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Abstract

It is still a challenge to develop gene replacement therapy for retinal disorders caused by
mutations in large genes, such as Stargardt disease (STGD). STGD is caused by mutations

in ABCA4 gene. Previously, we have developed an effective non-viral gene therapy using self-
assembled nanoparticles of a multifunctional pH-sensitive amino lipid ECO and a therapeutic
ABCA4 plasmid containing rhodopsin promoter (0RHO-ABCA4). In this study, we modified
the ABCA4 plasmid with simian virus 40 enhancer (SV40, pRHO-ABCA4-SV/40) for enhanced
gene expression. We also prepared and assessed the formulations of ECO/pDNA nanoparticles
using sucrose or sorbitol as a stablilizer to develop consistent and stable formulations. Results
demonstrated that ECO formed stable nanoparticles with pRHO-ABCA4-5V40in the presence
of sucrose, but not with sorbitol. The transfection efficiency /n vitro increased significantly

after introduction of SV40enhancer for plasmid pCMV-ABCA4-SV40with a CMV promoter.
Sucrose didn’t affect the transfection efficiency, while sorbitol resulted in a fluctuation of the

in vitro transfection efficiency. Subretinal gene therapy in Abca4 '~ mice using ECO/pRHO-
ABCA4 and ECO/pRHO-ABCA4-SV40nanoparticles induced 36% and 29% reduction in A2E
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accumulation respectively. Therefore, the ECO/pABCA4 based nanoparticles are promising for
non-viral gene therapy for Stargardt disease and can be expended for applications in a variety of
visual dystrophies with mutated large genes.
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1. Introduction

Stargardt disease (STGD) is characterized as gradual bilateral decline in central vision and
visual acuity that is commonly caused by mutations in ABCA4 gene, which encodes a
210-kDa ATP-dependent flippase importer [1,2]. Gene replacement therapy, that delivers a
healthy copy of a mutated gene into the targeted cells and expresses the encoded functional
protein to restore its normal function, has shown the promise for effective treatment for
STGD and other genetic ocular diseases [3-5]. The first FDA approved gene therapy is
adeno-associated virus (AAV) expressing ARPE65 for treating Leber’s congenital amaurosis
type 2 (LCAZ2) [6]. The recent success has re-energized the enthusiasm in developing gene
therapy to treat previously untreatable genetic disorders. Numerous gene therapies have
been developed and some are now in various phases of clinical trials [7]. Most of the gene
therapies under clinical development are based on AAVs. However, the broad application

of AAV-based gene therapy is limited by its cargo capacity [8,9]. This greatly restricted the
application of viral gene therapies to treat ocular genetic diseases caused by mutations

in large genes, such as Stargardt disease (STGD) and Usher Syndrome [10-12]. For

viral systems, strategies such as dual-AAV, multi-AAV vectors, and lentiviral vectors have
been tested to overcome the limitations [13-16]. Clinical application of these therapies is
hindered by various limitations, including poor expression of whole functional proteins and
immunogenicity. Non-viral gene delivery systems do not have limitations in gene packaging
capacity and have also been developed for treating various retinal genetic diseases covering
wide range of gene sizes [17,18].

A challenge for gene therapy in retinal genetic diseases is to maintain prolonged stable
protein expression to retain normal visual functions. Clinically, one subretinal administration
of AAV therapy could last for years in LCAZ2 patients, but the clinical findings indicated
declining therapeutic effect over time [4,19,20]. Repetitive administrations may be needed to
sustain the rescuing effect in retinal structure and function. Unfortunately, immune response
development after the initial viral gene therapy renders the following repeated injection

of the viral vector ineffective [21]. Non-viral gene therapy exhibits low immunogenicity

and can be repeatedly administered for prolonged therapeutic efficacy. However, non-viral
gene delivery systems may suffer from low efficiency [22]. The functional segments on

the therapeutic gene construct can be modified to enhance the therapeutic efficacy. Because
of the unlimited gene loading capacity of the non-viral system, therapeutic plasmids can

be modified with tissue specific promoters to achieve specific gene expression in different
retinal tissues or cells [23,24]. Tissue specific promoters have been incorporated in plasmid
DNA to enhance specific gene expression, while universal promoters used in AAV-based
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gene therapy tend to facilitate non-specific transient protein expression in all cell types
[25,26]. Tissue specific promoters can also minimize off-target transgene expression and
improve the safety of gene therapy. Therapeutic gene constructs can also be modified with
expression enhancers for enhancing exogenous expression in mammalian cells with the
non-viral delivery systems [27].

