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Introduction: DNA nanoparticles (NPs) comprising polylysine conjugated to polyethylene
glycol efficiently target murine photoreceptors and the retinal pigment epithelium (RPE) and
lead to long-term phenotypic improvement in models of retinal degeneration. Advancing this
technology requires testing in a large animal model, particularly with regard to safety. So, herein
we evaluate NPs in non-human primates (baboon).

Methods and results: NPs with plasmids carrying GFP and a ubiquitous, RPE-specific, or
photoreceptor-specific promoter were delivered by either subretinal or intravitreal injection.
We detected GFP message and protein in the retina/RPE from eyes dosed with NPs carrying
ubiquitously expressed and RPE-specific vectors, and GFP message in eyes injected with NPs
carrying photoreceptor-specific vectors. Importantly, we observed NP DNA in the retina/RPE
following intravitreal injection, indicating the inner limiting membrane does not prevent NP
diffusion into the outer retina. We did not observe any adverse events in any baboon, and there
were no NP-associated changes in retinal function. Furthermore, no systemic or local inflammatory
reaction to the vectors/injections was observed, and no NP DNA was found outside the eye.
Conclusion: Taken together with the well-established rodent safety and efficacy data, these
findings suggest that DNA NPs may be a safe and potentially clinically viable nonviral ocular
therapy platform for retinal diseases.

Keywords: DNA nanoparticles, non-human primate, nonviral gene transfer, baboon, gene
therapy, safety, ocular gene transfer

Introduction
The eye offers an excellent target for gene therapy studies due to its easy accessibility,
relative immune privilege, and the large number of ocular diseases which are likely to
be amenable to genetic treatment. Historically, development of nonviral gene delivery
systems has been hampered by limited cell uptake of the vector (resulting in low gene
expression levels) or by transient expression, although substantial progress has been made
recently in these areas.!? Our goal over the past several years has been to develop and
characterize a nanoparticle (NP)-based approach for effective delivery of genetic cargo
to the eye, and more specifically, to the retina and retinal pigment epithelium (RPE), with
the eventual goal of identifying a clinically relevant nonviral gene delivery strategy.
Copernicus Therapeutics has developed NPs comprising a single molecule of
plasmid DNA compacted with lysine peptides conjugated to polyethylene glycol
(CK30PEG), and we have successfully tested these NPs in a variety of mouse
models of inherited eye disease.>> We have shown that they efficiently transfect
both photoreceptors®* and the RPE,>** and can improve the disease phenotype in the
rds*~ and rhodopsin-knockout models of retinitis pigmentosa,>*® the Abca4”~ model
of Stargardt’s dystrophy,’ and the Rpe65~~ model of Leber’s congenital amaurosis.'?
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Importantly, in these cases, we have observed prolonged
expression and rescue, often with beneficial effects that
persist for the life of the animal.! These NPs have also been
successfully used in the lung and brain'®'* and result in no
toxic effects in the eye®®!® even after repeated subretinal
injection.’ Perhaps most excitingly, these NPs have a large
capacity; we have shown that they can successfully incor-
porate and deliver DNA of up to 14 kbp in photoreceptors
(largest size tested)’ without significant decrease in trans-
duction efficiency, and others have demonstrated effective
transfection in the lung with plasmids of up to 20 kbp (largest
size tested).'® These results confirm that the CK30PEG NP
technology has advanced sufficiently to have the potential to
be a successful addition to the available repertoire of clinical
ocular gene delivery tools.

Though we have demonstrated proof-of-principle for
safety and efficacy many times in rodent models, extensive
preclinical evaluation of new strategies in large animal
models is key to the development of clinically successful
gene-based therapies for patients. Because of differences in
the retina among species, non-human primates are widely
used as preclinical animal models for ocular disease. The
baboon has considerable advantages over other primate
species and has a number of characteristics that more closely
resemble humans. One of the more obvious is their size;
baboons are larger than macaques and most other monkeys,
both in terms of body size and eye size, and baboon eyes are
much closer to the size of human eyes than those of other
primates (Figure S1E; Table S1). In addition, their immune
system is similar to that of humans.!”** Although we cannot
generate genetic models of disease in baboons (and thus test
therapeutic efficacy), these other characteristics make them
particularly well suited for assessing a number of critical
features of clinically relevant gene therapies. For example, we
can assess the route of delivery, tolerance of the NPs, efficacy
of gene transfer and gene expression, biodistribution, and
immune response. To determine whether NPs are safe and
capable of driving gene expression in non-human primates
(baboons), herein we evaluated the gene expression and
markers of toxicity after intravitreal or subretinal injection
of NPs carrying a reporter gene under the control of different
promoters. We also demonstrated the reporter gene expres-
sion in ocular cells without toxicity after subretinal and/or
intravitreal injection of compacted DNA NPs in the baboon
retina. We further showed that the inner limiting membrane
of the retina did not prevent all DNA NPs from penetrating
into the subretinal space as observed by their diffusion into
the neural retina and RPE.

Materials and methods

Animals

All experiments, procedures, and animal care in this study
were approved by the Institutional Animal Care and Use
Committees at the University of Oklahoma Health Sciences
Center (OUHSC), and all baboon work was done at the
OUHSC. Baboons were housed and cared for according
to the standards detailed in the Guide for the Care and Use
of Laboratory Animals (National Research Council, eighth
edition, 2011) and the Association for Assessment and
Accreditation of Laboratory Animal Care International. They
were fed Harlan primate diet 2055 as well as fresh fruit, veg-
etables, trail-mix, and dry cereal. Potable water was available
ad libitum from automatic waterers. All baboons received
daily health checks by the responsible animal care techni-
cians for each area. Considerable effort was placed toward
promoting the psychological well-being and providing
environmental enhancement for the baboon colonies.
Several animals had previously participated in other studies
unrelated to the work described here. Detailed informa-
tion about the animals enrolled in the study is presented
in Tables 1 and S2.

Plasmid DNA construction and NP

compaction

We tested three vectors for this study. They were as follows:
1) the pscCBA-GFP vector in which GFP reporter gene
expression is directed by the chicken beta-actin promoter'
(CBA, known here as CBA-GFP, 5,770 bp'°) originally
provided to us by Dr Arun Srivastava, Department of
Medicine at the University of Florida; 2) the pEPI-S/MAR
vector (backbone originally provided by Dr Isa Stehle/
Hans Lipps, University of Witten/Herdecke) in which
GFP expression is driven by the RPE-specific human vitel-
liform macular dystrophy 2 promoter> (VMD2, —585/+38,
known here as VMD2-GFP,? 6,778 bp); and 3) the pEPI-S/
MAR vector in which GFP expression is under the control
of the photoreceptor-specific promoter rhodopsin kinase
(RK, —385/+86, known here as RK-GFP?®). Endotoxin-free
(<5 EU/mg) plasmid DNA was generated by Aldevron,
L.L.C. (Fargo, ND, USA) and was unimolecularly compacted
into CK30PEG NPs using acetate as the lysine counterion
as described previously.'> NPs underwent an extensive
panel of standardized quality control tests prior to use, and
were determined to be rod shaped with a minor diameter of
8-11 nm, a mean length of ~200 nm (varies depending on
plasmid size), and a zeta potential between —3 and 1 mV,
consistent with what we have used in previous studies.>*!62!
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Table | Study enrollment

