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The chronic ocular toxicity, tolerability, and inflammation
following corneal intrastromal injection of saline or escalating
doses of an adeno-associated virus (AAV) containing a codon-
optimized a-L-iduronidase (AAV-opt-IDUA) expression
cassette were evaluated in New Zealand White rabbits. Corneal
opacity following corneal intrastromal injection resolved by 24
h. Mild elevation of clinical ocular inflammation was observed
24 h after injection, but it returned to baseline by day 7 and no
abnormalities were noted through 6 months of observation af-
ter injection. Vector genomes and IDUA cDNA were detected
in the injected corneas in a dose-dependent manner. Both the
lowest administered AAV-opt-IDUA dose, shown to be effec-
tive in mucopolysaccharidosis type I (MPS I) dogs, and a 10-
fold higher dose of AAV-opt-IDUA resulted in no detectable
immunologic response or adverse effect in rabbits. Vector ge-
nomes outside of the eye were rarely detected following corneal
intrastromal injection of AAV-opt-IDUA, and neutralizing an-
tibodies to the AAV capsid were not present at the experi-
mental conclusion. This study, combined with our previous
studies in MPS I dogs, suggests that AAV-opt-IDUA corneal
gene therapy following corneal intrastromal injection of
AAV-opt-IDUA has the potential to prevent and reverse blind-
ness in MPS I patients in a safe and effective manner.
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INTRODUCTION
Mucopolysaccharidosis type I (MPS I) is a rare autosomal recessive
metabolic storage disease caused by a deficiency of a-L-iduronidase
(IDUA), a ubiquitous intracellular and secreted enzyme that breaks
down intracellular and extracellular glycosaminoglycans (GAGs).1–3

In the absence of IDUA, GAG accumulation results in enlarged cells
and thickened tissues thatmanifest as a progressivemultisystem disease
resulting in severe mental retardation, ischemic cardiac disease, ocular
abnormalities (including retinopathy, optic nerve damage, and corneal
opacity), and usually death in early childhood.1 The incidence ofMPS I
is approximately 1 in 100,000 live births,3,4 and the current standard of
care for MPS I patients includes enzyme replacement therapy (ERT) or
hematopoietic stem cell transplantation (HSCT), which can signifi-
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cantly extend their lifespan. Although these treatments ameliorate
many MPS I symptoms, all MPS I patients regardless of therapeutic
intervention eventually develop corneal opacity-associated vision loss.

MPS I corneal disease is characterized as a disease of the corneal stroma.
As for all MPS I patient cells, the specialized quiescent cells therein lack
the ability to break down heparin and dermatan sulfates, resulting in
accumulation of GAGs within the cell and in the extracellular matrix.5

AccumulatedGAGs disrupt the precise collagen fibril alignment, which
interfereswith light transmission and results in corneal opacity.5,6Addi-
tionally, increased and disordered expression of collagen VI and the
presence of alpha smooth muscle actin-positive cells, likely myofibro-
blasts, are also implicated in corneal opacity.7 UnlikeMPS I retinopathy
and optic nerve edema, which have been reported to be improved by
HSCT,8 there remains no effective treatment forMPS I corneal opacity,
as cornea transplantations are considered high risk in these patients and
therefore have high rates of rejection.9–11

In previous work, an adeno-associated virus (AAV) vector containing
a codon-optimized IDUA expression cassette (opt-IDUA) restored
function to primary MPS I patient fibroblasts at both normal and
supraphysiological levels.12 Additional ex vivo experiments optimized
human corneal gene delivery and demonstrated no acute toxicity of
AAV-opt-IDUA in human cadaver corneas.12 A single corneal intra-
stromal injection of AAV-opt-IDUA in a naturally occurring MPS I
canine model resulted in the prevention and complete clearance of
the corneal storage disease at all doses and in all animals tested.13

Remarkably, at the higher tested doses resolution of opacity was noted
as early as 7 days after injection, whereas at lower doses, clearance was
observed by 3 weeks following the vector injection. Corneal clarity in
all dogs was maintained until the humane experimental endpoint
(>6 months).13 However, an ocular inflammatory response initiating
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Figure 1. Clinical Photographs of Rabbit Corneas before and after

Intrastromal Injection

Corneal opacity, noted immediately following the injection, resolved within 24 h.