Development of stable and reproducible formulation of nanoparticle based non-viral gene
therapy is an essential step for clinical translation based on the requirements from the
regulatory agencies. The formulation or drug product of gene therapy should have consistent
physicochemical properties, including acceptable stability and shelf life, consistent particle
size, size distribution and surface charges [28]. It is costly to establish Good Manufacturing
Practice (GMP) for viral gene therapies due to expensive biological production process,
which leads to high prices for the therapies [29,30]. The GMP production of non-viral gene
therapies can be achieved with conventional chemical process, which is more cost-effective
than viral systems. In order to produce consistent and stable nanoparticle formulations,
stabilizers have been used in the formulations to prevent particle aggregations [31,32]. Most
stabilizers are able to form hydrogen bonds on the surface of nanoparticles to stabilize
nanoparticle formulations in aqueous solution by either exchanging with water molecules
or forming an inert and rigid glass matrix for an acceptable shelf-life [33]. The stabilizers
are generally biocompatible substances with minimal effect on the nanoparticle functions.
Sucrose, trehalose, sorbitol and hydroxyethyl starch have been used as stabilizers in a wide
variety of nanoparticle formulations [34-36].

We have developed a multifunctional pH-sensitive amino lipid (1-aminoethyl)iminobis[N-
(oleoylcysteinyl-1-amino-ethyl)propionamide) (ECO) based nanoparticle platform for
efficient intracellular delivery of therapeutic nucleic acids, including siRNA and plasmid
DNA. ECO has demonstrated excellent efficacy for cytosolic delivery of therapeutic nucleic
acids of different sizes in a wide range of applications [25,26,33,37—44]. In a previous

study, we demonstrated that ECO facilitated efficient subretinal delivery of a large rhodopsin
promoter (photoreceptor specific) modified therapeutic ABCA4 plasmid (pRHO-ABCA4,
12 kb), and induced long-term ABCAA4 expression in the retina of a mouse model of
Stargardt disease [25,26]. In this study, we optimized the therapeutic plasmid with a

simian virus 40 enhancer (SV40) (bRHO-ABCA4-5V/40) for prolonged gene expression. We
also explored and developed stable ECO/pRHO-ABCA4-5V40 nanoparticle formulations
using sucrose and sorbitol to improve stability and shelf-life for clinical translation. The
formulations of ECO/pCMV-ABCA4-5V/40 nanoparticles were also developed as a non-
specific control. The nanoparticles were characterized and tested for gene expression /n
vitroand in vivo. Gene replacement therapy of ECO/pRHO-ABCA4-S5V40 nanoparticle
formulations was also performed to evaluate the efficacy in Abca4 '~ mice, the orthologous
rodent model to STGD.

Results

In order to enhance the expression of ABCA4 gene, a simian virus 40 enhancer (SV40) was
incorporated into the pRHO-ABCA4 vector, which was used in our previous publications
[25,26]. As shown in Fig. 1A, the SV40enhancer was inserted in pRHO-ABCA4
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between Aheland Not/ restriction sites. The successful preparation of pRHO-ABCA4-
SV40plasmid was confirmed by agarose gel electrophoresis showing the polyA SV40
enhancer band after digestions at AMhe/ and Not/ restriction sites (Fig. 1B). Similarly,
PCMV-ABCA4-S5V40was also prepared as a control plasmid using the plasmid in our
previous publications [25,26].

ECO/pDNA nanoparticles of pRHO-ABCA4-SV40and pCMV-ABCA4-SV40 were first
prepared by self-assembly of ECO with the plasmids at amine/phosphate (N/P) ratios of

6, 8 and 10 [25,26]. The plasmids pRHO-ABCA4 and pCMV-ABCA4 were used as
controls. Sucrose or sorbitol were then added as an excipient with a concentration of 5%
or 10% to stabilize the nanoparticles. The nanoparticles were characterized by dynamic
light scattering (DLS) for their size distributions (Fig. 2) and zeta potential distributions
(Fig. 3) under different excipient conditions. As shown in Fig. 2, ECO and pABCA4s
formulated stable nanoparticles at all the N/P ratios in the presence of sucrose at both

5% and 10% contents. The sizes were between 220 nm and 250 nm and the distributions
were seen as single peaks with negligible aggregation peaks and were not affected by the
excipient. However, sorbitol addition affected some of the ECO/pABCA4 formulations.
For example, ECO/pRHO-ABCA4 at N/P ratio of 6, ECO/pRHO-ABCA4-5V40at N/P
ratio of 8, ECO/pCMV-ABCA4 at N/P ratio of 10, and ECO/pCMV-ABCA4-S5V40 at
N/P ratio of 10 showed broadened size distributions after sorbitol addition. Zeta potential
distributions demonstrated no noticeable change after sucrose additions for the ECO/
PABCA4 nanoparticle formulations (Fig. 3). ECO/pABCA4 nanoparticles demonstrated
uniformed distributions around +20 mV across all the N/P ratios under sucrose conditions.
However, sorbitol addition to ECO/pABCA4 nanoparticle formulations resulted in some
noticeable changes in zeta potential distributions.