Animal # Treatments Injection Injection method Endpoint
volume (uL) (days)
R L R L
Group |
Controls
| Uninjected -
2 Saline 100 150 SR, central superior I\ 15
CBA-GFP
3 NP-CBA-GFP 100 150 SR, central superior \% 15
4 Nak-CBA-GFP 100 150 SR, central superior \% 15
VMD2-GFP
5 Nak-VMD2-GFP 150 150 SR, central superior SR, central superior 15
6 NP-VMD2-GFP 150 150 SR, central superior SR, central superior 30
7? NP/Nak-VMD2-GFP 150 150 SR, central superior SR, central superior 30
8 Nak-VMD2-GFP 150 150 SR, central superior SR, central superior 30
Group 2
RK-GFP
9 NP-RK-GFP 100 100 One-site SR, temporal inferior \% 45
10 NP-RK-GFP 100 100 One-site SR, temporal inferior \% 45
I NP-RK-GFP 50/50 100 Two-site SR, temporal I\ 45
inferior, temporal superior
12 NP-RK-GFP 50/50 100 Two-site SR, temporal I\ 45
inferior, temporal superior
13 NP-RK-GFP 50/50 50, 50 Two-site SR, temporal Two-site SR, temporal inferior, 45
inferior, temporal superior temporal superior
14 NP-RK-GFP 100 100 One-site SR, temporal inferior One-site SR, temporal inferior 45
Controls
15 Saline 50/50 100 Two-site SR, temporal One-site SR, temporal inferior 45

inferior, temporal superior

Notes: A total of |5 baboons were obtained from the breeding colony at the University of Oklahoma Health Sciences Center Baboon Research Resource and subretinally/
intravitreal injected with various vectors described in the table. Saline-treated or uninjected eyes were used as controls. *Animal #7’s left eye was injected with NP-VMD2-

GFP, while the right eye was injected with naked-VMD-GFP.

Abbreviations: |V, intravitreal injection; Nak, naked plasmid; NP, nanoparticle; SR, subretinal injection; UN, uninjected.

NPs of all vectors enrolled in this study were used at a DNA
concentration of 4.3 pg/uL in saline, which corresponds
t0 ~6.9x10", 5.88x10', and 5.69x10' NP/uL for CBA-GFP,
VMD2-GFP, and RK-GFP, respectively. Amounts ranging
from 50 to 150 uL were injected depending on the study, as
described in Table 1.

Subretinal and intravitreal injection in

baboons

A total of 15 baboons were enrolled in this study (Tables 1
and S2). Ketamine (Ketathesia; Butler Animal Health Supply,
Dublin, OH, USA) was given intramuscularly at a dose
of ~10 mg/kg. Buprenorphine (Buprenex; Reckitt Benckiser
Health Care Ltd, Hall, England) was administered subcutane-
ously ata dose of 0.001 mg/kg, once the baboon was sedated.
Anesthesia was maintained with isoflurane administered
at ~1.75% with oxygen through an appropriately sized endo-
tracheal tube. Temperature and oxygen levels were moni-
tored throughout the procedure by the veterinary staff of the

OUHSC Department of Comparative Medicine. Eyes were
dilated for 5 minutes using Ak-dilate™ 10% phenylephrine
hydrochloride solution (Akorn, 121020; Akorn Pharmaceu-
ticals, Lake Forest, IL, USA). A puncture was created in the
sclera of the baboon 2 mm below the limbus of the eye using
a22-gauge syringe needle under a Zeiss surgical microscope
(Carl Zeiss AG, Oberkochen, Germany). Then, a blunt-end
microinjection needle (25 gauge) was inserted through the
puncture to reach the subretinal space or vitreous cavity and
100-150 uL (Table 1) of NPs or naked DNA at 4.3 pug/uL
was delivered. For cases where two subretinal injections were
given, 50 uL was delivered in each site. The site of injection
for each baboon is listed in Table 1 and Figure SIA-D. For
CBA-GFP, delivery was subretinal in the right eye and intrav-
itreal in the left eye. For VMD2-GFP, delivery was subretinal
in both eyes, due to the RPE-specific nature of the promoter.
For RK-GFP, delivery was either done subretinally at two
sites, subretinally at one site, or intravitreally, as indicated in
Table 1. Subretinal delivery was confirmed by observation
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of a retinal bleb. Control baboon eyes were left uninjected or
were injected with saline using the same conditions described
for NPs. During the injection, 100 uL of aqueous humor
and ~5 mL of whole blood were collected. Antibiotics (Triple
Antibiotic, Walgreens, Oklahoma City, OK, USA) were
applied to the eye after injection. Animals were extubated and
allowed to recover spontancously under close observation.
They were then placed back in their cages with free access to
food and water. Animals were observed daily after the surgery
to detect any adverse events up to the study endpoint.

Electroretinography

For electroretinography (ERG), baboons were anesthetized
and monitored as described above for subretinal injections.
Following intubation, animals were kept in a dark room with a
sleeping eye mask to ensure full dark adaptation. After 30 min-
utes in the dark, eyes were dilated with 1% cyclopentolate for
5 minutes and covered in 2.5% methylcellulose (both from
Pharmaceutical Systems, Tulsa, OK, USA). The reference
electrode was placed under the skin of the forehead, while the
ground electrode was placed under the skin at the base of the
skull. ERG-jet contact lens electrodes (Micro Components,
Grenchen, Switzerland) were gently placed on the cornea and
the animal’s face was placed inside the ERG ganzfeld. Using
the UTAS system (LKC, Gaithersburg, MD, USA) full-field
ERG responses were recorded. Scotopic (rod) responses were
recorded in response to a single 724 cd s/m? flash. Animals
were then light-adapted for 5 minutes at 29 cd/m?* and photopic
(cone) responses were recorded in response to 25 successive
4.1 cd s/m? flashes to calculate the photopic A-wave. Photopic
responses were then recorded in response to 25 successive
flashes at 724 cd s/m? to calculate the photopic B-wave.
Recordings were analyzed and plotted using GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA). To establish a base-
line, ERGs were recorded immediately before the injection
of the NPs/vehicle. Follow-up ERGs were done at postinjec-
tion (PI)-45 days immediately before euthanasia. For the NP
two-site subretinal injection (SR), one-site SR, and I'V groups
there were four eyes per group. Statistically significant mean
changes from baseline to PI-45 were analyzed by one-way
Student’s #-test, testing the hypothesis that mean % change for
each group was statistically different from 0 (ie, no change).

Tissue processing

Animals were euthanized by intravenous injection with
an overdose of sodium pentobarbital (100 mg/kg) at dif-
ferent time points (Table 1). The following tissues were
collected: eye, optic nerve, lateral geniculate nucleus of the

brain, and visual cortex. Aqueous humor (~100 uL) and
serum (extracted from ~5 mL whole blood) were also col-
lected at the endpoint as well as at the time of injection and
were stored at —80°C for subsequent analysis. Eyes injected
with CBA-GFP were enucleated and immediately put into
cold phosphate buffered saline (PBS). The cornea and lens
were then removed and the eye cup was bisected along the
nasal-temporal plane. The superior half was fixed with PBS
containing 4% paraformaldehyde for cryosectioning. The
inferior half of the eye cup and all other tissues collected were
snap-frozen in liquid nitrogen and were pulverized to powder
for subsequent analysis. Eyes injected with VMD2-GFP and
a subset of eyes injected with RK-GFP were enucleated and
eye cups were immediately cut into four quadrants: superior
nasal (SN), superior temporal (ST), inferior nasal (IN), and
inferior temporal (IT). After removing the retina, the RPE
was carefully removed from the eyecup, and both tissues
were then snap-frozen in liquid nitrogen and pulverized as
indicated above. Remaining eyes injected with RK-GFP were
enucleated and immediately placed into cold PBS. The cor-
nea and lens were then removed and the eye cup was placed
in PBS containing 8% paraformaldehyde for 8 hours. The
following morning, the eye cups were filled with histogel
(Thermo Fisher Scientific, Waltham, MA, USA) and put into
cold PBS containing 70% ethanol. Eyes were then shipped to
St Louis University, where they were processed for paraffin
sectioning along the inferior—superior plane.