Clinical examination remained normal through 176 days following the corneal in-

trastromal injections. vg, vector genomes.
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at various times after injection (i.e., 6–17 weeks) and consisting pri-
marily of corneal edema was observed in eyes dosed with either
AAV-opt-IDUA or the control vector AAV-green fluorescent protein
(GFP). This inflammatory response resolved following the use of cor-
ticosteroids and did not interfere with subsequent corneal clarity or
transgene expression; however, the cause of this inflammatory
response was not determined and is hypothesized to be specific to
the MPS I canine cornea, which demonstrates neovascularization un-
like the human condition.13

To complement the MPS I canine efficacy data and to help determine
the source of the observed inflammatory response in some of theMPS
I dogs, chronic ocular toxicity, tolerability, and ocular inflammation
associated with the injection procedure or AAV-opt-IDUA in normal
New Zealand White (NZW) rabbits were investigated. This model is
ideal for corneal drug toxicity studies because NZW rabbits are a
common and relevant animal model for ocular toxicology studies.14

Their eyes and corneas are similar to the human eye in both size
(e.g., corneal thickness) and structure,14 and they therefore allow
for close approximation of viral dosing, injection volume, and injec-
tion route, which can be subsequently performed in human clinical
trials. To assess the safety of a corneal intrastromal injection, animals
were monitored for clinical signs of ocular abnormalities, systemic
exposure to viral particles, transgene distribution, and development
of capsid serum titers (neutralizing antibodies [nAbs]) during a
period of 176 days after corneal intrastromal injection of the viral vec-
tor. Results presented herein demonstrate that both the lowest admin-
istered dose shown to be effective in MPS I dogs and a 10-fold higher
dose of AAV-opt-IDUA resulted in no detectable immunologic
response or adverse effects in NZW rabbits. Vector genome distribu-
tion outside of the eye was rarely detected in AAV-opt-IDUA-treated
animals, and nAbs to the AAV capsid were not present at the exper-
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imental conclusion. In combination with the efficacy data obtained
from the MPS I dog model, the lack of ocular toxicity in NZW rabbits
demonstrated herein suggests that a therapeutic approach using a sin-
gle corneal intrastromal AAV-opt-IDUA injection appears safe and
effective to prevent and reverse MPS I-associated corneal clouding.

RESULTS
AAV-opt-IDUA Construct and Study Design

An AAV-opt-IDUA expression cassette, which includes a codon-
optimized human IDUA cDNA (opt-IDUA), was previously
described.12 The single-strand AAV cassette relies on the ubiquitous
EF1a promoter, which generates the opt-IDUA transcript terminated
by the SV40 polyadenylation sequence and the wild-type (WT)
inverted terminal repeat serotype 2 sequence. The AAV8 capsid, pre-
viously determined to transduce the corneal stroma with high effi-
ciency,12 was used to package the EF1a-opt-IDUA-poly(A) construct
evaluated in this study.12,13,15

In prior studies, it was evident that an AAV vector solution in 50 mL
results in widespread distribution of rabbit, canine, and human
cadaver corneas; therefore, the experiments herein utilized 50 mL
of vector solution independent of vector dose.12,13,16 Additionally,
unpublished studies using AAV8-EF1a-opt-IDUA in 50 mL in the
MPS I canine cornea demonstrated that 1e9 vector genomes (vg)
was the lowest effective dose identified to date (data not shown).
In this study, the right cornea of NZW rabbits, with a mean baseline
central corneal thickness (CCT) of 377.1 ± 17.8 mm, was injected
with either 50 mL of saline (n = 6), AAV-opt-IDUA at 1e9 vg
(n = 8), or AAV-opt-IDUA at 1e10 vg (n = 8) using a 31G needle
as described in Materials and Methods. The left eye of each animal
was not dosed and served as a contralateral non-injected control.
During the injection, no endothelial perforations or anterior cham-
ber penetrations occurred; however, 15 out of 22 eyes (68%) had
mild injection site surface leakage, and 1 eye (5%) had moderate in-
jection site surface leakage (Table S1). A single needle insertion was
used to perform the intrastromal injection in 19 out of 22 (86%)
eyes; in the remaining three corneas, two or three needle injections
were used to ensure stromal injection (Table S1). Rabbits were fol-
lowed for 176 days post-injection and monitored for ocular inflam-
mation, CCT, intraocular pressure (IOP), endothelial cell counts,
complete blood counts (CBCs), serum chemistry, ocular histology,
ocular transgene expression, transgene biodistribution, and NAb ti-
ters to the AAV8 capsid (serum, aqueous humor, vitreous) in order
to provide a comprehensive toxicological safety profile of the
AAV8-opt-IDUA therapy delivered via corneal intrastromal injec-
tion in a relevant ocular toxicology model, the NZW rabbit.

