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Abstract

Adeno-associated virus (AAV) has emerged as the vector of choice for delivering genes to the
retina. Indeed, the first gene therapy to receive FDA approval in the United States is an AAV-based
treatment for the inherited retinal disease, Leber congenital amaurosis-2. Voretigene neparvovec
(Luxturna™) is delivered to patients via subretinal (SR) injection, an invasive surgical procedure
that requires detachment of photoreceptors (PRs) from the retinal pigment epithelium (RPE). It
has been reported that subretinal administration of vector under the cone-exclusive fovea leads to a
loss of central retinal structure and visual acuity in some patients. Due to its technical difficulty
and potential risks, alternatives to SR injection have been explored in primates. Intravitreally (Ivt)
delivered AAV transduces inner retina and foveal cones, but with low efficiency. Novel AAV
capsid variants identified via rational design or directed evolution have offered only incremental
improvements, and have failed to promote pan-inner retinal transduction or significant outer retinal
transduction beyond the fovea. Problems with retinal transduction by Ivt-delivered AAV include
dilution in the vitreous, potential antibody-mediated neutralization of capsid in this nonimmune
privileged space, and the presence of the inner limiting membrane (ILM), a basement membrane
separating the vitreous from the neural retina. We have developed an alternative “sublLM”
injection method that overcomes all three hurdles. Specifically, vector is placed in a surgically
induced, hydrodissected space between the ILM and neural retina. We have shown that sublLM
injection promotes more efficient retinal transduction by AAV than vt injection, and results in
uniform and extensive transduction of retinal ganglion cells (RGCs) beneath the subILM bleb. We
have also demonstrated transduction of Muller glia, ON bipolar cells, and photoreceptors by
subILM injection. Our results confirm that the ILM is a major barrier to transduction by AAV in
primate retina and that, when it is circumvented, the efficiency and depth to which AAV2
promotes transduction of multiple retinal cell classes is greatly enhanced. Here we describe in
detail methods for vector preparation, vector dilution, and subILM injection as performed in
macaque (Macaca sp.)
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1 Introduction

Inherited retinal diseases are caused by mutations in genes that encode for proteins
expressed in various cells of the retina. In the vast majority of cases, the cells responsible for
disease are retinal ganglion cells (RGCs) in the inner retina, and photoreceptors and retinal
pigment epithelium (RPE), both of which are in the outer retina. The ideal strategy for
treating such diseases is one that ensures efficient delivery of therapy to these target cells.
Subretinal (SR) injection of adeno-associated virus (AAV) vectors is the current standard
method for delivering therapeutic genes to PRs and RPE, as vector is deposited directly
between these two cell layers. Subretinally delivered AAV2-based vectors are being used to
treat patients with RPE65 Leber congenital amaurosis (LCA2), Choroideremia, retinitis
pigmentosa (RP), and the CNGB3and CNGA3 forms of Achromatopsia. Alternative AAV
capsids that promote more efficient transduction of PRs in nonhuman primate have been
identified [1-3]. These capsids, AAV5 and AAVS, are being applied subretinally to treat
LCA2, RP, and Achromatopsia. However, targeting of foveal cones by subretinally injected
AAV is problematic in patients with retinal degeneration, and may be contraindicated in
diseases where underlying pathology complicates delivery or retinal detachment is expected
to exacerbate pathology [4-6].

Intravitreal (Ivt) injection has been used to target RGC-mediated diseases such as Leber’s
hereditary optic neuropathy (LHON), and is now being pursued as an alternative delivery
approach to target outer retinal cells for the reasons mentioned above. However, recent
studies in nonhuman primates revealed the formidable hurdles associated with this approach.
While some transduction of RGCs is accomplished by Ivt injection of AAV2-based vectors
in NHPs, the area of transduction is restricted to a “ring” of RGCs around the fovea and
scattered foci in the peripheral retina, some foveal cones, and a mixture of retinal cells
proximal to large retinal blood vessels [7, 8]. Newer AAV capsid variants identified via
rational design or directed evolution are improved in the magnitude of transduction relative
to AAV2, but the extent of transduction is essentially limited to the same areas [8, 9].
Transduction of foveal cones is possible, but is efficient only at high vector doses that
promote inflammation [8]. Ivt injection is less invasive than SR injection, and may be well
suited for treating patients with advanced degenerative disease that are prone to further
damage upon surgically induced retinal detachment. However, there has not yet been an
AAV capsid identified which promotes efficient transduction of PRs/RPE across the entire
retina.