Encapsulation of pABCA4s in the ECO/pABCA4 nanoparticle formulations under different
excipient conditions (sucrose and sorbitol, 5% or 10%) was verified by agarose gel
electrophoresis (Fig. 4). ECO and pABCA4s formulated stable nanoparticles at all N/P
ratios for all the excipients conditions, demonstrated by visible bands remaining on the top
of the gels. As shown in our previous studies, ECO could efficiently encapsulate pABCA4s
or other large plasmids with nanoparticle stability observed through the voltage conditions
of electrophoresis [25,26,44]. Unlike the effects on the size and zeta potential distributions,
sorbitol did not affect the stability and encapsulations of ECO/pABCA4 nanoparticles.
Taken together, sorbitol has some unpredictable effects on the stability of the ECO/pABCA4
nanoparticles and may not be a suitable excipient for ECO/pDNA nanoparticles despite

that it has commonly used on pharmaceutical formulations. Sucrose demonstrates no effect
on the size, zeta potential and stability of ECO/pABCA4 nanoparticles and is a promising
excipient for the formulations of ECO/pABCA4 nanoparticles.

To assess the introduction of SV40enhancer on transfection efficiency, ECO/pCMV/-
ABCA4 and ECO/pCMV-ABCA4-S5V40nanoparticles (N/P= 6, 8, 10; pDNA
concentration 1 pg/mL and 2 pg/mL) were investigated in ARPE-19 cells. ABCA4
expressions at the mRNA level were analyzed using qRT-PCR 48 h after transfection (Fig.
5). ECO/pCMV-ABCA4-SV40nanoparticles demonstrated significantly more ABCA4
mRNA expression than ECO/pCMV-ABCA4 without the SV40enhancer for both doses.
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ABCA4 mRNA expression also increased with the N/P ratios and pDNA doses. Therefore,
introduction of the SV40enhancer is able to significantly enhance the /n vitro expression of
ECO/pDNA nanoparticle formulations.

The effect of sucrose and sorbitol on gene expression was also evaluated using pCM V-
ABCA4 (with and without SV40enhancer) and a reporter plasmid pCMV~-GFPin ARPE-19
cells. The GFP expression was evaluated using confocal microscope and flow cytometry
48 h after transfection (Fig. 6). Significant GFP signals were observed under confocal for
all the conditions compared with untreated control using ECO/pCMV~-GFP nanoparticles
(Fig. 6A). The flow cytometry results also demonstrated around 70% of cells showing GFP
expression for ECO/pCMV~-GFP nanoparticles in 5%, 10% sucrose and 10% sorbitol (Fig.
6B and C). However, GFP expression was significantly reduced when 5% sorbitol was
added (Fig. 6C). ABCA4 expression were not affected by sucrose addition as demonstrated
in Fig. 6D. ECO/pCMV-ABCA4-5V40 nanoparticles demonstrated significantly higher
ABCA4 mRNA expression than ECO/pCMV-ABCA4 due to the effect of the introduction
of SV40enhancer. However, sorbitol addition significantly reduced the ABCA4 mRNA
expression for ECO/pCMV-ABCA4-5V40 nanoparticles (Fig. 6D). The results indicated
that SV40enhancer could enhance ABCA4 expression /n vitro and sucrose had no effect
on the transfection efficiency of ECO/pDNA nanoparticles, while sorbitol demonstrated
unpredictable effects on ECO/pDNA transfection efficiency.

The cytotoxicity of ECO/pDNA nanoparticles were evaluated using pRHO-ABCA4 and
PCMV-ABCA4 (with or without enhancer SV40) at different N/P ratios (6 and 8) and
different doses in ARPE-19 cells. As shown in Fig. 7, ECO/pRHO-ABCA4 (with and
without enhancer) demonstrated better cell viability than ECO/pCMV-ABCA4 (with and
without enhancer). Higher pDNA doses were correlated with lower cell viabilities across
all the nanoparticles. At N/P ratio of 6, almost all nanoparticles demonstrated more than
80% cell viability, except for higher doses groups. At N/P ratio of 8, reduced cell viability
was observed for higher doses, especially for pCMV-ABCAA4. Overall, ECO/pABCA4
nanoparticles demonstrated good cell viability and low cytotoxicity.

