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Gene therapy based on delivery of viral and nonviral vectors
has shown great promise for the treatment of human ocular
diseases; however, limitations have consistently prevented its
widespread clinical application. Viral vectors have generally
been better in terms of efficiency but have safety concerns.
Nonviral vectors, on the other hand, offer safety but have often
been disappointing in terms of efficiency of nuclear delivery
and gene expression. Extensive animal studies have reported
significant progress using both systems, but thus far only a few
studies have shown promise in human clinical trials. This
article reviews both viral and nonviral work with focus on two
candidates for clinical ocular application—AAV and nanopar-
ticles. Of particular interest are various requirements for suc-
cessful clinical application of these technologies including vector
trafficking, delivery, specific gene expression, and treatment safety,
and tolerance. (Invest Ophthalmol Vis Sci. 2011;52:3051–3059)
DOI:10.1167/iovs.10-6916

Gene therapy for the eye can be split into two categories:
gene replacement and gene regulation (such as knocking

down a gene or turning it on or off). Because of the monogenic
nature of many of the inherited forms of retinal degeneration
and the relative immune privilege of the eye, ocular gene
therapy is a promising research avenue for treatment of blind-
ing disorders. Gene therapy requires a vector to deliver the
therapeutic gene to the target cells. The most challenging
aspect of gene therapy is delivering precisely the right quantity
of properly regulated gene to yield optimal levels of expression
in the right cell type and at the right time without stimulating
host immunity.

Thus far, delivery methods can be broadly divided into viral
and nonviral approaches (Tables 1, 2). Since the first gene
therapy clinical trials began in 1989, employing a retroviral
vector,1,2 over 1537 trials have been approved, initiated, and
reviewed (http://clinicaltrials.gov/ and http://www.wiley.co.uk/
genmed/clinical/). Despite the difficulties encountered in some of
the early trials, progress in the field is evident. As one example, three
AAV-based ocular clinical trials for Leber’s congenital amaurosis
(LCA), begun in 2007 to 2008, have all reported promising initial
results (see later discussion).3–6

Successful gene replacement therapy relies on, among
other things, successful delivery of the vector to the tissue of
interest. Historically, viral vectors have been the most efficient
(in terms of cell delivery) and the most popular delivery
choice. To date, 70% of gene therapy clinical trials have used
viral vectors.1,7 The largest obstacles to the use of viral vectors
for human gene therapy have been their potential for infection,
insertional mutagenesis, and induction of an innate and/or
acquired immune response. For example, in September 1999,
an 18-year-old participant in an adenoviral trial for ornithine
transcarboxylase deficiency died as a result of multiple organ
failure 4 days after the onset of treatment.8 His death was
attributed to a severe immune response to the adenoviral
carrier and drastically limited future work using unmodified
adenoviral vectors. Another unfortunate outcome in a gene
therapy trial resulted from activation of an oncogene by an
integrating retroviral vector. In 2000, Cavazzana-Calvo and her
colleagues in France9–12 first reported successful treatment of
children suffering from X-linked severe combined immunode-
ficiency (SCID-X1). However, by the end of the trial, 4 of the 10
treated children developed leukemia-like symptoms and one
died. The disease resulted from activation of the LM02 onco-
gene after integration of the vector, and the results highlighted
the need for more basic science research into the mechanisms
underlying exogenous gene delivery and expression. These
two severe setbacks highlighted a downside to the use of
poorly understood viral vectors. Fortunately, these setbacks
have prompted extensive research into safer viral delivery
strategies including the use of adeno-associated virus (AAV).
Although AAV is inherently much safer than the other viruses,
it has been most successful in two organs—the eye and the
brain—which are both relatively immune privileged.

AAV is a nonpathogenic human parvovirus that can infect
both nondividing and dividing cells. Studies suggest that AAV
can either integrate into the genome or remain stably episomal.
However, in either case, it generally has a favorable safety
profile, and does not induce insertional mutagenesis.13–20 Over
120 capsid variants are known to exist and vary widely in tissue
tropism, enabling them to be directed with specificity to cer-
tain tissues.21,22 Over 71 AAV-based phase I/II/III clinical trials
(http://www.wiley.co.uk/genmed/clinical/) have now ap-
proved, initiated, and/or reviewed targeting diseases such as
LCA, Parkinson’s, and Alzheimer’s.1,4–6,23,24 AAV vectors have
a substantially improved safety record compared with previous
retroviral or adenoviral vectors, and so far no major adverse
events have been reported. The most exciting developments in
AAV gene therapy for genetic ocular diseases come from the
trials treating LCA, a heretofore incurable congenital ocular
disease. Two critical milestones should be mentioned. First, in
2001, a team composed of researchers from Cornell University,
the University of Pennsylvania, and the University of Florida
reported that AAV carrying wild-type RPE65 had successfully
restored vision in young Briard dogs that were blind due to a
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mutation in RPE65.25 This study and its subsequent companion
publications represented a critical advancement that paved the
way for the onset of clinical trials for LCA patients with muta-
tions in RPE65s. In 2007 to 2008, three independent phase I
AAV2 gene therapy trials for LCA were highlighted in the news.
In the three studies, AAV carrying the human RPE65 cDNA was
delivered to the subretinal space of participating LCA patients.
In an effort to design optimum treatments, each group chose a
different promoter to drive RPE65 gene expression; Maguire et
al.4 used a chicken beta actin (CBA) promoter, Bainbridge et
al.5 used the human RPE65 promoter, and Cideciyan et al.6,26