Real-time quantitative reverse

transcription polymerase chain reaction
Real-time quantitative reverse transcription polymerase
chain reaction (QRT-PCR) was performed as previously
described.*!? Briefly, total RN A was extracted from the pulver-
ized samples using Trizol reagent (Thermo Fisher Scientific)
and then 2 ug of isolated RNA was treated with RNAse-free
DNasel (Promega Inc., Madison, WI, USA). Reverse tran-
scription (RT) was performed using Superscript III reverse
transcriptase (Thermo Fisher Scientific). A no-RT sample was
used as a control for any residual compacted DNA or genomic
DNA contaminants. Each sample was run in triplicate and
the target gene expression levels were calculated relative to
the expression of baboon B-actin, as a delta CT according
to the following formula: expression =2-(GFP €T —actin €1 e
did not observe any GFP expression in the uninjected, saline-
injected, or no-RT controls. The primers used were 1) B-actin,
F-TGTTACCAACTGGGACGACA and R-GGGGTGTTG
AAGGTCTCAAA, and 2) GFP, F-AGGAGCGCACCAT
CTTCTT and R-GATGTTGTGGCGGATCTTG.

submit your manuscript

1364

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Nanoparticles in the baboon retina

Quantitative polymerase chain reaction
Quantitative PCR (qPCR) was performed using the same
protocol described for qRT-PCR, with the exception that
total DNA was used as the template instead of RNA. DNA
was extracted from pulverized retina or RPE using a DNA
lysis buffer containing 100 mM Tris, 100 mM NaCl, 10 mM
EDTA, and 0.5% sodium dodecyl sulfate in water. Samples
were incubated in 500 L. DNA lysis buffer in a 50°C water
bath for 4 hours. Two hundred and fifty microliters of 5 M
NaCl was added to each tube and shaken by hand ~25 times.
The samples were then incubated at 4°C for 10 minutes
and centrifuged at 4,000x g at 4°C for 10 minutes. The
supernatant was moved to a fresh tube containing 650 uL
isopropanol. Samples were incubated for 15 minutes at room
temperature. The samples were then centrifuged at 14,000 g
for 10 minutes at room temperature. The supernatant was
removed and the pellets (containing the DNA) were allowed
to air dry for 5 minutes at room temperature. Samples were
resuspended in water and diluted to a final concentration of
40 pug/uL, and used as template for qPCR reactions (80 ng
per well). Positive controls included 80 ng of RPE or optic
nerve DNA from the saline-injected animal spiked with
8 ng of RK-GFP plasmid. The primers used were 1) B-actin,
F-TGTTACCAACTGGGACGACA and R-GGGGTGTTG
AAGGTCTCAAA, and 2) GFP, F-AGGAGCGCACCAT
CTTCTT and R-GATGTTGTGGCGGATCTTG.

Western blot

Western blot was performed as described previously.”!"
Briefly, protein extracts were prepared from pulverized
powder of the retina plus pigment epithelium/choroid/sclera
(PECS) by homogenization in lysis buffer (25 mM Tris
pH 7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate, | mM EDTA, and 1 pg/mL leu-
peptin). Protein concentration was determined using the Bio-
Rad protein assay kit (Bradford assay; Bio-Rad Laboratories
Inc., Hercules, CA, USA). Primary antibodies were anti-GFP
(1:1,000, A11122, Thermo Fisher Scientific) or actin-horse
radish peroxidase (1:25,000; Sigma-Aldrich, St Louis, MO,
USA). Secondary antibodies were horse radish peroxidase-
conjugated anti-rabbit or anti-mouse IgG (1:25,000; KPL
antibodies from Seracare Life Sciences Inc, Milford, MA,
USA). Retinal lysates from GPI-GFP transgenic mice* were
used as positive controls for immunoblotting.

Cytokine protein assay
Aqueous humor and serum were evaluated for cytokine
protein levels as described previously® using the Bio-plex

assay. Briefly, the samples were assayed for interleukin
(TIL)-6, IL- 1P, tumor necrosis factor (TNF)-a., and interferon
(IFN)-y using a non-human primate cytokine premixed kit
as per the manufacturer’s instructions (Cat. MPXPRCYTO-
40K; EMD Millipore, Billerica, MA, USA). Controls
included eight standards run in duplicate, two positive con-
trols (serum from a dengue virus-infected baboon and from
an influenza virus-infected baboon), and two blank wells.
All samples were run in triplicate.

Histology and immunohistochemistry
Tissue fixation and sectioning were performed as described
previously.>'? Paraffin sections were collected along the vertical
meridian. To assess GFP expression, tissues were stained
using the ABC elite enzyme-based immunohistochemistry
kit as per the manufacturer’s instructions (PK-6200; Vector
Laboratories, Burlingame, CA, USA) using the GFP anti-
body described in the Western blot section. Positive control
sections were incubated with RPE65 antibody (Cat ab13826;
Abcam, Cambridge, MA, USA). GFP antibody was also used
to stain sections obtained from knockin mice that express
GFP under the control of a photoreceptor-specific promoter
(retbindin), as a positive control for GFP labeling. Briefly,
superior central retinal sections were air dried, fixed with
methanol, and blocked using 0.3% normal horse serum in
PBS. Slides were incubated in primary antiserum diluted
in buffer and washed for 5 minutes. Primary antibody was
applied to the sections for 1 hour at room temperature.
Sections were then incubated with biotinylated anti-rabbit
secondary antibody, followed by washing. Sections were
incubated with Vectastain® Elite ABC Reagent and then
with Vector VIP (SK-4600), a peroxidase substrate which
produces a purple stain corresponding to the bound primary
antibody. Vector methyl green (H-3402) was used for coun-
terstaining the nuclei. Finally, sections were dehydrated using
ethanol and mounted in permount solution. Enzyme-based
staining was used rather than fluorescence due to the high
autofluorescence and large quantity of dark pigment in the
baboon eyes/RPE. Images were captured on a Nikon ES00
microscope coupled to a MicroMax-5MHz-1300Y cooled
charge-coupled device camera (Princeton Instruments,
Acton, MA, USA) and the MetaVue software (Molecular
Devices, Sunnyvale, CA, USA).

Ethics approval

All animal procedures were approved by the Institutional
Animal Care and Use Committees at the OUHSC and all
baboon work was done at the OUHSC. Baboons were
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housed and cared for according to the standards detailed
in the Guide for the Care and Use of Laboratory Animals
(National Research Council, eighth edition, 2011) and the
Association for Assessment and Accreditation of Laboratory
Animal Care International.