The efficacy of preventing Stargardt disease (STGD) progression using gene therapy
with ECO/pRHO-ABCA4 and ECO/pRHO-ABCA4-5V40was assessed based on the
accumulation of A2E in the retinal pigmented epithelium (RPE) of Abca4'~ mice. A2E,
a photo-toxic dimer of vitamin A, is a main component of lipofuscin. A2E accumulation
is commonly used as an indicator of STGD progression [45,46]. One of the therapeutic
strategies for treating STGD is to slow down the production of A2E to minimize chronic
oxidative damage that ultimately leads to atrophy. In previous work, we demonstrated
prolonged ABCA4 expression in Abca4~'~ mice and reduced A2E accumulation [25].
Similarly, the Abca4™~ mice (1-month-old) received a single subretinal injection of ECO/
PRHO-ABCA4 or ECO/pRHO-ABCA4-S\V/40with PBS as a control. All the treated
mice were euthanized 8 months after injection and the A2E levels were analyzed using
high-performance liquid chromatography (HPLC). A2E was identified as the peak at 2.5
min in the chromatograms under current HPLC running conditions, which was ensured
by the analysis of the synthesized A2E standard (Fig. 8A). The spectra of A2E standard,
AZ2E from control, ECO/pRHO-ABCA4 treated, and ECO/pRHO-ABCA4-SV/40treated

J Control Release. Author manuscript; available in PMC 2022 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 6

mice were compared and found to contain the same peaks at 336 nm and 439 nm

(Fig. 8B). The area of A2E peaks reduced significantly after treatments of ECO/pRHO-
ABCA4 and ECO/pRHO-ABCA4-5V40nanoparticles compared with the control group
(Fig. 8C). Quantitative analysis demonstrated an average A2E level of 71.78 + 25.60% (ca.
29% reduction) for ECO/pRHO-ABCA4-SV/40and 63.95 + 27.54% (ca. 36% reduction)
for ECO/pRHO-ABCA4 treated mice (Fig. 8D). A large variation of in vivo efficacy

was observed with ECO/pRHO-ABCA4-SV40nanoparticles. The modification of pRHO-
ABCA4 with the SV40enhancer did not result in improvement of /n vivo efficacy than

the unmodified plasmid. This could be explained from the ABCA4 mRNA expression

after subretinal treatments using ECO/pRHO-ABCA4 and ECO/pRHO-ABCA4-SV40
nanoparticles. ECO/bRHO-ABCA4-SV40 resulted in slightly higher ABCA4 mRNA
expression than ECO/pRHO-ABCA4 at 4 days although difference was not significant (Fig.
8E). In contrast, ABCA4 mRNA expression with ECO/pRHO-ABCA4-SV/40 was slightly
lessthan ECO/pRHO-ABCA4 at 4.5 months (Fig. 8F). It implies that the plasmid pRHO-
ABCA4-5V40 with the viral enhancer might be cleared faster than the one without the
enhancer.

3. Discussion

Gene therapy holds great promise for the treatment of monogenic retinal disorders, but

still faces challenges for efficient and specific delivery of therapeutic genes, especially
large genes. The clinical applications of adeno-associated viruses (AAVS) are limited to the
genes that can fit in the viral cavities. The multifunctional pH-sensitive amino lipid ECO
can encapsulate genetic materials of unlimited sizes from siRNAs and miRNAs to large
plasmid DNASs [25,26,37-44]. ECO has demonstrated high transfection efficiency both /in
vitroand in vivo for various applications from cancer therapies to retinal gene therapies
[25,26,37-44]. ECO based nanoparticles can facilitate pH-sensitive amphiphilic endosomal
membrane destabilization and endosomal escape as well as reductive dissociation of the
nanoparticles to release nucleic acids in cytoplasm, the PERC effect, which allows highly
efficient cytosolic delivery of therapeutic nucleic acids [25,26,37-44]. Here, ECO readily
formed stable nanoparticles with ABCA4 plasmids via self-assembly with uniformed size
distributions and complete encapsulations, and mediated efficient intracellular gene delivery
and expression.

Clinical translation of nanoparticle-based non-viral gene therapies for retinal genetic
disorders requires the development of stable nanoparticle formulations to ensure safety and
efficacy of drug products. Excipients are commonly used in nanoparticle formulations to
preserve the nanoparticles with consistent physicochemical properties. Sucrose and sorbitol
are the commonly used excipients for the stabilization of the nucleic acid nanoparticle
formulations. Interestingly, we found in this work that they behaved differently on the
stability of the ECO/pDNA nanoparticles. Although the presence of both excipients resulted
in complete encapsulation of the DNA plasmids in the nanoparticles, sorbitol caused
substantial aggregation and change of zeta potentials of the nanoparticles in aqueous
solution, while sucrose did not have a noticeable effect on particle formulations (Figs. 2,

3 and 4). Sucrose has been tested previously as a stabilizer for ECO/siRNA nanoparticles,
which also demonstrated no negative effects on particle formulations, retained transfection
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efficiency, and improvements in nanoparticle long-term storage [33]. The formulations with
sucrose also resulted in higher expression of a reporter gene and ABCA4 than those

with sorbitol. The difference between sucrose and sorbitol may be associated with their
structures. Sucrose is a disaccharide of glucose and fructose, which can form an inert and
rigid glass matrix that can immobilize the nanoparticles to stabilize the formulation [47].
Sorbitol is linear polyols but possibly facilitates the nanoparticles via hydrogen binding [48].