used a modified CBA promoter combined with a modified CMV
immediate early enhancer. Unfortunately, the small number of
patients in each initial trial, coupled with significant variations
in outcome measures from trial to trial, makes definitive con-
clusions about the efficacy of these treatments impossible at
this time. However, all three trials reported encouraging pre-
liminary results. In Maguire et al.,4 all three patients (19–26
years of age) showed improvements in visual acuity and pupil-
lometry starting at 6 weeks after the injection. However, one
patient also showed visual improvement in the untreated eye.
Similarly, in Bainbridge et al.,5 one of the three patients (17–23
years of age) showed visual improvement in both the treated
and untreated eye, although the other two participants did not

exhibit improvements. Interestingly, improvements in micro-
perimetry and dark-adapted perimetry did not correlate with
the area of retina exposed to vector. In Cideciyan et al.,6 all
three patients (21–24 years of age) showed improvement in
visual sensitivity responses and visual acuity starting at 30 days
after the injection. Their follow-up publication reported the
exciting news that these improvements persisted to 1 year
posttreatment.27 Most important, all the phase I trials reported
that the treatments were safely delivered, were well tolerated,
and resulted in no significant accumulation of antibodies
against the vector or other signs of immune response and no
serious adverse events.4–6,27 As a result of these initial results,
at least three AAV-RPE65 long-term phase II/III trials for LCA
have been initiated (http://clinicaltrials.gov/ct2/results?
term�lca�and�aav) as well as an additional trial in Israel.28

Nonviral vectors are typically composed of plasmid DNA
packaged in some sort of coating, often with the addition of a
targeting peptide. The composition of the packaging varies
greatly, but recent advances in the formulation of nonviral
vectors have greatly improved their efficiency. Consequently,
nonviral gene therapy research has been growing in popular-
ity. Clinical trials for various diseases have also been under-
taken using nonviral vectors for gene delivery.1 To date, nonviral
delivery methods, including naked plasmid DNA, lipofection, sleep-

TABLE 1. Types of Viral Vectors Used in Clinical Trials

Vector Characteristics Disadvantages
Examples of Clinical

Trials*

Retrovirus Single stranded RNA virus, infects only dividing cells,
up to 7.5 kb packaging capacity; high transduction
efficiency

Insertional mutagenesis; requires
cell division

SCID-X1, HIV, glioblastoma,
ADA deficiency

Lentivirus A subclass of retroviruses, infects both dividing and
nondividing cells; up to 7 kb packaging capacity;
high transduction efficiency

Insertional mutagenesis; risk of
replication competent HIV

Mucopolysaccharidosis type
VII, HIV-1

Adenovirus Double stranded DNA virus; up to 30 kb packaging
capacity; high transduction efficiency

Immune response; transient gene
expression

HIV, prostate cancer,
melanoma, lung cancer,
colon carcinoma

AAV Single-stranded DNA virus; infects both dividing and
nondividing cells; up to 5 kb capacity; good for
small scale only

Small packaging capacity Age related macular
degeneration, malignant
melanoma, cystic fibrosis,
Alzheimer’s disease,
Duchen ne muscular
dystrophy, LCA

Herpesvirus Double stranded DNA virus; infects neurons; up to
50 kb packaging capacity; high efficiency

Inflammatory and immune response Malignant melanoma, glioma,
neuroblastoma

* Clinical trial data from http://clinicaltrials.gov/ and http://www.wiley.co.uk/genmed/clinical/.