This is due, at least in part, to the following hurdles. First, Ivt-delivered AAV is immediately
diluted upon mixing with the vitreous humor (0.05-0.10 mL of vector into ~2.5-4 mL of
vitreous). Second, the vitreous is not an immune privileged space, and thus Ivt-delivered
AAV can be neutralized by preexisting antibodies [10], and can potentially generate
inflammatory responses. Finally, Ivt-delivered AAV must bypass the inner limiting
membrane (ILM). The ILM is a typical basement membrane that forms the vitreoretinal
junction and poses a biological barrier to Ivt-delivered capsids [11, 12]. Primates have a
more impenetrable ILM than rodents, except in and around the fovea, immediately above the
optic nerve head, and close to large blood vessels [13]. Enzymatic digestion of the ILM has
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been shown to improve retinal transduction by Ivt-delivered AAV, but the long-term effects
of this approach on retinal structure and function have not been investigated [7, 14].

We recently developed a “sublLM” injection method wherein AAV is placed in a surgically
induced space between the ILM and neural retina [15]. This overcomes the dilution effect,
the potential for immune neutralization and inflammatory responses, and the ILM barrier
faced by Ivt-injected AAV. SubILM injection promotes more efficient retinal transduction by
AAV than Ivt injection, and may provide a safe and efficient alternative to surgeons
administering retinal gene therapies to patients with fragile retinas prone to further damage
by subretinal surgery.

2 Materials

2.1 Vector Production

1 AAV plasmids (see Note 1). Plasmids required for the triple-transfection method
of AAV production include:

Rep-cap Plasmid containing AAV2 repand AAV cap from the serotype of
interest without flanking AAV terminal repeats, such as pACG-2, pXX2,
and p5E18(2/2), each containing AAV2 rep and AAV2 cap [16-18].

Helper Plasmid containing Adenovirus helper genes required for AAV
packaging, such as pXX6 [18]. Alternatively, a helper plasmid that contains
AAV2 repand AAV2 cap along with the Adenovirus helper genes may be
used, such as pDG [19].

Vector Plasmid containing AAV?2 inverted terminal repeats (ITRs) flanking
the transgene of interest. This will typically contain a promoter, splicing
signal, reporter gene, and poly adenylation signal, such as pTR-UF11,
containing the chimeric CMV-chicken beta actin (CAG) promoter driving
“humanized” green fluorescent protein (GFP) [20], or pAAV-GFP,
containing the CMV promoter driving GFP [21].

2. Balanced Salt Solution (BSS).

3. Tween (polysorbate) 20.

2.2 Preparation of Vector Solution

Micropipettes.

Sterile micropipette tips.

Wide bore 1 mL pipette tip.

Balanced Salt Solution (BSS).

BSS/Tween Vector Diluent Buffer: BSS with 0.014% Tween (polysorbate) 20.

10 mg/mL sodium hyaluronate: Healon (McKesson).

N o o ~ w NP

Sterile individually wrapped microcentrifuge tubes.
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8.
9.
10.

High-speed microcentrifuge.
\ortex mixer.

Laminar flow hood.

2.3 Animal Preparation and Postoperative Care

1.
2
3
4
5.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

2.4 SublILM Injection
1

2
3
4,
5
6
7

100 mg/mL Ketamine.
Glycopyrrolate.

10 mg/mL Cerenia.

1 g Cefazolin.

2 mg/mL Dexamethasone.

IV Catheter.

Endotracheal tubing.

Ventilator.

Sustained Release Buprenorphine.
Sustained Release Meloxicam.

1% Tropicamide Ophthalmic Solution.

2.5% Phenylephrine Hydrochloride Ophthalmic Solution.

1% Cyclopentolate Ophthalmic Solution.
Isoflurane.