The pRHO-ABCA4 plasmid was modified by adding an enhancer SV40with an expectation
of augmenting the gene expression for efficacious treatment of Stargardt disease. We

have shown previously that ECO/pRHO-ABCA4 was effective to mediate gene expression
specifically in the outer segments of the photoreceptor cells. The tissue specific bovine
rhodopsin specific promoter (RHO) in the plasmid facilitates specific expression of ABCA4
in the outer segment (OS) previously [25]. Enhancer sequences are often incorporated

in the plasmid DNA to increase gene expression with non-viral nanoparticles. The SV40
enhancer containing a 72 base pair repeat could enhance the expression of nonviral genes

in cells and /n vivo [49,50]. It was incorporated in pRHO-ABCA4-S5V401to explore the
potential for enhanced long-term expression of ABCA4 for treating Stargardt disease. Since
it is difficult to culture photoreceptor cells, we constructed a different plasmid with a
common CMV promotor and SV40 enhancer (0CMV-ABCA4-5V40) to assess the effect of
SV40enhancer in vitrowith ARPE-19 cells. Significantly augmented gene expression was
observed for ECO/pCMV-ABCA4-SV40when compared to ECO/pCMV-ABCA4 (Fig. 5).

We have shown previously that ECO/pRHO-ABCA4 nanoparticles can induce up to 8-
month expression of ABCA4 in mice and can delay the disease progression by reducing
A2E accumulation in Abca4'~ mice [25]. The efficacy of ECO/pRHO-ABCA4-SV40was
assessed in comparison with ECO/pRHO-ABCA4 at 8 months after a single subretinal
injection in Abca4~'~ mice. Both nanoparticles demonstrated about 29% and 36% A2E
reduction on average compared to the PBS injected controls (Fig. 8). No significant
difference was observed between ECO/pRHO-ABCA4-SV40 and ECO/pRHO-ABCA4
as was shown in the /n vitro experiments. The inclusion of the SV40enhancer did not
demonstrate better efficacy, possibly due to the cell type preference of SV40and the
fluctuating nature of the virus origin [51]. Another explanation could be fast clearance

of the pRHO-ABCA4-5V40 plasmid with the viral enhancer from the eye based on the
reduction of mMRNA expression in the eye over time, (Fig. 8E,F). The other cause could be
the variability for subretinal injections, which is a challenging task as well. Nevertheless,
the observation is helpful to explore different strategies on the optimization of the ABCA4
plasmid for enhanced therapeutic efficacy. Currently, we are exploring modifications of
ABCA4 plasmid with a human promoter and a human enhancer for clinical translation.

In conclusion, multifunctional pH-sensitive amino lipid ECO and ABCA4 plasmids form
stable nanoparticle formulations through self-assembly in both 5% and 10% sucrose
stabilizer. The addition of sucrose as stabilizer produced no effect on the transfection
efficiency of ECO/pABCA4 nanoparticles. Modification of ABCA4 plasmids with an SV40
enhancer induced significantly higher gene expression in ARPE-19 cells, and demonstrated
a similar level of A2E reduction in treated Abca4™'~ mice as ECO/pRHO-ABCA4
nanoparticles. Therefore, the ECO/pABCA4 nanoparticles with a modified enhancer
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sequence and the stabilizer can be a promising, reliable, and safe non-viral gene therapy
platform to deliver large therapeutic genes for the treatment of Stargardt disease.

4. Materials and methods

4.1.

4.2.

Reagents

All reagents ordered from vendors were directly used without extra purification unless
they were otherwise detailed in this section. Organic solvents such as, acetonitrile (ACN),
ethanol and methanol were ordered from Thermo Fisher Scientific (Hampton, NH). The
synthesis of Lipid ECO followed the procedures reported previously [37,38]. For cell
culture, penicillin fetal bovine serum, and streptomycin were purchased from Invitrogen
(Carlsbad, CA). The ABCA4 plasmid (nCMV-ABCA4) was kindly gifted by Dr. Robert S.
Molday (University of British Columbia), which included human ABCA4 cDNA sequence
of full-length (NCBI Accession # NM_000350.2) on a pCEP4 backbone. pRHO-ABCA4
was prepared as previously described [25].