TABLE 2. Types of Nonviral Vectors Used in Clinical Trials

Vector Characteristics Disadvantages Examples of Clinical Trials*

Naked DNA Any DNA, simplicity, cheap Low efficiency, transient expression HIV, critical limb ischaemia, renal
cell carcinoma, coronary heart
disease

Oligonucleotides Including antisense oligonucleotide,
siRNA and double stranded
oligodeoxynucleotide

Transient expression Age-related macular degeneration

Lipolexes Complexes of liposome with DNA, high
efficiency; may protecting DNA from
enzymatic degradation and tissue
specific

Possible toxicity, transient expression Melanoma, chronic renal
insufficiency, glioblastoma,
cystic fibrosis

Nanoparticles Small size (�500 nm), large capacity,
high loading densities, efficient,
biocompatible, biodegradable

Costly, quality control difficulties Cystic fibrosis

Sleeping beauty Reconstitution of an ancient transposon;
chromosomal integration

Very low efficiency, potential mutagenesis T lymphocytes cancer (CD 19�

B-lymphoid malignancies)

* Clinical trial data from http://clinicaltrials.gov/ and http://www.wiley.co.uk/genmed/clinical/.
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ing beauty transposon (which represents an ancient element
recovered from salmonid fish genomes capable of invading
host genomes through horizontal transmission) and various
types of nanoparticles (NPs) have all been successfully used in
human clinical trials (http://clinicaltrials.gov/ and http://
www.wiley.co.uk/genmed/clinical/). Although nonviral gene
delivery has typically been less successful than viral gene ther-
apy in terms of efficiency of uptake and persistence of trans-
gene expression, recent progress has begun to overcome many
of these limitations. One approach for more successful nonvi-
ral gene therapy is to use a specific type of polylysine-based
DNA NPs (called CK30-NPs, discussed further below) to deliver
therapeutic genes. Results using this method demonstrate that
it does not suffer from the safety concerns of some viral
vectors, or the low transfection efficiency and transient gene
expression that have historically plagued other nonviral meth-
ods.29–32 Development of CK30-NPs has relied on the multi-
disciplinary collaboration of basic fields (such as chemistry,
physics, mathematics, and biology) and applied fields (such as
materials science and the various areas of engineering) and has
led to novel application (gene therapy) of a well-studied phe-
nomenon (DNA compaction, see below). To date, CK30-NPs
have been successfully used to transfect dividing and nondi-
viding cells and have been used in a clinical trial for cystic
fibrosis.33–35

Of numerous vector delivery options, two stand out as
particularly promising for the development of broadly applica-
ble human therapeutics: AAV and CK30-NPs. AAV (along with
viral gene therapy in general) has been popular for quite some
time (Fig. 1, left), and the field is quite well-developed, as
demonstrated by the stability in the number of related publi-
cations over the past decade. In contrast, nonviral and NP
research has been steadily growing as the field develops, and
exciting new results have been obtained (although the total
number of publications is significantly less than that seen for
viral or AAV-mediated gene therapy). Certainly, in cases of
ocular gene therapy, both options yield good transfectivity,
robust gene expression, and favorable safety profiles. For the
remainder of the review, we will focus on these two method-
ologies and their application to the treatment of blinding dis-
eases.

AAV AND NPS: CHALLENGES AND OPPORTUNITIES

AAV is a single-stranded DNA virus with a genome �4.7 kb in
size and was first described in 1965 as a contaminant of ade-
novirus.36 The genome contains two open reading frames and
alternative splicing signals and is flanked by two inverted
terminal repeats (ITRs). The first gene encodes four proteins
for replication, whereas the second encodes three structural
proteins that form the capsid. Thus far, more than 120 capsid
variants are known to exist that vary widely in tissue tropism.

AAV is one of the smallest known viruses (�22 nm) and cannot
usually replicate without co-infection of another virus, such as
HSV or adenovirus, and is thus classified as genus Dependovi-
rus, part of the Parvoviridae family.17,37 Consistent with the
observation that up to 90% of adults are seropositive for AAV2,
but have no signs of disease, AAV2 vectors have exhibited an
excellent safety record in clinical trials. Although the small size
of this virus may be beneficial from an infection standpoint, it
also means that the gene delivery payload has historically been
quite limited (�5 kb). Some retinal disease-causing cDNAs are,
alone, too large to fit in a traditional AAV vector. For example,
Stargardt’s macular dystrophy (MD) can be caused by muta-
tions in the ABCA4 gene, which has a 6.8-kb cDNA transcript.
An Italian group has recently identified a way to significantly
enlarge the carrying capacity of AAV up to 8.9 kb.38 This report
was quite controversial39 and has not been replicated. A sub-
sequent study has demonstrated that AAV2 and AAV5 do not
package more than 5.2 kb of DNA, but that larger vectors are
broken up into smaller pieces and packaged separately.40 It has
been reported that genes spread out across multiple viral
particles can drive gene expression, possibly by annealing of
overlapping regions or recombination after entry in the host
cell. Efficiency of gene expression from the fragmented vectors
was much lower than that driven by comparable intact vec-
tors,40 but with optimization, this phenomenon may be useful
for future AAV-mediated delivery of large genes.