0.9% Sodium Chloride.

10% Povidone-lodine Topical Solution.
Benzoin Tincture Swab Stick.

4 mg/mL Dexamethasone.

Page 4

Neomycin/Polymyxin B Sulfates and Dexamethasone Ophthalmic Suspension.

BSS Plus Irrigating Solution (Alcon Labs).
BSS Solution.

Sterile surgical drape (medium).

Interlink T-Connector extension set (Baxter).

18G x 1 1/2” BLUNT fill needles.

1 mL syringe with luer-lock tip (Fisher #309628 is preferred).

0.5 mL syringe.
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Total Plus 25G or 23G Vitrectomy Pak (Alcon Labs).

25G Valved Trocars (Alcon Labs).

Machemer magnifying vitrectomy contact lens (Ocular Instruments).
20G V-Lance Knife (Alcon Labs).

36-42G retinal needle.

Syringe pump.

8-0 and 9-0 Vicryl Suture.

Bishop-Harmon Irrigating Cannula.

25 mg Indocyanine Green (ICG).

Scanning Laser Ophthalmoscope, such as Heidelberg Spectralis®.
Fundus Camera, such as Topcon TRC-50EX.

Ophthalmic Surgical Microscope with video, such as Zeiss Visu 200.

Vitrectomy Surgery System, such as Accurus 800CS with Xenon light source.

Conduct the subILM injection technique in macaque monkeys in a sterile surgical suite with
the assistance of an appropriately qualified vitreoretinal surgeon and their staff. An overview
of the procedure is provided in Fig. 1.

3.1 Vector Production

1

AAV vectors should be manufactured and purified using methods established to
result in highly pure AAV particles free of contamination by helper virus (e.g.,
Adenovirus, Herpes simplex virus, and baculovirus) and host cell DNA (see Note
2). Protocols for AAV production can be found in Chapters 3, 7, 19, 21, 22, and
23.

Use an AAV storage buffer compatible with intraocular use. Appropriate buffers
have physiologic osmolarity (approximately 300 mOsm) and a pH range of 7.0-
8.0. Buffers that contain small amounts (2 mM) of divalent cations Mg?* and
Ca?* are preferred, as this facilitates AAV capsid stability. Of the commercially
available buffers, Balanced Salt Solution (BSS) is the most widely used buffer
for storage and dilution of AAV vectors to be injected into the eye.

The AAV storage and dilution buffer should also contain a small amount of
nonionic surfactant to reduce nonspecific binding of virus to the tubing and
syringes. For intraocular delivery, supplement AAV with 0.014% tween
(polysorbate) 20 or 0.001% pluronic F68 [22, 23]. BSS with 0.014% tween has
previously been shown to be compatible with the addition of Healon ophthalmic
viscoelastic, which may be required for subILM injection [15].
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Ensure that adequate amounts of the storage buffer are manufactured for later use
as diluent buffer.

AAV should be titrated relative to a well-characterized standard. Acceptable
methods for AAV titration include dot blot, quantitative/real-time polymerase
chain reaction (QPCR), and digital PCR (see Chapter 4) [24-26].

AAV vectors should be confirmed to be free of contaminating protein by
visualization via SDS PAGE gel stained with coomassie blue or silver stain. A
guantification of the bands conforming to VP1, VP2, and VVP3 should represent
>95% of the protein visible [24].

The final AAV vector should be tested for endotoxin and should contain no more
than 5 units of endotoxin per mL.

AAV vectors should be stored at —80 °C until shortly before use. Thawing and
preparation of dosing solution is detailed in Subheading 2.4.

3.2 Preparation of Vector Solution

1

Calculate vector dilution based on the AAV stock concentration, the number of
injections to be performed, the desired dose for each injection, and either 1:1 or
2:1 (v/v) dilution with Healon (1% sodium hyaluronate cohesive solution).

A 1:1 AAV:Healon mixture will be more difficult to prepare than a 2:1
AAV:Healon mixture, but may improve bleb formation when surgeons are not
experienced in the technique.