Plasmid construction

The pRHO-ABCA4 plasmid was constructed by molecular cloning of the cDNA for

the ABCA4 gene into the linearized pRHO-DsRed plasmid with the DsRed reporter

gene removed [25]. The cDNA for the ABCA4 gene was amplified by polymerase

chain reaction (PCR) with the Q5 High-Fidelity DNA Polymerase enzyme. The forward
primer was 5'-AATACCGGTATGGGCTTCGTGAGACAGATA-3’ and the reverse primer
was 5’ -TATATAGCGGCCGCTAGCTCAGTCTGCTGTTT-3’ for adding the Age/and Not/
restriction sites to the 5'- and 3”-ends of ABCA4, respectively. All enzymes were
purchased from New England Biolabs (Ipswich, MA). SV40polyA and SV40enhancer
was copied from plasmid pGL 3-control vector (Promega, Madison, WI) by PCR with
forward primer 5'-ATGCGGCCGCTACCACATTTGTAGAGGTTTTAC and reverse primer
5 -AAGCTAGCGCTGTGGAATGTGTGTCAG containing Not/ and Nhel sites on both
ends. Digested and purified SV40polyA and enhancer fragment was ligated to pRHO-
ABCA4 plasmid. Final plasmid stocks were confirmed by Sanger sequencing.

4.2.1. Cell culture—ARPE-19 (ATCC, Manassas, Virginia) cells were passaged and
maintained in a Dulbecco’s modified Eagle’s medium containing fetal bovine serum (10%),
streptomycin (100 pg/mL), and penicillin (100 units/mL). Cells were kept in a humidified
incubator at 37 °C and 5% CO».

4.2.2. Animal—Pigmented Abca4~'~ knockout mice were obtained as described
previously and maintained with mixed backgrounds of 129Sv/Ev or C57BL/6 [25,26].
Animals were housed and bred in the Animal Resource Center at CWRU. All procedures
followed approved protocols by the CWRU Institutional Animal Care and Use Committee
(IACUC#2014-0053), which were also in compliance with recommendations from the
Association for Research for Vision and Ophthalmology and the American Veterinary
Medical Association Panel on Euthanasia.
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4.2.3. Preparation of ECO/pDNA nanoparticles—The preparation of ECO/pDNA
nanoparticles was as previously described [25,26]. Briefly, ECO (25 mM) in ethanol was
added and mixed with a plasmid DNA (0.5 mg/mL) aqueous solution at predetermined
volume from the N/P ratio (amine to phosphate ratio) of 6, 8 or 10. The mixture was
first vortexed at 3000 rpm for 1 min and left on a shaker for 30 min. For some of

the nanoparticles, sucrose (5% or 10%) or sorbitol (5% or 10%) was added after the

first shaking and further shaken for another 20 min. The final DNA concentration in the
nanoparticle for characterization and /n vivo experiments was 200 ng/uL. For in vitro
transfection, an ECO stock solution of 2.5 mM was used to formulate nanoparticles.
Encapsulations of pDNA by lipid ECO in nanoparticle formulations were characterized
by an agarose gel electrophoresis method. Agarose gel (0.7%) in TBE buffer (0.5%) was
performed at 120 V for 25 min.

4.2.4. Dynamic light scattering—The sizes and zeta potentials were characterized for
nanoparticle formulations of ECO/pDNA using a dynamic light scattering method with an
Anton Paar Litesizer 500 (Anton Paar USA Inc., Ashland, VVA). Each sample was analyzed
at 25 °C.

4.2.5. In vitro transfection—Transfections were performed on 12-well plates, where
ARPE-19 cells were seeded at a concentration of 4 x 10% cells/well. Cells were allowed

to grow for 24 h before transfection. Nanoparticles of different N/P ratios at pDNA
concentrations of 1 or 2 pg/mL in DMEM with 10% serum were added to ARPE-19 cells
and incubated for 8 h at 37 °C. The media containing nanoparticles was then replaced with
fresh DMEM (10% serum). ARPE-19 cells were further incubated for an additional 48 h.
Expression of ABCA4 was evaluated by gRT-PCR at mMRNA level.

Transfection of ECO/pCMV~-GFP nanoparticles of N/£ = 8 was also conducted similarly in
ARPE-19 cells, where DMEM (10% serum) and a pDNA concentration of 1 pg/mL were
used. The transfection was performed in a 12-well plate with ARPE-19 cell concentration of
4 x 10* cells per well. The nanoparticles were incubated with ARPE-19 cells as previously
described. After 48 h, fluorescence images of GFP expression were acquired using an
Olympus FV1000 confocal microscope.