There are many different types of DNA NPs used for gene
therapy. These NPs usually range between 25 and 500 nm in
diameter.41,42 NPs usually consist of two parts: DNA and one or
more polymer coatings.42 Various coating and compacting
agents have been intensively investigated, including poly (lac-
tic acid) (PLA), poly(lactide-co-glycolide) (PLGA), and polyly-
sine (the compacting agent for CK30-NPs).41–43 The polymer
coatings are generally cationic and bind negatively charged
DNA.44 By modifying NPs, efficiency, specificity, and temporal
control of mediated gene expression can be further enhanced.
For example, coating NPs with polyethylene glycol (PEG) pre-
vents adsorption of proteins to the surfaces of the NPs, thereby
increasing their circulation time after intravenous administra-
tion.45 Researchers have demonstrated that coating with a
biodegradable polymer such as PLGA can lead to long-term
gene expression, theoretically as a result of sustained cytosolic
release of the plasmid.29,46 However, PLGA-based DNA NPs
(usually less than 500 nm)41 are much larger than polylysine-
based DNA NPs, such as CK30-NPs (usually less than 25 nm),42

which can affect particle uptake and translocation to the nu-
cleus. NPs can be further targeted by using peptide linkages to
target-specific tissues or trafficking pathways.47 In addition to
modification of the particles, extensive effort has been in-
vested in modifying the vector DNA to maximize gene expres-
sion. Promoter choice (to influence expression and tissue spec-
ificity), inclusion of regions leading to DNA self-replication,

FIGURE 1. Results of a PubMed
search (number of “hits”) with the
key words “viral and AAV” and “non-
viral and NPs” from 2000 to 2009.
The AAV and NPs hits are part of the
total “viral” and “nonviral” hits, re-
spectively.
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nuclear localization (to enhance stability and expression), and
use of linear or minicircle DNA (to minimize vector related
toxicity or silencing) have all been adopted to improve gene
delivery vectors.48–53 Application of these systems to ocular
gene therapy is ongoing.

Although multiple different types of NPs have been used to
deliver therapeutic genes, the CK30-NPs have been among the
most successful in driving long-term, safe gene expression and
improving disease phenotypes. These particles contain a single
molecule of plasmid DNA compacted into NPs by 10-kDa
PEG-substituted lysine 30-mers (CK30PEG).31,34,35,50 The re-
sulting particles are very small (8–20 nm in diameter) and are
either rod or ellipsoid in shape, depending on the counterion
present at the time of compaction. CK30-NPs have no theoret-
ical limitation on plasmid size and have been tested with
plasmids up to 20 kb. Furthermore, they do not provoke an
immune response in the systems tested (lung, brain, and eye),
and can be highly concentrated.29–31,35,54–56 The compacted
particle is efficiently taken up into dividing and nondividing
cells and remains episomal.31,50,57 These NPs have been shown
to be safe and effective in a human clinical trial for cystic
fibrosis and are currently being used in multiple organ sys-
tems.30–32,34,35,50,57,58

INTRACELLULAR TRAFFICKING OF AAV
AND CK30-NPS

Although gene therapy holds great promise for correcting
genetic eye diseases, one of the biggest challenges that we face
today is directing gene expression to the specific tissue where
it is needed. Accomplishing tissue-specific targeting requires
both physical delivery by a method that will enable access to
the tissue of interest and a delivery vector that can be effi-
ciently taken up and expressed in that tissue.

Viruses are usually taken up into cells as a result of specific
interaction with cell surface receptors.59 This step has been
one of the major rate-limiting steps in viral transduction for
many cell types. As shown in Figure 2A, the early steps of AAV
infection involve attachment to a variety of cell surface recep-
tors followed by clathrin-dependent or -independent internal-
ization.60 For AAV2, receptors include heparin sulfate pro-
teoglycan (HSPG), integrins, and fibroblast growth factor
receptor, and in many cases, endocytosis is facilitated by a
co-receptor.59,61 AAV1, -4, -5, and -6 have been shown to bind
to sialic acid and demonstrate serotype specificity for either
O-linked (AAV4) or N-linked (AAV1, -5, and -6) forms.62,63 The
second stage of infection involves receptor-mediated endocy-
tosis of the virus, including activation of cellular pathways that
trigger endocytosis, whereas the final steps involve AAV move-
ment to the nucleus, including escape from endosomes (Fig.
2B) and nuclear transport (Fig. 2C). This step also includes viral
uncoating and conversion of the single-stranded viral genome
to a transcriptionally active, double-stranded intermedi-
ate.60,64,65 Currently, little is known about the processes by
which AAV crosses nuclear pores. Since the size of an AAV
virion (22 nm) is comparable to the size of the nuclear pore
(20–25 nm),54,66,67 translocation could happen by diffusion.
However, active transport by nuclear receptors cannot be
ruled out. Currently, our knowledge of AAV intracellular traf-
ficking is still relatively limited and is not fully understood. The
reason for the lack of development in this area is twofold: First,
AAV has more than 120 different serotypes, and each may use
a different receptor and co-receptors, and second, there are so
many different target cell types, each of which may have
different trafficking pathways.19 AAV2, as an example, attaches
HSPG and its co-receptors, traffics through three different en-
dosomal pathways (early endosome, late endosomes, and pe-