Depending on the number of injections to be performed, a minimum of 250 uL
of vector solution should be prepared prior to mixing with Healon. It is important
to note that that the final solution will be very viscous, and it will not be possible
to remove all of it from the 1.5 mL centrifuge tube. Prepare a total volume of 500
UL per eye.

Follow sterile technique when preparing AAV solutions, buffers, cannulas, and
syringes. Prepare vector in a laminar flow hood, if available.

Thaw AAV on ice. Once thawed, mix AAV by inverting and flicking the tube.
Quickly spin in a microcentrifuge at low speed (<1000 rpm) to collect AAV
solution at the bottom of the tube.

Open the AAV vector tube just enough to unseal the cap, and allow the solution
to degas for at least 15 min at room temperature. This step is critical to reduce
bubble formation in the final injection solution.

Thaw BSS/Tween diluent if needed for diluting AAV stock, as described in steps
5and 6.

Allow Healon solution to warm to room temperature within the unopened sterile
packaging.
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9. Pre-dispense Healon into the microcentrifuge tube that will hold the final
vector solution. Use an empty sterile 1.5 mL or 2 mL microcentrifuge tube (see
Note 3).

Recap the tube containing the AAV stock, briefly vortex for 1-2 s (medium
speed), and spin at ~5000 rpm for 2 min in a microcentrifuge. Do the same for
the tube containing BSS/Tween diluent (if needed). If the AAV stock does not
need to be diluted prior to adding to Healon, proceed to step 12.

If the AAV stock solution needs to be diluted with BSS/Tween solution before
mixing with the Healon, dispense the appropriate amount of BSS/Tween solution
into a fresh microcentrifuge tube, then pipette the appropriate volume of AAV
stock solution directly into the BSS/Tween. Pipette the mixture up and down ~5
times. Vortex for 1-2 s (medium speed) and pulse spin at 1000 rpm in a
microcentrifuge.

Pipette the predetermined volume of AAV solution into the microcentrifuge tube
containing the Healon (step 9). The two solutions will not mix easily; do not
attempt to pipette up and down. Use the pipette tip to briefly stir the AAV/Healon
mixture together (the solutions will still not appear to mix well together).

\ortex the tube on the lowest setting for 3060 s. Bubbles will form. Spin at max
speed in a microcentrifuge for at least 2 min to remove air bubbles. Repeat this
step until mixed.

The vector solution is now ready to be loaded into the injection device (step 7 in
Subheading 3.4). Use either a wide bore 1 mL pipette tip or a 1 mL syringe with
an 18G blunt fill needle. The solution will be very viscous if a 1:1 AAV:Healon
mixture is used.

3.3 Animal Preparation

1
2.

Collect serum approximately 6 weeks prior to planned sublLM injection.

Test serum for the presence of neutralizing antibodies (NAb) to the AAV capsid
serotype that will be utilized in the subILM injections, as previously described
[1, 27, 28]. Animals with high titers of NAb should be avoided.

Obtain reference fundus optical coherence tomography (OCT) and fluorescence
images (see Note 4).

A prophylactic steroid and antibiotic regimen is strongly recommended for this
procedure. The day before surgery, administer 0.25 mg/kg of intramuscular (IM)
Dexamethasone. The day of surgery, administer 0.25 mg/kg of IM
Dexamethasone and 25 mg/kg of IM Cefazolin. Additionally, after surgery inject
subconjunctivally 0.5 mL of 4 mg/mL Dexamethasone and 0.5 mL of 330
mg/mL Cefazolin. If any postsurgical inflammation is observed without sign of
infection, administer 0.25 mg/kg of IM Dexamethasone for 2 days, followed by a
3-5 day taper.
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Prior to surgery, sedate animals using 20 mg/kg of IM Ketamine, 0.005 mg/kg of
subcutaneous Glycopyrrolate, and 1 mg/kg of subcutaneous Cerenia.

Place an IV catheter and start a saline drip, then intubate the animal.

Once sedated, dilate the eyes using 2.5% phenylephrine, 1% tropicamide, and
1% cyclopentalate.

Place the animal on a ventilator and maintain general anesthesia using isoflurane
(1.5-2.5%) with continuous monitoring of vital signs.

Postsurgically, administer sustained release Buprenorphine and Meloxicam.