4.2.6. Cytotoxicity—Cytotoxicity of ECO/pABCA4 nanoparticles was investigated
using a CCK-8 assay (Dojindo Molecular Technologies, Inc., Washington, D.C.). Cell
viability was evaluated using ARPE-19 cells on 96-well plates, where cells were seeded at a
concentration of 1 x 10 cells per well. ARPE-19 cells were incubated with ECO/pABCA4
nanoparticles at different DNA doses of (10 ng, 25 ng, 50 ng, 100 ng, 200 ng, 400 ng, and
800 ng) in 100 uL DMEM (10% serum) medium for 8 h at 37 °C. Then the nanoparticle
containing DMEM was replaced with fresh DMEM (10% serum). The cells were allowed
to grow until 48 h and washed with PBS. The CCK-8 reagent was added to each well
followed by an incubated of 1.5 h at 37 °C. The absorbance at 450 nm was recorded using a
plate reader. Cell viability was characterized by normalizing to the absorption of non-treated
control.
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4.2.7. gRT-PCR—The analysis was performed as previously described [25,26]. A scraper
was used for cell lysis and homogenization. The RNA extractions for cell samples were
conducted using a QIAGEN RNeasy kit following the manufacturer’s instructions. cDNASs
were synthesized from mRNA transcripts using a QIAGEN miScriptll reverse transcriptase
kit (Germantown, MD). For animal experiments, the eye tissue samples were homogenized
using a glass tube loaded with 0.6 mL of the lysis buffer on ice. The RNA extractions

and cDNAs synthesis were performed using the same kits as described previously for cell
samples. The gRT-PCR analysis was performed in a Mastercycler instrument (Eppendorf,
Hauppauge, NY) using a SYBR Green Master mix (AB Biosciences, Allston, MA). Fold
changes of mRNA levels were determined by normalization to 18S. Primers for ABCA4 can
be found in previous work [25].

4.2.8. In vivo subretinal transfection with ECO/pDNA nanoparticles—
Subretinal injection was performed as previously described [25]. The nanoparticle solution
(1 pL) was injected by a pump with a steady speed of 150 nL/s into the mouse eye.
Successful administration was confirmed by bleb formation in the subretinal space. A total
of 200 ng plasmid or pABCA4 was delivered. Mice injected with 1 uL of PBS were used as
controls.

4.3. Synthesis and HPLC analysis of A2E

Synthesis of A2E standard was the same as described previously [25]. A mixture of all-
trans-retinal (100 mg, 352 umol) and ethanolamine (9.5 mg, 155 pmol) in ethanol (3.0 mL)
was stirred in the presence of acetic acid (9.3 pL, 155 pmol) at room temperature with a
sealed cap in the dark for 2 days. After the mixture was concentrated /in vacuo, the residue
was purified by silica gel column chromatography. After elution with MeOH:CH,Cl, (5:95),
further elution with MeOH: CH,Cl,: trifluoroacetic acid (8:92:0.001) gave A2E. Pure
samples were obtained by HPLC purification [ZORBAX 300 SB-C18, 9.4 x 250 mm,
84-100% water/acetonitrile for 30 min, 1.0 mL/min flow detected at UV 430 nm]. A2E was
detected at retention time (tg = 35.2 min). Collection of the fraction provided pure A2E for
further analysis. A2E was characterized by mass spectrometry.

AZ2E samples were extracted from the deep-frozen (—80 °C) eye samples. The extraction
was performed in 1 mL of acetonitrile after homogenization with a Brinkmann Politron
homogenizer (Kinematica, Lucerne, Switzerland). After evaporation of solvent, extracts
were dissolved in 120 uL acetonitrile with 0.1% TFA. Samples (100 pL) were loaded on a
C18 column (Gemini® 5 pm 110 A HPLC Column 250 x 4.6 mm) (Phenomenex, Torrance,
CA) and analyzed by an Agilent 1260 infinity 11 reverse-phase HPLC (Agilent Technologies,
Santa Clara, CA). A2E was eluted with the following gradients of acetonitrile in water
(containing 0.1% trifluoroacetic acid): 85-96% (10 min), 96% (5 min), 96-100% (2 min),
and 100% (13 min) (flow rate, 1 mL/min), and they were monitored at 439 nm. For A2E
quantification by reverse phase HPLC, areas of the A2E peaks from the treated mice were
normalized to the average of controls. Total of 4 ECO/pRHO-ABCA4 treated eyes, 5 ECO/
PRHO-ABCA4-5V40treated eyes and 10 control eyes were analyzed.