rinuclear recycling endosomes),60,65,68,69 to enter the nucleus
for its transduction. Investigators also found that acidification
and phospholipase A2 activity of AAV VP1 is essential for AAV2
endosomal escape,70 and the ubiquitin-proteasome pathway
may also play an important role in the disassembling of the
AAV2 capsid and transport to the nucleus. Meanwhile, nucleo-
lin has also been shown to associate with AAV2 virions from
the cytoplasm to the nucleus.71

The intracellular trafficking mechanism for CK30-NPs is
incompletely understood. However, their high transfectivity
suggests an efficient trafficking mechanism. Two hypotheses
are currently prevalent for general NP trafficking: First, if their
size is sufficiently small, they may diffuse through the cell
membrane, and second, NPs may interact with cell surface
receptors.72 Studies on the CK30-NPs showed that they do not
use traditional clathrin-mediated endocytosis to enter the
cell.58,73 They are taken up into the cell and transported
directly to the nucleus in less than an hour via the cell surface
receptor nucleolin (Fig. 2A).58 Nucleolin is a protein associated
with ribosome biogenesis and nucleocytoplasmic transport.74

Using surface plasmon resonance, a recently published study
demonstrated that nucleolin binds to CK30-NPs directly.58

Downregulation of cell surface nucleolin has been shown to
significantly reduce transgene expression (by 54.7%), whereas
overexpression increases expression by 47.7%.58 Recent data
suggest that trafficking of CK30-NP-nucleolin complexes pro-
ceeds via lipid-raft–mediated endocytosis. During trafficking to
the nucleus, nucleolin has been shown to interact with a
glucocorticoid receptor (GCR) and dynein, suggesting that
microtubule-based transport is involved (Fig. 2B).75 Transport
of CK30-NPs across the nuclear membrane has been suggested

FIGURE 2. Diagram of AAV versus CK30PEG NP trafficking. (A) First
trafficking steps involve AAV and CK30PEG NP binding to cognate
receptors such as HSPG for AAV and nucleolin for NPs. (B) AAV
undergoes endocytosis, usually by a clathrin-mediated pathway and is
processed through the endosomal system before being released.
CK30PEG NPs are internalized via raft-mediated endocytosis and traffic
to the nucleus, using the cellular microtubule system. (C) The mech-
anisms for AAV and CK30PEG NP entry in the nucleus are not clear but
may rely on diffusion through the nuclear pore complex (NPC) or
processing by nuclear receptors.
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to occur, either by diffusion through nuclear pores, or as a
result of nucleolin-based receptor interactions (Fig. 2C). Thus
far, it has not been demonstrated that other NPs use this
pathway. Other groups have shown that PEGylated gelatin-
based NP uptake reaches a plateau within 6 to 12 hours of
incubation in cell cultures.76 Studies have shown that the poly-
meric coatings often used in NP formulation can protect both
large77 (100 nm) and small (8–20 nm, in the case of CK30PEG) NPs
from degradation by intracellular DNases.34,35,58 Several studies
have also used sustained-release polymers—for example,
PLGA—which can enhance the duration of transgene expres-
sion by stabilizing the vector once it is inside the cell.77–79

THERAPEUTIC DELIVERY OF AAV AND CK30-NPS

TO RETINAL TISSUES

The retina and the vitreous are generally inaccessible by sys-
temic administration, because the BRB separates the subretinal
space from the blood supply, thus protecting it from most
immune-mediated damage. Subretinal and intravitreal injec-
tions have therefore been the most common delivery methods
for targeting the retina. In comparison to subretinal delivery,
intravitreal delivery is less invasive; however, this technique
requires that the delivered therapeutics diffuse through the
vitreous and, depending on the targeted tissue, several layers of
inner retinal cells, before it reaches the photoreceptor cells
and the retinal pigment epithelium.