Prepare eyes with povidone-iodine topical solution plus a Benzoin Tincture swab
stick and drape in standard sterile fashion.

Carry out the surgical procedure under sterile conditions in a dedicated
veterinary ophthalmic surgical suite equipped with anesthesia, ophthalmic
surgical microscope with video, and vitrectomy surgical system. We use an
Accurus 800CS surgical system with Xenon light source (see Note 5), Total Plus
gauge 23 or 25 Vitrectomy Pak with valved trocars (see Note 6), and Zeiss VISU
200 ophthalmic surgical microscope equipped with digital video.

Visualize the posterior segment of retina using an irrigating Machemer
magnifying vitrectomy contact lens.

Perform a standard three-port pars plana vitrectomy using an inferior infusion
irrigating cannula and BSS Plus irrigating solution (maintain a pressure of 10-30
mm/Hg).

Enlarge the superior-temporal sclerotomy with a 20-25G V-Lance Knife to
provide access for the injection cannula.

Use a 36-42G retinal needle to deliver vector into the sublLM space beneath the
macular region (see Note 7). Couple the needle to a 0.5 mL syringe using a6”
T-Connector extension set. The injection is made by placing the tip of the
cannula almost parallel to the surface of the ILM (see Note 8), and advancing
just enough to penetrate the ILM (Fig. 1). Once sublLM access is observed,
introduce the vector solution by either manual injection or using a syringe pump
(see Note 9). After a bleb of sufficient size and location is observed, retract the
needle slowly (see Note 10). A typical injection volume is approximately 20 L.
Estimate the amount of introduced vector by manually inspecting the change in
volume in the syringe.

Close the vitrectomy: remove ports and suture sclera/conjunctiva with 8-0 or 9-0
vicryl.

We recommend performing OCT (see Note 4) immediately after surgery to
document the location and extent of the subILM injections. If OCT is not
available, document the bleb (s) using the surgical microscope video recording
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device as well as a surgical dictation describing the bleb locations with respect to
anatomical landmarks within the retina (see above).

Apply 2-3 drops of Neomycin/Polymyxin B Sulfates and Dexamethasone
Ophthalmic Suspension to each treated eye.

The length of animal survival following this procedure will depend on the
experiment. Perform a clinical examination at 3 days after surgery, and at regular
intervals thereafter, to ensure that there are no inflammatory responses.

In vivo imaging should be performed at regular intervals to confirm that the bleb
has resolved without incident, and to monitor expression of the fluorescent
reporter (if used).

At the end of the experiment, euthanize the animals (see Note 11) and prepare
eyes for histology (see Note 12).

Rep-cap and Helper plasmids can be propagated in a variety of bacterial cells
that do not already contain the antibiotic resistance encoded on the plasmids.
AAV vector plasmids should be propagated in recombination (recB, recJ)
deficient bacteria such as Sure cells to avoid recombination of the AAV ITRs.
Bacteria can be grown in terrific broth supplemented with the appropriate
antibiotic. Vector plasmid- and Rep-cap plasmid-containing cells are best
purified using a Qiagen EndoFree plasmid purification kit of the appropriate
scale to meet AAV packaging requirements, typically Maxi or Giga size.
Recovery of large Helper plasmids using commercially available plasmid
purification kits is inefficient, and requires density gradient purification such as a
CsCl gradient. However, this results in higher levels of endotoxin in the purified
plasmid DNA, which may carry through to the final AAV prep. Several Contract
Research Organizations (CROs) such as Aldevron offer plasmid purification in
which most endotoxin is removed, and also sell stock AAV helper plasmids such
as pXXe6.

AAV vectors of suitable purity and sterility for use in NHP studies can be
obtained from several academic Vector Cores, such as the Powell Gene Therapy
Center (University of Florida), the University of Pennsylvania Vector Core, and
the University of North Carolina Gene Therapy Center Vector Core.