Results

Clinical evaluation

As described in Tables 1 and S2, a total of 15 baboons were
enrolled in one of two overall groups with animals ranging
in age from 2 to 22 years and a median age of 15 years. Both
male and female animals were enrolled. In the first group,
animals were either controls (uninjected/saline), subretinally
or intravitreally injected with naked (ie, uncompacted)
or NP-CBA-GFP, or subretinally injected with naked or
NP-VMD2-GFP. In the second group, animals were either
controls (saline) or injected with NP-RK-GFP. In this group,
one of our goals was to evaluate the effects of a single bolus
injection compared to smaller injection volumes at multiple
sites, so animals were either intravitreally injected, subreti-
nally injected at a single site, or subretinally injected at two
sites. Follow-up was at PI-15, PI-30, or PI-45 days (Table 1);
animals were euthanized and tissues were harvested, includ-
ing the eye, brain, and blood. All baboon eyes were normal
at the time of treatment. Following injection, the cornea and
the lens remained clear. There was no evidence of ocular
pathology, except some common effects after the injec-
tion such as a slight conjunctival reaction, which occurred
equally in NP and vehicle-treated animals and disappeared
within 3-5 days after injection. Antibiotic was applied to
the injected eyes after the surgery. After recovery from the
injection procedure, no baboons were reported to have any
complications with everyday behaviors that could have been
attributed to vision loss. No abnormalities were noted in any
treated animals. Our goals in this study were 1) to determine
whether compacted DNA NPs could drive gene expression
in the non-human primate eye; 2) to determine whether
the injection route affected gene expression/safety; and 3)
to determine whether there were overt signs of toxicity in
response to the NPs. As a result, our outcomes are divided
into those measuring gene expression and those associated
with safety and response to the treatment.

NPs drive gene expression in the

baboon eye

We first evaluated gene expression after delivery of NP
and naked-CBA-GFP in the baboon eye. This plasmid has
the pSC vector backbone used to generate generate adeno-
associated virus (AAV), and we have previously shown that

it generates robust gene expression in the rodent eye.'* In this
cohort, the right eye was subretinally injected while the left
eye was intravitreally injected. Throughout the manuscript,
we present data from individual eyes as well as mean values,
since the cost of animals necessarily restricts the sample size.
To aid interpretation, results from intravitreally injected ani-
mals are always presented as squares, single site subretinal
injections as circles, and dual site subretinal injections as
upright triangles (where relevant).

Three animals were used for this initial evaluation of
CBA-GFP: one for naked (uncompacted) CBA-GFP, one
for NP-CBA-GFP, and one saline control, with one eye
subretinally injected and one eye intravitreally injected
(Table 1). Tissues were collected at PI-15 days for analysis
by qRT-PCR and Western blot (refer to Figure S1 for details
on collection). Previously, we had observed gene expression
in the cornea and lens after delivery of NPs in the murine
eye;* however, neither intravitreal nor subretinal injection led
to detectable GFP message in the baboon anterior segment
tissues (Figure 1A, left). In contrast, we detected GFP
message in the posterior segment, specifically in samples
consisting of the retina plus PECS after both subretinal
and intravitreal injections of NPs, with higher expression
occurring after subretinal delivery (Figure 1A, right). Naked-
CBA-GFP was very inefficient; only a very low level of GFP
message (slightly above the background) was detected in the
retina plus PECS sample (Figure 1A, right). These results
were recapitulated on Western blots of retina plus PECS
samples; GFP protein was detected from NP-injected, but
not naked DNA-injected eyes, regardless of the delivery
route (Figure 1B). Lysates from GPI-GFP transgenic mice
were used as a positive control for GFP protein. No expres-
sion from NPs or naked DNA was detected in the optic
nerve or in any sample from the saline (vehicle)-injected
eyes (Figure 1A). These encouraging results suggest that
subretinal and intravitreal delivery of NP-CBA-GFP can
transduce the posterior segment without generating expres-
sion in the anterior segment or optic nerve.

We have previously observed excellent expression and
phenotypic correction of RPE-based diseases after delivery
of NPs carrying vectors in which gene expression was
driven by the RPE-specific VMD2 promoter.!? So, we next
asked whether VMD2-GFP could transduce the baboon
RPE. For these studies, the VMD2-GFP expression cassette
was cloned into the pEPI vector backbone which contains
a scaffold/matrix attachment region. This region is thought
to promote improved gene expression/longevity, and we
have previously used this vector for delivery of genes in the
rodent eye with great success.'? As these experiments were
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Figure | GFP expression after a single subretinal or intravitreal injection of NP-CBA-GFP in baboon eyes.

Notes: Tissues were harvested from animals subretinally or intravitreally injected with either naked CBA-GFP, NP CBA-GFP, or vehicle (saline). (A) Expression of GFP
message by qRT-PCR in the anterior segment (cornea and lens, left) and posterior segment (retina+PECS and optic nerve, right). GFP values were normalized to actin. Each
eye is shown as an individual symbol with NPs in red, naked DNA in blue, saline in yellow, and subretinal/intravitreal in circles/squares, respectively. Legend indicates animal
#leye. (B) Western blot analysis for GFP protein (or actin as a loading control) in lysates (50 pg/lane) from retina+PECS. Retinal lysates from GPI-GFP transgenic mice were
used as a positive control.

Abbreviations: |V, intravitreal injection; Nak, naked plasmid; NP, nanoparticle; PECS, pigment epithelium, choroid, and sclera; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; Sal, saline; SR, subretinal injection.

specifically targeted to the RPE, all eyes were subretinally
injected with either naked or NP-VMD2-GFP. Four animals
were enrolled in this study (Table 1). The first animal enrolled
(animal #5) was injected with naked VMD2-GFP, and qRT-
PCR for GFP message was performed on RPE and retina
samples isolated at PI-15 days as well as from uninjected and

saline-injected controls. GFP message was detected in the
RPE from both eyes and in one retina sample from animal #5,
but not in negative controls (Figure 2A). VMD?2 is a well-
characterized RPE-specific promoter.'? For example, we have
found that NPs carrying VMD2-GFP vectors are expressed
only in the RPE, not in the associated neural retina.?’ Thus, the

A GFP B Superior Superior Inferior Inferior
S 905 message T 12 nasal c T 12 temporal T 12 nasal c T 12, temporal
'%% '%.'310 '%%10 '%%10 '%%10
N 88 .l 25, ™ es .l = &%,

E.; 58 0.8 8 084 e .5_2 0.8 .5_2 0.8
53 §§0.6 ggo.e §§0.6 ggo.e

2s Ss 2% — 2§ % — 2§
sE 5 E 5 E 5 E o2 B E 02 .
22 28 28 2 & oo 2 8 oo

Nak Un Nak Un Sal - - NP Nak - NP Nak - NP Nak
RPE Retina

|@7. @6L @6rR @8R O7R @8L]

Figure 2 GFP expression after a single subretinal injection of VMD2-GFP-S/MAR in baboon eyes.

Notes: Tissues were harvested at the times indicated in Table | from animals subretinally injected with naked VMD2-GFP or NP VMD2-GFP (or vehicle). (A) Expression of GFP
message was assessed by gqRT-PCR in the RPE and retina from animal #5 (naked DNA, blue circles), animal #1 (uninjected, black triangles), and animal #2 (saline, yellow circles).
(B) In subsequent animals, qRT-PCR for GFP was performed on RPE tissue isolated from various quadrants after a single subretinal injection. GFP values were normalized to
B-actin. Each eye is shown as an individual symbol. Symbols are consistently colored from quadrant to quadrant; legend indicates animal #/eye. Black lines indicate mean.