Although one of the earliest serotypes (AAV2) was ineffi-
cient at infecting many cell types; the variety of currently
available serotypes has enabled researchers to find optimally
transfecting options for their tissue of interest. So far, 10 of
more than 120 different AAV serotypes have been tested in
animal models.22,80 In the eye, AAV serotypes 1, 2, 3, 4, 5, 6, 7,
8, and 9 have been evaluated after intravitreal and subretinal
injection.80–82 Of these, AAV2 appears to be the only vector
able to efficiently transduce retinal cells after intravitreal injec-
tion; inner retinal cells, specifically retinal ganglion cells and
optic nerve fibers, expressed the reporter gene.83 Results on
AAV expression after subretinal injection vary by serotype.
After subretinal injection into the murine eyes, Müller cells are
efficiently transduced by AAV9.84 AAV serotypes 2, 5, and 8 on
the other hand, mediate expression in RPE and rod and cone
photoreceptors. However, serotypes 1, 4, and 6 mainly target
RPE,81,83,85,86 whereas AAV3 does not transduce retinal cells.87

Some forms of AAV5 also appear to transduce some inner
retinal cells.80,83 AAV2-mediated expression in both rod and
cone photoreceptors and in RPE is typically of late onset after
subretinal delivery, reaching maximum levels at 2 to 4 weeks
after delivery.82,83,88,89 In contrast, AAV1, 5, 7, 8, and 9 tend to
drive early-onset gene expression, with eGFP observed in the
retina and RPE cells as early as 5 to 7 days after subretinal

delivery to the murine eyes (Table 3).80 Subretinal delivery of
AAV5 to nonhuman primate eyes led to efficient reporter gene
expression, specifically in rod photoreceptors, suggesting that
species may also have a bearing on tissue tropism.90 Mean-
while, it should be noted that the purification method and the
promoter (see later description) used will also affect transduc-
tion efficiency. For example, Lotery et al.90 reported that there
was no successful primate cone transduction using AAV5 with
a CMV promoter; in contrast to Mancuso et al.91 who showed
viral transduction and functional cone color vision improve-
ment using AAV5 with a cone-specific promoter.

NP gene delivery to the back of the eye has been studied for
an extended period.31,92–94 Studies conducted by Bourges et
al.95 in rabbits has shown that NPs of different sizes and
electric charges, when injected into the vitreous, migrate
through the retinal layers and tend to accumulate in RPE cells.
A study also showed that small molecules can diffuse rapidly in
the vitreous, but the mobility of larger molecules, particularly
if positively charged, is restricted.96 Nanospheres made of
polystyrene and polylactide were also shown to deliver their
payload to the retina after intravitreal injection.95,97 The poly-
styrene particles were detected in the RPE by 24 hours after
treatment and remained there for an extended period (up to 4
months).95 CK30-NPs have a well-characterized ocular expres-
sion profile. After intravitreal administration, they are ex-
pressed in retinal ganglion cells and optic nerve cells, whereas
subretinal delivery yields expression in photoreceptors and
RPE cells.31 Robust gene expression was observed 2 days after
injection (Table 3). Furthermore, our results suggest that the
uptake of CK30-NPs is not limited to the site of injection, since
reporter gene expression is observed throughout the retina.31

Lack of long-term gene expression has always been one of the
major limitations of nonviral vectors. For example, clinical
trials using both CK30-NPs and lipid-mediated vectors to de-
liver therapeutic genes to the nasal mucosa of patients with
cystic fibrosis reported no detectable gene expression, al-
though vector DNA was detectable for at least 2 weeks, and
improvements in therapeutic outcomes (nasal potential differ-
ence) were noted.35 This finding is probably due to the rapid
silencing mediated by the presence of the CMV promoter.
Studies using similar NPs (containing CMV-eGFP) in the eye
showed robust gene expression 2 days after injection, but it
disappeared after 2 weeks31 because of the immunologic reac-
tivity to lipid-DNA conjugates.34,35,98 Encouragingly, the CK30-
NPs have been shown to drive long-term gene expression
when a different promoter is used. Recently, we observed that
delivery of CK30-NPs containing the human interphotorecep-
tor retinoid-binding protein (IRBP) promoter and the wild-type
retinal degeneration slow gene (RDS) to the neonatal mouse
eye promotes rescue of the autosomal dominant retinitis pig-
mentosa disease phenotype in the rds�/� mouse for up to 4

TABLE 3. Characteristics of AAV1–9 and CK30PEG in Ocular Cells after Subretinal Injection

Vector Target Retinal Cells Capacity Onset of Expression

AAV1 RPE83 Less than 5 kb 5–7 days80

AAV2 RPE, PRs and GCs83,86 Less than 5 kb 2–4 weeks80,83

AAV3 Rare87 Less than 5 kb Undetermined
AAV4 RPE86 Less than 5 kb Undetermined
AAV5 RPE and PRs86 Less than 5 kb 5–7 days80