Full-strength Healon is very difficult to pipette. To avoid pipetting, fill the
microcentrifuge tube with an identical volume of sterile BSS. Mark the
microcentrifuge at the height of the BSS volume, then remove and discard the
BSS. Open the Healon packaging and assemble the dispenser. Slowly dispense
Healon into the microcentrifuge tube until it reaches the previously marked
volume line (step 10). A brief spin in a microcentrifuge may be necessary to
collect Healon in the bottom of the tube and evaluate the volume.
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Normal and fluorescent fundus images should be obtained both prior to surgery
and after surgery. In studies using GFP as a reporter, the 488 laser of the
Heidelberg Spectralis® confocal scanning laser ophthalmoscope with
fluorescence detection capability should be used (see below). However, for
reporters excited at other wavelengths, a fundus camera (Topcon TRC-50EX)
equipped with custom excitation and barrier filters is required. For most in vivo
retinal imaging, we recommend a Heidelberg Spectralis® confocal scanning
laser ophthalmoscope, with spectral-domain optical coherence tomography (SD-
OCT) and fluorescence detection capability. The signal-to-noise ratio of GFP
fluorescence is excellent with this system (Fig. 2). Immediate postsurgical OCT
images can confirm that the injection is subILM and does not penetrate the
retina. Subsequent imaging can confirm expression of GFP and document that
the injection bleb has resolved.

The Alcon Accurus 800CS has reached end-of-life and has now been replaced
with the Alcon CONSTELLATION® Vision System.

The original procedure was performed with 23G ports. We now prefer 25G self-
sealing ports.

The design of the original cannula was not optimal, and the design of an optimal
cannula for sublLM injections is ongoing.

ICG Indocyanine green may be used to stain and better visualize the ILM prior to
subILM injection. Inject a diluted solution of ICG (~0.1-0.3 mL) over the
planned injection site and allow it to stain the ILM to effect prior to injection. To
prepare the ICG solution, dissolve 25 mg of sterile ICG powder in0.5-1.0 mL of
sterile water. Dilute this in 4.0-4.5 mL of BSS, resulting in a 0.5% ICG solution
with an osmolarity of 270 mOsm.

We originally used a 500 uL. Hamilton syringe operated manually or by a syringe
pump to inject the vector. We currently recommend use of a MicroDose™
Injection Kit (Katalyst Surgical) or similar.

Clear visualization of the bleb with the surgical camera is strongly recommended
to provide video stills and photos for postsurgical analysis.

In this and all other cases of euthanasia, the investigator should follow the
AVMA Guidelines for the Euthanasia of Animals [29].

Expected histology results are shown in Fig. 3. Protocols are outlined in our
previously published work [1, 15].
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Fig. 1.

SugbILM injection of AAV and Healon. A schematic of an intact retina (left) is magnified
(right) to reveal the location of the subILM injection bleb. A needle is placed posterior to the
ILM and anterior to NFL and GCL. Approximately 10 uL of a 1:1 solution of AAV:healon is
injected into this space. RPE retinal pigment epithelium, PR OS photoreceptor outer
segments, PR /S photoreceptor inner segments, ONL outer nuclear layer, OPL outer
plexiform layer, /N L inner nuclear layer, /PL inner plexiform layer, GCL ganglion cell
layer, NFL nerve fiber layer, /LM inner limiting membrane
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Fig. 2.
Fluorescence fundus image of AAV-mediated GFP expression in NHP subject EN-28 taken

4 months postinjection. Healon and AAV (1.7 x 1012 vector genomes per mL) were
sublLM-injected at a ratio of 1:1. Total bleb volume was 7.5 pL and contained a total of 6.2
x 109 vector genomes. Scale bars = 400 um
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Fig. 3.
AAV2-CBA-mediated GFP expression in subjects EN-28 and F91-108. Raw GFP (green),

DAPI (blue), and Glial fibrillary acidic protein (purple) are shown in all panels. Glutamine
synthetase (red) is shown in panel D. The vast majority of retinal ganglion cells within the
sublLM injection blebs are GFP positive (a, b). Transduction of photoreceptors (white
arrows in a, b, d) and Muller glia (c, d) is also observed. /S/0S inner segments/outer
segments, ONL outer nuclear layer, /ML inner nuclear layer, GCL ganglion cell layer. Scale
bars = 70 um (a), 35 um (b), 17 um (c, d)
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