 1. Polydispersity index values of both nioplexes (DPP80 and

DDP80-CQ). Data represent mean * standard deviation, n=3.

N/P ratios a/1 6/1 8/1 10/1 12/1

DPP80 0.211+0.017 0.260%+0.014 0.217+0.003 0.288+0.032 0.202+0.005

DPP80-CQ 0.239+0.039 0.139+0.007 0.208+0.055 0.190+0.012 0.182+0.014

The electron micrographs demonstrated a distinct, almost spherical morphology in
DPP80 complexes and lack of aggregates (Fig. 13-B1). DPP80-CQ nioplexes, by
contrast, appeared as clusters of multilamellar planar structures forming string-like
colloidal aggregates (Fig. 13-B2). The lamellar spacing was about 5.5-6 nm, indicating

that the pDNA strands with the cationic lipid bilayers were complexed (63). Similarly,
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several neutral lipids mixtures (such as DOPC and DOPE) along with cationic lipids
(such as DOTAP), commonly used for gene delivery, are known to form lamellar
complexes with DNA (64).

The agarose gel retardation assay showed that both niosomes, were able to condense,
release and protect the DNA from enzymatic digestion at all cationic lipid/DNA ratios
tested (Fig.13-C). Of note, the relatively lower DNA condensation, observed by the
chloroquine-containing formulation (Fig. 13-C»), did not hamper the release or the
protection of the condensed DNA, which is of paramount importance in transfection
performance. Any condensation efficiency shift might affect the pattern and topology
of configuring spatial DNA. Even more, both the type and the amount of the surfactant
or other additives as chloroquine may influence the state of DNA condensation.
Therefore, the fine-tuning of such molecules may be critical in revealing the
condensation mechanism of different types of DNA molecules by different nano-
vesicles. Notwithstanding the presence of several vacuoles in the cytoplasm, ARPE-19
cells appeared healthy with good viability Even at high concentrations of chloroquine,
100 pg/ml (Supplementary Fig. 2).

Cell viability after 4 h incubation with chloroquine
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Supplementary fig.2. (A) ARPE-19 cell viability after 4h of incubation with different
concentrations of chloroquine diphosphate. Phase contrast microscopy of ARPE-19
cells showing control cells (Ctrl) and cells with vacuolated cytoplasm (CQ) after their
treatment with chloroquine diphosphate 100ug/ml.

In vitro, ARPE-19 cells, the transfection output fluctuated in both vectors within a
small range at all mass ratios tested (Fig. 14). The cell viability was however in favor
of DPP80-CQ (Fig. 14-A). Noteworthy, chloroquine increased the pH of the lysosomes

by inhibiting lysosomal enzymes and disturbed their fusion with autophagosomes, thus
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inhibits autophagy (65). In addition, chloroquine and its autophagy inhibiting
derivative, hydroxychloroquine, are both FDA-approved agents (66). Autophagy may
protect or encourage cell death in the eye depending on type of cell or the stress state
(67). This mutable aspect of autophagy may be the explanation for DDP80-CQ’s
increased cell viability compared to its chloroquine-free counterpart, DPP8O0.
Commonly, cell viability and metabolism of ARPE-19 cells are relatively uninfluenced
by chloroquine concentrations between 10 and 30 pug/ml, but subsequently affected in
a dosage-dependent manner (68). In order to examine whether the enhanced cell
internalization of nioplexes was one of the effects that chloroquine could have on
niosome formulations, we estimated the percentage of ARPE-19 cell uptake of both
DPP80 and DPP80-CQ formulations at the best transfection efficiency mass ratios, 8/1
for DPP80 and 10/1 for DPP80-CQ (Fig. 15).
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Fig. 17. Confocal fluorescence micrographs of whole mount (A, B) and cross-sections
(C, D) of the retina 3 days after intravitreal administration of DPP80-CQ nioplexes.
EGFP expression can be observed in both GCL (A, C and D, white arrows) and INL (B
and C, yellow arrows). Interestingly, some protein expression was also observed in
OPL (C, blue arrows). Whole mount and retinal sections were stained with NeuN (A-
D). The cell nuclei were counterstained with Hoechst 33342 (blue). GCL, Ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bars: 20 um. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Interestingly, flow cytometry studies showed that the addition of chloroquine had
negligible effect on the percentage of cellular uptake relative to the DPP80 formulation
(15-A). These findings are most likely due to the indifferent surface charge the two
nioplexes at the above-mentioned mass ratios (22.5 + 7.3 and 25.3 + 2.5 for DPP80 and
DPP80-CQ), respectively, P > .05). The similar percentages of uptake in such ratios may
justify the previously seen unchanged transfection findings (Fig. 14-A). The transfection
efficiency may be significantly impacted by the endocytosis mechanism. Three of the most
active cellular internalization pathways were thus studied: clathrin-mediated endocytosis
(CME), caveolae-mediated endocytosis (CvME) and macro-pinocytosis (MPC). Observed
findings in Fig. 15-B indicated that DPP80-CQ nioplexes were internalized mainly by
MPC, while CvME and CME had less involvement in the process of cellular uptake.
Macropinocytosis pathway has been suggested to mediate the internalization of non-viral
gene delivery vehicles because of its capacity to internalize larger structures (69).
Moreover, in certain cell types MPC is known as the main pathway responsible for DNA
transfection (70). In comparison, DPP80 nioplexes were internalized primarily by CME
and, to a lesser extent, by MPC, while CvME had a much less involvement in the process
of cellular uptake. Nonetheless, the slight fluctuation in transfection efficiency between the
two nioplexes might be due to small differences between the two key different
internalization mechanisms (CME for DPP80 and MPC for DPP80-CQ). The late
endosomes/lysosomes proceed through The delivery of genetic material by CvME and
CME, which raises the hazards of DNA degradation and decreases the transfection
efficiency (23). Thus, an expected trivial effect of CvME and especially CME pathways
might explain the high percentages of EGFP expression by both nioplexes in ARPE cells
(Fig. 14), compared to lipofectamine® 2000 (approximately, 80% and 75% of
lipofectamine®2000 for DPP80 and DPP80-CQ, respectively).