Abbreviations: Nak, naked plasmid; NP, nanoparticle; qRT-PCR, quantitative reverse transcription polymerase chain reaction; RPE, retinal pigment epithelium; Sal, saline.
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retina expression we observed may be due to contamination
from some RPE tissue. These results confirmed that VMD2-
GFP was capable of driving gene expression in the baboon
and encouraged us to enroll additional animals. To deter-
mine whether the expression persisted past 2 weeks, the
endpoint for the remaining three animals was PI-30 days.
In addition, for the remaining animals, RPE tissue was
harvested from all four quadrants of the eye, as described
in the “Materials and methods” section, to assess the levels
of expression at several different locations (Figure 2B, the
color of the symbols corresponds with an individual eye).
Expression was variable from quadrant to quadrant and
from animal to animal, but high expression was frequently
detected in the superior half of the eye, consistent with the
site of injection, although some expression was detected in
all quadrants. The lowest expression was observed in the IT
quadrant (Figure 2B, right). Two out of three NP-injected
eyes (#6L and #6R) exhibited robust expression in at least
two quadrants, while one NP-injected eye did not exhibit
any detectable expression (#7L), as shown in Figure 2B.
Importantly, as we have previously observed with this
vector,'? expression was observed with naked-VMD2-GFP
as well as NP-VMD2-GFP; eye #8L exhibited expression in
all four quadrants (Figure 2B), consistent with the results we
observed in animal #5 (Figure 2A), while other eyes had little

expression. To assess the distribution and tissue specificity of
GFP protein, we collected small pieces of retina/PECS from
two animals (#7 and #8) and performed immunohistochem-
istry with antibodies against GFP or RPE65 (as a positive
control). GFP expression (purple) was detected specifically
in the RPE (arrowheads) after injection of naked-VMD2-
GFP (Figure 3A, 60x) or NP-VMD2-GFP (Figure 3B, 60x)
in the examined eyes. GFP labeling in the RPE exhibited the
same pattern as RPE65 labeling (Figure S2, 20x; Figure 3C,
60x). Labeling with secondary antibodies alone (Figure 3D,
20x) is shown as a negative control. Though GFP expression
was widespread in the retinal sections and was not limited
to the site of injection, there were areas of the RPE that did
not show GFP expression. Figure 3E shows images at the
same magnification (20x) from a region that did not express
GFP (Figure 3E, left) compared to a region that did express
GFP (Figure 3E, right, arrowheads). These data indicate that
VMD2-GFP is well expressed in the RPE of baboons either 15
or 30 days after subretinal delivery of NPs or naked DNA.
Our second group of baboons was dosed with NPs carry-
ing the photoreceptor-specific expression cassette RK-GFP
(rhodopsin kinase promoter) in the pEPI backbone. Seven
animals were enrolled in this experimental group (Tables 1
and S2), and animals received an intravitreal injection
(100 pL), a subretinal injection at a single site (100 uL),
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Figure 3 GFP is expressed in the RPE after delivery of VMD2-GFP-S/MAR.

Notes: (A—E) Immunohistochemistry was performed on retinal sections with antibodies against GFP (A, B, E), RPE65 as a control for RPE labeling (C), or with secondary
antibodies alone (D). The purple coloring indicates GFP/RPE65 antibody labeling with nuclei counterstained with methyl green (teal). White arrowheads indicate expression
in the RPE. (E) Images at 20X from a region not expressing GFP (left) and a region expressing GFP (right). Animal/eye numbers are as follows: (A, C, D, E) 7R, (B) 7L. Scale

bar: 25 um.

Abbreviations: INL, inner nuclear layer; IS, inner segment; Nak, naked plasmid; NP, nanoparticle; ONL, outer nuclear layer; OS, outer segment; RPE, retinal pigment

epithelium; Sal, saline; UN, uninjected.
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or subretinal injections at two different sites (50 UL each).  robust GFP message, although one eye showed a low level of
Because we have previously found that naked DNA doesnot  expression in the ST quadrant (Figure 4A, #11L). The eyes not
transfect photoreceptors well,* only NPs or saline was injected  collected for gqRT-PCR were processed for serial sectioning
in this study. Injected eyes were either enucleated and fixed for ~ to assess GFP protein expression across the retina. However,
immunohistochemistry or retinas were collected and divided  no GFP protein was detected in any retinal sections from
into four quadrants for molecular analysis. Brain tissues and  two-site subretinal, one-site subretinal, or intravitreal injected
optic nerves were also collected from all animals. Modest GFP  baboons either near the site of injection or in other regions of
message levels were detected in multiple samples relative to  the retina (an example is shown in Figure S3).

saline controls (which had no expression, Figure 4A), and as Given the low levels of GFP message detected and the
with VMD2-GFP—-injected eyes, the expression levels varied ~ lack of GFP protein detected, we hypothesized that NP-RK-
from quadrant to quadrant and from animal to animal. Inthe =~ GFP could be phagocytosed by the RPE before it had a chance
two-site injection group, one out of three eyes exhibited no  to be taken up and expressed in photoreceptors. Therefore, we
expression in any quadrant (Figure 4A, #13L), while two  performed qPCR for NP-RK-GFP vector DNA on samples
out of three eyes exhibited low levels of expression in two  isolated from pulverized retina (Figure 4B, filled symbols)
quadrants (Figure 4A, #11R and #13R). The one eye from  and RPE tissue (Figure 4B, open symbols). In two out of three
the one-site subretinal group for which tissue was collected  eyes in the two-site subretinal group, no NP-RK-GFP DNA
for qRT-PCR exhibited robust expression in the quadrant  was detected in the retina (Figure 4B, #13L, #13R), while in
containing the site of injection (Figure 4A, right #9R), with  the third eye (Figure 4B, #11R), retinal NP-RK-GFP DNA
low expression in the remaining quadrants, suggesting that ~ was detected only in the quadrants injected (ST and IT). The
injecting multiple sites improved distribution of expression.  one-site subretinal eye which exhibited robust GFP transcript
Neither of the two intravitreally injected eyes exhibited levels in the IT quadrant of the retina (site of injection,

A eGFP message, retina
Superior nasal Superior temporal Inferior nasal Inferior temporal
c¢c 8 cc 8 c¢c 8 ez 8
2% o] 5% ol 25 o] 25 o] =
o) o o) A [}
8 * o2 ax 8> 02 8 02
X3 X T X T X3
o8 | o2 o8 o8
o = o = o = o =
2 01 >® 2 ® 01 28014,
- - e —_— e
SE |- s E s E - S E
o O - o O o O o O —_—
X £ oo X £ & £ 00 X £ oo
& & Q@ Q@ ¢ & Q@
AN =) AN AN
5 5% g’l} NI [ 50 5 P
o & o o & o &
N <~ o oy SN
B eGFP DNA, retina (closed symbols) and RPE (open symbols)
- Superior nasal Superior temporal Inferior nasal Inferior temporal
< © 600 < © 600 < € 600 o < T 600
Zs 4001 - Z s 4001 o Zz% 4001 zZ% 4001 P A® i
a g 200 o 8 200 — 0§ 20 — 0 g 200 < e Egtllzna
o o 150 o o 150 o o 150 a o 150
s - [T [T [THE— o
o 8 100 o 2% 10 23 10 23 10
o N o N o N < o N —
Z2® — 2® 2w 2®
E g 50 ® E 50 E g 50 - E 50 o
Q o T o [T T 0 A A
Xxec o o Xxec o Xxec o = xec o
= = < £
B Q s & Q- Q Q- & Q
N &7 g N N

|A11RA13RA13L09RIQLI11LO15L

Figure 4 RK-GFP DNA was detected in the retina and RPE.