AAV6 RPE87 Less than 5 kb 5 weeks87

AAV7 RPE and PRs80,84 Less than 5 kb 5–7 days80

AAV8 RPE, PRs and GCs80,84 Less than 5 kb 5–7 days80

AAV9 RPE and Müller cells80,84 Less than 5 kb 5–7 days80

CK30PEG RPE, PRs and GC31 20 kb55 2 days31

RPE, retinal pigment epithelium; PRs, photoreceptor cells; GCs, ganglion cells.
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months, with transgene expression and protein levels remain-
ing significantly elevated through that time point.50 These
results suggest that some formulations of NPs coupled with the
judicious promoter choice may be effective in treating chronic
ocular diseases.

PROMOTER-SPECIFIC GENE EXPRESSION

Although injection site and inherent vector tropisms can help
target therapeutics to the proper location, additional specific-
ity can be conferred by the choice of promoter and regulatory
elements. The same gene driven by different promoters may
have different therapeutic effects and safety profiles.31,99–101

Depending on the gene or tissue of interest, improper pro-
moter choice can lead to potentially harmful ectopic expres-
sion, incorrect temporal expression patterns, and gene expres-
sion levels either too high or too low to cause the desired
effect. For example, the CMV promoter is one of the most
commonly used promoters for gene transfer therapy because
of its high initial transgene expression; however, its tendency
to be quickly silenced makes it fairly inefficient in terms of
treating chronic diseases such as retinitis pigmentosa
(RP).102,103 The inclusion of additional regulatory elements,
such as enhancers or nuclear targeting and stability elements,
may help stabilize CMV-driven gene expression.102 The effec-
tive use of various cell-type–specific promoters has been well
studied with AAV and NP vectors: for example, the rhodopsin
promoter is used to drive expression in rod photorecep-
tors,30,103 the human red opsin promoter for cone-specific
expression,104 the CRX and IRBP promoters for rod and cone
expression,105 and the vitelliform macular dystrophy (VMD2)
promoter for RPE expression.106 Despite the utility of cell-
type–specific promoters, there is some evidence that they are
less effective as the targeted tissue degenerates. For example,
Le Meur et al.107 reported that gene expression driven by the
hRPE65 promoter was expressed in both young (8–11 months)
and old (30 months) dogs, but functional rescue or vision
restoration was observed only in the young animals. Although
promoter choice for NP vectors is dictated strictly by thera-
peutic concerns, selection for inclusion in AAV vectors has had
to take into account the traditional cargo limitations (�4.7 kb):
the larger the promoter/regulatory region, the smaller the
space for the therapeutic gene. As larger capacity vectors are
developed, however, these issues may subside. Finally, al-
though promoter choice is a key regulator of tissue specificity,
it should be noted that other factors affect the choice. For
example, the transduction profile can often be modified by
micro-RNAs, which can in turn be regulated by intrinsic and
extrinsic factors (such as light).108 Consideration of these is-
sues will enable optimal vector design and transduction pro-
files.

IMMUNE RESPONSE AND SAFETY CONSIDERATIONS

Gene therapies can induce immune responses (e.g., cytokines,
hormones, or antibodies), the consequences of which may
include partial or complete loss of gene expression, decrease
in therapeutic benefit, cross-reactivity with the host’s endoge-
nous proteins, or systemic reactions that may be severe or
life-threatening. It is also clear that the immune responses seen
in many mammalian model systems are quite different from
those in humans.109 In many cases, gene therapy vectors have
been successful in animal models, but the goal of successfully
reversing inherited disease in humans has been more elu-
sive.109 The issue of a systemic immune response may be less
of a concern with intraocular administration than with other
routes of administration, but such a contention would still have

to be proven in clinical trials. In the normal retina, the neural
tissues are protected by the BRB, thus allowing the eye to enjoy
a relatively immune-privileged status. However, when a preex-
isting disease is present, such as retinitis pigmentosa or age-
related macular degeneration, disruption in the BRB can occur,
thus increasing the likelihood of a later, gene therapy–related
immune response.110

The immune profile of AAV is generally considered to be
comparatively benign; however, during childhood many hu-
mans are infected with AAV2, which can lead to the develop-
ment of neutralizing antibodies (NAbs) directed against the
vector capsid, which in turn will prevent effective readminis-
tration of AAV vectors of the same serotype. This issue is also
a concern when considering the efficacy of multiple dosage
regimens. For example, in clinical studies of AAV gene transfer
for hemophilia B, anti-AAV2 antibodies were generated in
these patients,109 thus potentially limiting its utility for this
disease class. Fortunately, the three ocular AAV clinical trials
previously mentioned have not reported significant adverse
events.