Afterwards, the pH-buffering potential of both niosomes was analyzed (Fig. 15-C).
The introduction of chloroquine into the formulation of the niosome increased the pH-
buffering potential with 0.1 M HCI after titration relative to the niosomes generated without

chloroquine (at pH values > 2). However, the buffering capacity didn’t change when the
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pH for both niosomes was < 2. Chloroquine might induce endosomal and lysosomal escape
via the proton sponge effect (71). This result may indicate that formulation containing
chloroquine could increase the effect of proton sponge, and thus, the endosomal escape
potential of DPP80-CQ niosomes. However, since the predominant internalization
mechanism for DPP80-CQ was neither CvME nor CME, the impact of chloroquine’s

proton sponge effect on the transfection efficiency was negligible.

Based on the aforementioned physicochemical and in vitro biological findings, we
were enthusiastic to perform a preliminary in vivo test to estimate the transfection
efficiency of our formulations, DPP80-CQ in particular, in rat retinae after both subretinal
(Fig. 16), and intravitreal injections (Fig. 17). Subretinal injection is a popular clinical route
to transport genetic/drug content to the back of the eye. Furthermore, it allows direct
contact of the injected nucleic acids with the outer retinal layers, photoreceptors and RPE
cells. Noteworthy, clinical trials used the subretinal injection route to treat many inherited
retinal disorders such as type 2 LCA (72). However, due to the possible risks, it is less
suitable than the intravitreal route; such as retinal detachment or the localized side effects
around the injection site. In general, IV injection is more widely applicable in the clinical
practice because of its ability to deliver genetic material to a wider retinal surface, as well

as less surgical damage compared to the SR route (73).

Surprisingly, after both subretinal or intravitreal injections, DPP80 did not cause
any transfection of retinal cells in vivo after (Supplementary Fig. 3), while the chloroquine-
containing formulation, DPP80-CQ did (Figs. 16 and 17). The lack of connection between
the effects in vitro and in vivo transfection results was widely reported since it is a context

dependent matter (32).
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Supplementary fig. 3. Confocal fluorescence micrographs of (A) retinal whole mount
after 3 days of intravitreal administration of DPP80 nioplexes and of (B) retinal cross-
sections after 3 days of subretinal administration of DPP80 nioplexes. There is no GFP
expression detected in different retinal layers. Scale bars: 20 pm.

Based on previous physicochemical and in vitro biological findings, we were
enthusiastic to perform a preliminary in vivo analysis to assess the transfection efficiency
of our formulations, notably DPP80-CQ, in rat retinae after subretinal (Fig. 16) and
intravitreal injections (Fig. 17). Subretinal injection is a well proven, effective therapeutic
route for delivering genetic material to the eye. This allows direct communication of the
nucleic acids injected with the outer retinal layers, photoreceptors and RPE cells.
Noteworthy, clinical studies use subretinal injection to treat many inherited retinal disorder
such as type 2 LCA (72). However, due to the possible complications such as retinal
detachment or the localized impact around the injection site, it is less preferable than the
IV route. Generally speaking, intravitreal injection is more common in the clinical practice
because its ability to deliver genetic materials to a larger retinal surface and advantages of
less surgical damage relative to the SR route (73).