Notes: Retinas and RPE were harvested from animals subretinally (two-site or one-site) or intravitreally injected with NP RK-GFP or saline. (A) Expression of GFP message
as measured by qRT-PCR in the four quadrants of eyes receiving two-site subretinal injections (triangle), one-site subretinal injections (circle), or intravitreal injections
(square). Colors correspond to individual eyes and are the same in (B). Black lines indicate mean. (B) Relative levels of RK-GFP DNA were measured in injected eyes by
qPCR in the retina (closed symbols) and RPE (open symbols). Black bar indicates mean. Legend indicates animal #/eye.

Abbreviations: |V, intravitreal injection; SR, subretinal injection; NP, nanoparticle; qPCR, quantitative polymerase chain reaction; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; RPE, retinal pigment epithelium.
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Figure 4A, #9R) also exhibited retinal NP-RK-GFP DNA in
the IT quadrant (Figure 4B, #9R), but not in other quadrants.
In contrast, the one-site subretinal injected eye demonstrated
DNA in the RPE from all four quadrants. No NP-RK-GFP
DNA was detected in the retina in intravitreally injected
eyes. However, NP-RK-GFP DNA was found in the RPE in
all four quadrants following intravitreal dosing, indicating
that these NPs could diffuse through the retina and were not
restricted by the inner limiting membrane.

NPs are safe and well-tolerated in
the baboon eye after subretinal and

intravitreal injection

In addition to determining whether compacted DNA NPs
could drive gene expression in the baboon eye, our second
goal was to determine whether there were any adverse events
in response to the NP treatments. One of the easiest ways
to assess whether there is overt retinal toxicity in response
to the NPs was to determine by ERG whether there was
any decrease in retinal function from baseline to the study
endpoint. Therefore, we conducted full-field scotopic and
photopic ERGs on all group 2 animals immediately prior
to the injections and at the study endpoint (PI-45 days).
Figure 5A and C show representative scotopic and photo-
pic wave forms preinjection and PI, respectively. Arrows
identify the scotopic A-wave (a measure of photoreceptor
function), while arrowheads identify the scotopic B-wave
(a measure of second-order neuron function). Figure 5B
and D plot mean change from baseline to PI in maximum
scotopic and photopic A- and B-wave amplitudes. Overall,
single-site subretinal injections were well tolerated; there
was no significant difference (ie, posttreatment vs pretreat-
ment) in mean scotopic or photopic retinal function in the
single-site subretinal injection group. Three out of four eyes
(#9R, #14L, #14R) had no change or slightly improved sco-
topic A-wave (Figure 5B, left), photopic A-wave, and pho-
topic B-wave (Figure 5D) responses after injection, and two
out of four eyes had no change or improved scotopic B-wave
injections (Figure 5B, right). Intravitreal injections were
also fairly well tolerated; there was no significant difference
(ie, posttreatment vs pretreatment) in mean scotopic or
photopic retinal function in the intravitreal injection group.
Two out of four eyes had no change or slight improvement in
scotopic A- and B-wave amplitudes (Figure 5B), while three
out of four eyes had no change or improvement in photopic
A- and B-wave amplitudes (Figure 5D, #9L, #11L, #12L).
Two-site subretinal injections were the least well tolerated;
there was a statistically significant decrease (ie, posttreatment

vs pretreatment) in mean scotopic A- and B-waves in this
group, although photopic responses were not significantly
altered. Three out of four eyes showed slight decreases in
scotopic A- and B-waves, while one out of four eyes had
more severely decreased scotopic A- (Figure 5B, left, #11R)
and B- (Figure 5B, right, #13R) waves. Similarly, three out
of four eyes showed slight decreases in photopic A- and
B-waves, while only one out of four eyes showed no change
in photopic responses (Figure 5D). This decrease in response
is likely due to the subretinal injection procedure rather than
the NPs, since the two-site saline-injected eye also exhibited
a large decrease in photopic A-wave responses (though not
scotopic responses), and additional saline-injected eyes
would help clarify this issue. Interestingly, the four eyes
that exhibited the lowest scotopic responses across all
injection types (Figure 5B, left) came from the same two
animals (#10L/R and #11L/R), suggesting that those two
individuals may have been more susceptible to any kind
of injection procedure. Similarly, other animals exhibited
uniformly good responses regardless of injection type, for
example, animal #9 (one eye intravitreal, one eye one-site
subretinal). However, these animals did not exhibit any
distinguishing characteristics (age, study history, and so on)
that could explain this, so it may simply be due to individual
variability. Although saline injections have previously been
shown to mediate some improvements in degenerative mod-
els, possibly due to induction of protective responses, the
improvements we see here are very small and likely within
test-retest variability and regular diurnal/day-to-day vari-
ability in responses. However, a lack of significant decrease
in ERG function in many treated eyes is a good sign that the
NPs and injection procedures do not induce significant toxic
effects or degeneration.

We next determined whether the injection of the NPs or
naked DNA caused local induction of inflammatory media-
tors, by measuring the protein expression of proinflammatory
cytokines. We assessed IL-6, IFN-y, IL-1B, and TNF-o. in
aqueous humor samples (Figure 6A and B, each symbol is a
single sample; however, the color scheme has been simpli-
fied from prior figures for ease of interpretation) collected
from animals in group 1 immediately before injection or at
the study endpoint (PI-15 or PI-30 days) using a Bio-Plex
protein assay. Serum from an animal infected with dengue
fever virus as part of a separate study was used as a positive
control for these inflammatory mediators. None of these
cytokines were elevated in the aqueous humor after treatment
(open symbols) compared to preinjection (closed symbols)
or aqueous humor from an uninjected animal, after either
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Figure 5 Intraocular delivery of nanoparticle DNA caused a modest decrease in retinal function.
Notes: Animals from group 2 (Tables | and S2) underwent electroretinography immediately before injection and 45 days after injection. (A, C) Shown are representative
(A) scotopic and (C) photopic wave forms before (blue) and after (black) injection. Arrows indicate the places where the A-wave was measured, while the arrowheads
indicate the places where the B-wave was measured. (B, D) Graphical representation of the percent change in maximum (B) scotopic and (D) photopic amplitudes. Black
lines indicate mean. Colors correspond to individual eyes; legend lists animal #/eye. *P<<0.05, ns = nonsignificant in one-way Student’s t-test testing the hypothesis that the
mean % difference is different from 0 (ie, that there is significant change from baseline).
Abbreviations: |V, intravitreal injection; SR, subretinal injection.
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Figure 6 Inflammatory cytokines are not upregulated by NP injection in the baboon eye.

Notes: Aqueous humor and serum were collected before the injections (baseline, filled symbols) and at the endpoint (postinjection, open symbols; time as indicated in
Table I). Samples were assayed for levels of IL-6, IFN-y, IL-18, or TNF-o. protein using a non-human primate cytokine magnetic bead panel kit. Each eye is shown as an
individual symbol with NPs in red, naked DNA in blue, saline in green, uninjected/positive control in black, and subretinal/intravitreal injection in circles/squares, respectively.
Serum from a dengue fever virus—infected baboon was used as a positive control (diamond) and an uninjected animal was used as a negative control (triangle). (A) Graphical
representation of data obtained from the aqueous humor of animals that received subretinal injections. (B) Graphical representation of data obtained from the aqueous
humor of animals that received intravitreal injections. (C, D) Graphical representation of data obtained from the serum of animals that received subretinal injections in

groups | and 2, respectively.

Abbreviations: IFN, interferon; IL, interleukin; IV, intravitreal injection; Nak, naked plasmid; NP, nanoparticle; SR, subretinal injection; TNF, tumor necrosis factor.

subretinal (Figure 6A) or intravitreal (Figure 6B) delivery.
In addition, there was no difference between animals fol-
lowed up at PI-15 vs PI-30 days. Significant expression
of all the examined cytokines was detected in the positive
control (confirming that the assay was working). This lack of
cytokine response is consistent with the clinical finding that

no animals exhibited any clinical sign of persistent inflam-
matory response after the injection.