J Control Release. Author manuscript; available in PMC 2022 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 11

4.3.1. Statistical analysis—Experiments were performed in triplicate and the number
of animals is listed in the figure captions. Experimental data are presented as averages

with standard deviations. Statistical analysis was performed with one-way ANOVA and
two-tailed Student’s #tests. A 95% confidence interval was used and < 0.05 was accepted
as statistically significant.
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Fig. 1.

Plasmid pRHO-ABCA4-SV/40 vector map demonstrating the insertion of SV/40enhancer
between Nheland Not/ restriction cites (A) and agarose gel electrophoresis confirming the
success of SV40 insertion (B).
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Fig. 2.

Size distributions of the nanoparticles of ECO with pCMV-ABCA4, pCMV-ABCA4-
SVA40, pPRHO-ABCA4, and pRHO-ABCA4-5V40in the presence of sucrose and sorbitol as
measured by dynamic light scattering.
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Fig. 3.

Zeta potential distributions of the nanoparticle formulations of ECO with pCMV-ABCA4,
PCMV-ABCA4-5V40, pRHO-ABCA4, and pRHO-ABCA4-5V40in existence with
sucrose and sorbitol as stabilizers.
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Fig. 4.

Agarose gel electrophoresis showing the encapsulation of plasmid DNA in the nanoparticles
formulated by ECO with pCMV-ABCA4, pCMV-ABCA4-SV40, pRHO-ABCA4, and
PRHO-ABCA4-5V40in the presence of sucrose and sorbitol.
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Fig. 5.

lngvitro transfection of ECO/pCMV-ABCA4 and ECO/pCMV-ABCA4-SV40
nanoparticles in ARPE-19 cells demonstrated by qRT-PCR of ABCA4 mRNA expression
48 h after transfections. ABCA4 mRNA expressions were normalized to the expression of
ECO/pCMV-ABCA4 at N/P ratio of 6 and 1 pg/mL dose. (*p <0.05, relative to the mRNA
expression of ECO/pCMV-ABCA4 at the same condition. #p <0.05, relative to the same
nanoparticle formulation at 1 pg/mL.)
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Fig. 6.

lngvitra transfection of ECO/pDNA nanoparticles in ARPE-19 cells in the presence of
sucrose or sorbitol. Confocal images (A) and flow cytometry (B, C) of GFP expression

in ARPE-19 cells 48 h after transfection using ECO/pCMV-GFP nanoparticles (N/P= 8,
DNA concentration of 1 ug/mL, under 0%, 5% and 10% sucrose or sorbitol). (D) ABCA4
MRNA expression 48 h after transfections demonstrated by qRT-PCR using ECO/pCMV/-
ABCA4 and ECO/pCMV-ABCA4-SV40nanoparticles (N/P ratios of 6, 8 and 10, DNA
concentration of 1 ug/mL, under 0%, 5% and 10% sucrose or sorbitol). ABCA4 mRNA
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expressions of ECO/pCMV-ABCA4-SV40nanoparticles were normalized to those of ECO/
PCMV-ABCA4 nanoparticles. (Scale bars represent 20 um. *p <0.05, relative to the
non-treated control in B and C. #p <0.05, relative to the GFP expression in 5% sorbitol. *p
<0.05, between the two groups under the line in D).
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Fig. 7.
CCK-8 assay of cytotoxicity of (A) ECO/pRHO-ABCA4, ECOI/pRHO-ABCA4-SV40, (B)

ECO/pCMV-ABCA4, and ECO/pCMV-ABCA4-SV40nanoparticles in ARPE-19 cells 48
h after transfection (*# <0.05 relative to non-treated control).
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Efficacy of ECO/pRHO-ABCA4 and ECO/pRHO-ABCA40-5V40 nanoparticles for
preventing A2E accumulation in Abca4~ mice. (A) HPLC analysis of synthesized A2E
standard. (B) A2E spectra of synthesized A2E standard, and samples from nanoparticle
treated and control mice. (C) HPLC chromatograms of A2E from control, ECO/pRHO-
ABCA4, and ECO/pRHO-ABCA40-S\/40 nanoparticles treated Abca4~'~ mice 8 months
after subretinal injections. (D) Quantitative A2E levels of ECO/pRHO-ABCA4 and ECO/
PRHO-ABCA40-SV40 nanoparticles treated Abca4'~ mice relative to PBS control mice
8 months after subretinal injections. ABCA4 mRNA expression (E) 4 days and (F) 4.5
months after subretinal treatments of ECO/pRHO-ABCA4 and ECO/pRHO-ABCA4-5V40
nanoparticles in Abca4~/~ mice. (error bars = + SD, **P <0.05 relative to control eyes.
Statistical analysis was conducted with one-way ANOVA).
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