Safety and toxicity studies using NPs both in the eye and in
other systems have reported little immune response.31,111–114

Biodegradable PLGA NPs, offer a nontoxic and nonimmuno-
genic gene delivery system,115 and previous studies in our
laboratory using the CK30-NPs in the eye showed no treat-
ment-associated signs of toxicity, inflammation, or disruption
of retinal structure or function after subretinal or intravitreal
injection.30–32 When administered to airway epithelia of mice,
it was reported that the CK30-NPs elicited only minimal signs
of toxicity at the highest dose of 100 �g DNA.56 CK30-NPs
have been repetitively administered to the lungs of mice, with-
out any decrement of transgene activity, indicating that pro-
longed treatment may be feasible without induction of NAbs.34

Moreover, a recent phase I clinical trial of CK30-NPs in cystic
fibrosis reported no significant adverse events.35

FUTURE DIRECTIONS

Further improvements in AAV vector design include the clon-
ing of self-complementary genomes, which can bypass the
secondary-strand DNA synthesis, the use of specific promoter
sequences to restrict expression to the cell-type of interest, and
discovery of multiple capsid serotypes for gene therapy. The
major future development issues for NPs will include addi-
tional improvements in the duration and levels of gene expres-
sion and enhancements in stability, biocompatibility, systemic
bioavailability, and sustained release. These issues may be par-
ticularly important for nonocular routes of administration.

There are more than 200 different retinal disease-causing
genes, many of which can contain several different disease-
causing mutations.29 An ultimate ocular gene therapy goal may
be the design of vectors that can target multiple mutations and
genes with one therapeutic instead of having to develop a new
treatment for each one. Examples of these treatments may be
co-delivery of a shRNA against the endogenous (mutant gene)
and delivery of an RNA-resistant normal gene (to enable elim-
ination of multiple different types of mutant alleles). A second
approach in this vein is the delivery of a neuroprotective gene
designed not to target the disease-causing gene, but to stabilize
or enhance the health of the degenerating retina. Although
some of these approaches are eminently suited to delivery by
AAV, others may be more amenable to NP-mediated delivery;
particularly, if multiple expression cassettes must be delivered
in the same vector or if large regulatory elements are necessary
for regulated expression of the transgenes.

Once again, some genes are too large for AAV, such as the
6.8-kb ABCA4 cDNA. In addition, although most current gene
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therapies use the cDNA form, studies have shown that, in some
cases, the noncoding elements are also required for optimal
expression of the transgene in vivo.116 Addition of these non-
coding regions would make even more genes unsuitable for
AAV using current technology. These large-sized genes are
examples that highlight the importance of using high-payload
vectors such as NPs as a vehicle and of having multiple vector
options.

SUMMARY

Viral vectors have been successfully used for ocular delivery of
nucleic acids. They have yielded high levels of therapeutic
gene expression in ocular cells and improvement in disease
phenotypes.83,95,117,118 Thus far, AAV is the most advanced
and safest form of viral gene therapy, taking into account data
gathered from both animal studies and clinical trials. Tradi-
tional limitations of AAV include the small packaging capacity
and the potential for adverse interactions with other viruses
preexisting in the target tissue14,109,119,120; however, gene
expression and safety profiles are generally favorable. Nonviral
vectors have traditionally been safer and less limited in carrying
capacity than their viral counterparts, but have suffered low
gene expression levels and short duration. Newer NP formula-
tions, especially CK30-NPs, may overcome these barriers. As
the field progresses, NPs may emerge as a clinically vital com-
plementary method of safe, proper, and precise delivery of
therapeutic genes to ocular tissues.

Researchers have repeatedly observed that development of
gene therapy strategies that are both safe and therapeutically
effective is much more difficult than had been imagined. The
eye, in contrast to other organs, is easy to access for treatment,
and it is possible to readily chart the efficacy of treatment using
OCT, ERG, and/or other psychophysical testing, such as mea-
surement of optomotor responses. It is also relatively immune
privileged, and ocular gene therapy is offering new hope for
the treatment of inherited and acquired blinding diseases. Data
indicate that both AAV and some NP vectors are efficient and
well-tolerated methods of delivering genes to the postmitotic
cells of the retina. The field of ocular gene delivery using AAV
is currently more advanced than that of NPs; however, the
demands of each therapeutic situation are distinct, and the
development of multiple types of clinically viable gene delivery
strategies is wise. Careful and critical evaluation of the benefits
and risks must occur as new AAV and NP vectors are developed
for treating human ocular diseases.
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