To determine whether there was any injection or NP-
associated inflammatory reaction outside the eye, the
experiment was repeated using serum samples collected
immediately before injection and at the study endpoint from
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Figure 7 No RK-GFP DNA is detected in the brain.

Notes: The optic nerve, lateral geniculate nucleus, and visual cortex were harvested from animals subretinally (two-site or one-site) or intravitreally injected with NP RK-
GFP or saline at PI-45 days. Relative levels of GFP DNA were assessed by qPCR. Colors correspond to individual eyes; legend lists animal #/eye. The positive control is optic

nerve DNA spiked with naked RK-GFP (black diamond).

Abbreviations: 1V, intravitreal injection; NP, nanoparticle; Pl, postinjection; qPCR, quantitative polymerase chain reaction; RPE, retinal pigment epithelium; SR, subretinal

injection.

group 1 animals (Figure 6C). There were no signs of treat-
ment-associated cytokine elevation in the serum (Figure 6C).
One baboon exhibited elevated serum IFN-y and TNF-o
(Figure 6C, arrows, #8) levels, but there was no change
from baseline to the study endpoint and no elevation in the
eye, so this increase is likely due to a pre-existing condition.
We also repeated the cytokine analysis on serum collected
from group 2 baboons (Figure 6D). Group 2 animals had no
treatment-associated elevation in IL-6, IFN-y, or IL-1f in
serum. Three group 2 animals had elevated TNF-o. between
baseline and PI samples (Figure 6D, arrowheads, #10, #13,
and #15), including the saline-injected animal, while one
animal (Figure 6D, arrow, #11) had elevated TNF-o preinjec-
tion, which returned to undetectable levels by the end of the
study. This mild inflammatory response is not likely to be due
to the NPs since it occurs in the saline-treated animal as well
as in 2 out of 12 NP-treated animals, and overall, there were
no signs of a widespread systemic inflammatory response.
These data combined indicate that the NPs are largely well
tolerated after both subretinal and intravitreal injection.
Previously, we had observed that subretinally delivered
AAYV can reach the brain, while compacted DNA NPs do
not.!” To determine whether NP-delivered DNA reaches the
brain in the baboon eye, we isolated DNA from the optic
nerve, lateral geniculate nucleus, and visual cortex from
group 2 animals. No RK-GFP NP DNA was found in any
of these tissues in any case (Figure 7). Taken together, these
data suggest that NPs are not taken into the brain after ocular

delivery, although a longer time course might be needed to
rule out this possibility completely.

Discussion

Here we show effective ocular gene transfer without signifi-
cant inflammatory response or NP-associated decreases in
visual function in the baboon eye after delivery of CK30PEG-
compacted DNA NPs. This is a critical advancement in
the progression of this technology toward clinical testing.
Consistent with our previous studies,” gene expression was
detected in the retina with NPs, and in the RPE with both
NPs and naked DNA; however, levels varied widely from
vector to vector, especially with naked DNA. For example,
naked CBA-GFP resulted in almost no gene expression,
while VMD2-GFP exhibited fairly good transfection with
naked DNA. These results suggest that the vector content can
significantly affect ocular gene transfer efficacy, an outcome
we have previously observed.??

We assessed subretinal and intravitreal delivery, and
one of the most exciting outcomes is that we observed
reporter gene expression in the retina plus PECS, both on
the message and protein levels, after intravitreal injection of
NP-CBA-GFP. Although subretinal injection yielded better
gene expression, the expression after intravitreal delivery
is highly desirable given the invasive nature of subretinal
delivery. Of note, studies in mice comparing subretinal to
dose-escalated intravitreal delivery of a compacted VMD?2-
luciferase as a reporter showed dose equivalence with a
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3-fold increase of the intravitreal dose (MJC, personal
communication, 2017), which is comparable to the results
obtained in baboons (Figure 1). It is also apparent that the
inner limiting membrane of the baboon retina does not limit
deep retinal diffusion of RK-GFP NPs (Figure 3B) as mea-
sured by qPCR. This finding is of substantial importance,
since intravitreal dosing of AAV vectors substantially lim-
its RPE gene transfer.”® Current retina/RPE-targeted gene
therapies are being delivered subretinally;?*?* however, this
procedure is invasive, and long-term sequelae as a result of
the injection procedure are thought to impair the efficacy
of the treatment.?* Consistent with this, our data here show
that ERG outcomes were worse in the two-site subretinal
group compared to the one-site subretinal group or the
intravitreal group. Thus, development of effective intrav-
itreal gene therapies is a high priority. However, although
we saw good GFP expression (on the message and protein
levels) in retina+PECS samples after intravitreal delivery
of CBA-GFP NPs, we did not observe any GFP expression
in the retina after intravitreal delivery of RK-GFP. Interest-
ingly, we did observe NP DNA in the RPE after intravitreal
delivery of RK-GFP. Overall, these observations lead us
to hypothesize that the GFP expression we observed after
subretinal/intravitreal injection in CBA-GFP eyes was in the
RPE rather than photoreceptors. Furthermore, this suggests
that intravitreally delivered material can reach the subretinal
space, even if it is not efficiently taken up/expressed by
photoreceptors, a phenomenon that has been seen previously
with various other types of NPs.?¢?” Given this observation,
and the importance of intravitreal delivery, our future stud-
ies will likely focus on optimizing this approach along with
enhancing photoreceptor uptake.

The role of the RPE in potentially affecting photore-
ceptor uptake is an important factor to consider. Here we
find that after a single subretinal injection of NP-RK-GFP,
gene expression and retinal NP-RK-GFP DNA are largely
restricted to the region of injection. However, NP-RK-GFP
DNA is detected in the RPE in all four quadrants, suggesting
that the injected material is disseminated outside the region
of injection, but that it is taken up by the RPE before having
a chance to be internalized by photoreceptors. This is con-
sistent with our previous observation that the RPE is easily
transfected by both NPs and naked DNA after subretinal
delivery, while photoreceptors are harder to transfect.>%2%2
The apparent preference for the RPE may be due to the well-
established phagocytic nature of that tissue which easily
takes up both endogenous material such as photoreceptor
photoreceptor outer segments as well as exogenous material

delivered to the subretinal space,”*’ and indeed, we have
found that the RPE preferentially takes up NP DNA com-
pared to photoreceptors.?® We know that NPs are internalized
into airway epithelial cells by raft-associated nucleolin-
mediated endocytosis,*! and though we hypothesize that this
process could occur in ocular cells, the mechanisms of NP
uptake into and clearance from the RPE and retina have not
been well studied.?? If, indeed, the low retina expression after
delivery of RK-GFP is due to differential particle uptake by
RPE cells vs photoreceptors, and photoreceptor transfection
is the ultimate goal, there are several practical approaches that
could potentially compensate for this difference. These could
include delivery of more DNA to the subretinal or intravitreal
space, timing delivery to coincide with the periods of the day
at which RPE phagocytosis is lowest, and/or co-delivery of
a drug that would increase retinal reattachment, such as the
P2Y2 receptor agonist INS37217.* In addition, judicious
vector/NP engineering could minimize uptake in unwanted
cells by the use of cell-type specific genes or the inclusion
of receptor-targeting sequences on the NP.