Subretinal administration enables direct contact with RPE cells and outer layer of
the retina by genetic material. Though this route of administration is highly effective in
transfecting cells locally close to the site of the injection, occasionally found side effects,
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related to this invasive route, such as retinal detachment, hemorrhages or alterations in RPE
cells can impede its operation (74). Nevertheless, sub-retinal injections were commonly
used on clinical trials to treat some devastating retinal genetic disorders that show excellent
outcomes (75). In addition, the Luxturna medicine recently approved by FDA/EMA for
delivering safe copies of the RPE65 gene to the retina is administered by subretinal
injection. In our in vivo experiments, we observed localized EGFP expression after
subretinal administration of nioplexes, primarily in some photoreceptor and RPE cells, near
to the injection site. Transfection at this level can be clinically relevant because mutations
of > 200 genes in RPE cells/photoreceptors are liked to specific genetic disorders of the
retina such as; Leber congenital amaurosis, retinitis pigmentosa, and Stargardt disease, to

name just a few ones (76).

Similar to subretinal injection, intravitreal injection is an interesting alternative for
delivering genetic material to the back of the eye, and thus for access retinal structure. It is
a less invasive route, easier to execute, and it can deliver higher doses (77). Consequently,
this route of administration can transfect large retinal surfaces (78). When 4 ul of DPP80-
CQ nioplexes were administered by intravitreal injection, the inner layers of the retina
(GCL and INL) were transfected primarily as seen in Fig. 17. (white and yellow arrows,
respectively). Transfection at this level can be clinically relevant in treatment of
devastating ocular pathologies that jeopardize the function of ganglion cells as glaucoma
(79). Interestingly, expression of EGFP has also been discerned in the OPL (Fig. 17-C,
blue arrows) which indicates that nioplexes are partially diffused, not only through the
vitreous where they were administered, but also through the inner retinal layers before
reach the OPL. Transfection of the outer layers of the retina by intravitreal administration
of non-viral vectors represents a major challenge for the scientific community, as can avoid
the subretinal injections and the resulting side effects commonly associated with such

injection.

Unfortunately, in several pre-clinical or clinical trials, chloroquine was found to be
cytotoxic as were other endolytic agents, (80). Chloroquine is toxic to the eye and passes

the blood-retinal barrier. This retinal toxicity, however is associated with large doses and
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long-term chloroquine use (81). In this analysis, the final concentration of chloroquine
was only 25 pg/ml at 10/1 cationic lipid /DNA mass ratio, which according to Chen et al,
did not cause any major cytotoxicity (68). In addition to the favorable properties of P and
P80, along with the effect of chloroquine, the sensitivity of retinal cells to the modified salt
form of the cationic lipid, raises the possibility to safely and effectively targeting different
retinal cell after both subretinal and intravitreal administrations.
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According with the results obtained in the previously described experiments, the

main conclusions of this work include:

1. The elaboration and characterization of a novel non-viral formulation based on
DOTMA cationic lipid and polysorbate 60 non-ionic surfactant. Interestingly, the
incorporation of natural lipid- lycopene- to the formulation clearly increased
transfection efficiency in ARPE-19 cells, without affecting cell viability, probably
due to the particular endocytosis pathway, where CvME and macro-pinocytosis
pathways could avoid DNA degradation in the lysosome. In vivo administrations
to the rat retina showed that DP60L niosomes were able to transfect the outer
segments of the retina, which offer reason-able hope for the treatment of many

inherited retinal diseases by a safe non-viral formulation after IV administration.

2. Non-viral vector formulations based on niosome nanoparticles, where DOTMA is
the cationic lipid, lycopene the “helper” lipid and polysorbate 60 the non-ionic
surfactant, presents suitable physicochemical properties for gene delivery
applications in terms of size, superficial charge, polydispersity, or capacity to
protect genetic material against enzymatic digestion. In addition, such formulation
was able to transfect efficiently NT2 cultured cells, were both clathrin and caveolae-
mediated endocytosis pathways predominated over macropinocytosis, exhibiting
endosomal scape properties that could explain the high protein expression levels
observed. Promising results obtained in both primary cortical cultures of rat
embryos and in in vivo conditions after intracranial injection open the door for
future application of such niosomes as efficient gene delivery tools for therapeutic

treatment of some degenerative as well as malignant CNS disorders.

3. The addition of chloroquine to a niosome formulation retained its functionality in
vitro, but most importantly, enhanced its transfection ability in vivo. This work
highlights the use of chloroquine as a built-in component in the gene delivery
vehicles to evade its toxicity and to provide new insights into the future of retinal
gene therapy.
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