A critical feature of our results is the lack of significant
toxicity or side effects after delivery of the NPs. The animals
exhibited no gross changes in vision-dependent behaviors
or gross ocular pathologies and we did not observe any
injection- or NP-associated degeneration in the retina. Two-
site subretinal delivery of the NP-RK-GFP vector did result
in a marked decrease in retinal function as measured by ERG,
without any significant improvement in gene expression; so,
this method may need to be refined or avoided in the future.
One issue that can be a concern with genetic therapies is
expression outside the tissue of interest. Although the eye is
relatively separate from the systemic circulation (and thus,
intraocular delivery rarely results in extraocular distribution),
there have been some instances where treatments delivered
to the eye are ectopically expressed in the brain.!***3¢ Impor-
tantly, we did not observe any signs of accumulation of NP
DNA in the brain after intraocular delivery in the baboon.
Finally, consistent with the apparently well-tolerated nature
of the particles within the baboon eye, and lack of distribution
outside it, we observe no signs of intraocular inflammation.
Although we did observe elevation of serum TNF-o in
3 out of 15 animals, this occurred in vehicle as well as NP-
injected animals. In addition, none of the other cytokines
were elevated in these animals and there was no elevation in
any serum cytokines evaluated in the remaining 12 animals.
The absence of toxicity and low potential for insertional
mutagenesis make compacted DNA NPs an exciting tool
for gene delivery into the eye.
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Conclusion

Herein we show that CK30PEG DNA NPs carrying GFP
reporter plasmids under the control of various promoters
can safely drive gene expression in the baboon retina/RPE
without generating substantial immune responses, although
retinal transfection is limited. These particles are comparable
to those we have previously used to provide phenotypic
rescue in several rodent models of retinal disease. In the
future, we will focus on assessing the long-term gene expres-
sion and optimizing the levels and distribution of expression
in the non-human primate. Our findings, in combination
with the well-established rodent safety and efficacy profiles
of these DNA NPs strengthen this approach as a poten-
tially clinically viable nonviral ocular therapy platform for
retinal diseases.
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Figure SI Diagram of injection and collection paradigms for subretinally injected eyes.

Notes: Blue in each diagram represents approximate region of subretinally injected eyes. Intravitreally injected eyes are colored yellow to indicate presumptive diffusion
of material throughout the vitreous. Lines indicate approximately how eyes were dissected. Numbers below illustrations correspond with individual animals enrolled in this
study. (A) Eyes injected with saline or CBA-GFP. (B) Eyes injected with VMD2-GFP (divided into quadrants except for 5L and 5R which were collected as bulk tissue). (C)
Eyes injected with RK-GFP and processed for molecular biology (divided into quadrants). (D) Eyes injected with RK-GFP and processed for sectioning along the inferior—
superior plane as indicated by the line. (E) Photograph of enucleated baboon eyes; scale bar is 2 cm.

Abbreviations: CS, tissue collected for cryosectioning; IN, inferior nasal; IT, inferior temporal; MB, tissue collected for molecular biology/protein chemistry; PS, tissue
collected for paraffin sectioning; SN, superior nasal; ST, superior temporal.
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Table S| Eye measurements for comparison of baboon eye with human and mouse

Ocular Parameters Human Baboon Monkey (cynomolgus Mouse
monkey)

Axial length, mm 23.2' 212 18.9' 3.37%
Corneal thickness, mm 0.52! ~0.46° 0.43
Anterior chamber depth, mm 3.28' ~3.26° 3.24°
Lens thickness, mm 3.89' ~3.4° 2,983
Vitreous chamber depth, mm 14.89' ~12.9° 10.9'

~12.8¢
Combined retinal, scleral, choroidal thickness, mm 1.14! ~1.07° 1.0
Vitreous volume, pL 4,700' ~3,400° 2,100' 5.32
SA of subretinal space, mm? 1,024¢ ~839¢ 15.62
Nanoparticles delivered vol in uL @ DNA conc pg/ulL 100-150 @ 4.3 pg/uL | @ 4.3*7
Effective dose (intravitreal) g NP DNA/UL vitreous volume 0.12 0.81
Effective dose (subretinal) g NP DNA/mm? retinal SA 0.51 0.27

Notes: *Refers to axial length measured from enucleated animals used in the current study. *Refers to values estimated as the mean of the respective measurements in
humans and monkeys. This value was estimated as measured axial length—corneal thickness—anterior chamber depth—lens thickness—retina/PECS thickness. “This value is
calculated as (retina SA human/total ocular SA human) X (total ocular SA baboon).

Abbreviations: NP, nanoparticle; PECS, pigment epithelium/choroid/sclera; SA, surface area.

Table S2 History and characteristics of the baboons

Animal # Age Sex Prior study history
(years)
Group |
Controls
| 20 M No research history, breeder
2 22 F No research history, breeder
CBA-GFP
3 15 F No research history, breeder
4 15 M No research history, breeder
VMD2-GFP
5 22 F No research history, breeder
6 22 F 1996: Vaccinated with hepatitis B vaccine
2000: C-section
7 20 F 2000: C-section
2005: HIV vaccine study
8 17 F No research history, breeder
Group 2
RK-GFP
9 6 M 201 1: Xenotransplant study
2012: Ehrlichia study: attempted to infect with Erlichia using ticks
2013: Vaccinated with RSV vaccine to generate polyclonal antibodies
10 6 M 201 I: Xenotransplant study
2012: Erlichia study; attempted to infect with Ehrlichia using ticks
2013: Vaccinated with RSV vaccine to generate polyclonal antibodies
I 6 M 201 I: Xenotransplant study
2012: Erlichia study; attempted to infect with Ehrlichia using ticks
2013: Vaccinated with respiratory syncytial virus vaccine to
generate polyclonal antibodies
12 6 M 201 I: Xenotransplant study
2012: Erlichia study; attempted to infect with Ehrlichia using ticks
13 12 M 2005: On study for the therapeutic efficacy of compound used to
increase fetal hemoglobin in red blood cells
Breeder
14 2 M No research history; has history of seizures
Controls
15 7 M No research history; has history of seizures

Note: The |5 baboons enrolled in this study are described, including previous research history.
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Nak-VMD2-GFP

INL

Figure S2 RPE65 expression in the baboon eye.

Notes: Sections from an eye injected with naked-VMD2-GFP were incubated with RPE65 antibody (right, purple) or secondary antibody alone (left). Nuclei are counterstained
with methyl green (teal). Arrows indicate purple RPE65 labeling in the RPE. Images are from animal 7R. Images captured at 40x, scale bar 25 um.

Abbreviations: INL, inner nuclear layer; IS, inner segment; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

Site of
injection

Away from
injection

GFP positive
(mouse)

NP-RK-GFP

Figure S3 GFP protein is not detected in NP-RK-GFP SR—injected eyes.

Notes: Sections from an eye injected at one site with NP-RK-GFP (#14L) in the quadrant of injection (left) and away from the quadrant of injection (middle) were incubated
with GFP antibody (purple) and counterstained with methyl green (teal). Sections from a transgenic mouse expressing GFP under a photoreceptor-specific promoter
(retbindin) were used as a positive control (right). Arrow indicates GFP expression in the IS of photoreceptors from the positive control mouse. Images captured at 40x.
Images are from animal 14L. Scale bar 25 pum.

Abbreviations: SR, subretinal injection; INL, inner nuclear layer; IS, inner segment; ONL, outer nuclear layer; OS, outer segment; RPE, retinal pigment epithelium.

5. Cai X, Cooper M, Naash M. Effective gene transfer for leber congenital
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