Clinical Assessment of Ocular Tolerability and Safety

Corneal opacity, noted immediately following injection, resolved
within 24 h after injection (Figure 1). Ocular inflammation was as-
sessed by slit lamp biomicroscopy, and scores were recorded according
to the Hackett-McDonald (HM) system on days 0 (prior to anesthesia
and injection), 1, 4, 7, 10, 14, 18, 21, 24, and 28, and then weekly for
6 months. Mild elevation of HM scores (e.g., mild conjunctival
erapy: Methods & Clinical Development Vol. 18 September 2020 25
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Figure 2. Clinical Examination Data following

Intrastromal Injection

(A–C) Inflammatory scores (A), intraocular pressure (IOP) (B),

and central corneal thickness (CCT) (C) following corneal

instrastromal injection with either 50 mL of saline (n = 6), AAV-

IDUAat 1e9 vg (n = 8), or AAV-IDUA at 1e10 vg (n = 8) using a

31G needle. Mild inflammation was observed in all eyes

following injection, which resolved by day 7, was not signif-

icantly different between groups, and did not recur during the

6-month study period. CCT and IOP also did not differ be-

tween groups. Data are presented as the Mean ± SD.
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hyperemia and chemosis) was observed within 24 h of injection (mean
cumulative scores for all groups was ~2), but scores returned to baseline
by day 7 (Figure 2A). No ocular abnormalities were noted throughout
the remaining 6 months after injection for all groups. Mean change
from baseline of IOP was not significantly different between treatment
groups (Figure 2B). Mean CCT was decreased in the AAV8-opt-IDUA
groups at 1 day after injection compared to baseline, but the difference
was not significant and the values returned to baseline by day 4 post-
injection. Due to natural development, as expected,17,18 CCT increased
during the 6 months of follow-up as the animals aged and body weight
increased (Figure 2C) with no significant differences between saline
and AAV8-opt-IDUA groups at any time point. At 6 months following
injection, no corneal abnormalities were noted during in vivo confocal
microscopy in eyes of any group (Figure 3A). Endothelial counts were
normal in each group and comparable to the non-injected contralateral
eye, and not significantly different among the groups (Table 1). Finally,
corneal optical coherence tomography (OCT) was performed prior to
injection (time 0), at 24 h post-injection, and at day 176 post-injection.
No corneal abnormalities were observed in any of the groups at each
time point, except for artifacts as noted (Figure 4; Figure S1). A CBC
and serum chemistry profile were performed prior to injection
and thenmonthly for all rabbits. All CBC and serum chemistry profiles
were within the normal rabbit reference range at all time points
26 Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020
(Table S2), suggesting that no systemic toxicity
was associated with the cornea intrastromal
AAV8-opt-IDUA or vehicle injections.

AAV8-opt-IDUA Shedding in Tears

To determine whether AAV8-opt-IDUA could be
shedding from the injected eyes, tear samples were
collectedweekly from all rabbits. Samples collected
from days 7 and 14 post-injection were evaluated
by probe-specific qPCR, and all groups were found
negative for the opt-IDUA transgenic cassette;
therefore, no additional tear samples collected at
later time points were evaluated (data not shown).

OcularTransgeneDistributionandExpression

To determine vector genome distribution and
transgene expression in ocular tissue, half of the in-
jected and contralateral non-injected eyes (n = 4 in
each group) were dissected, and DNA and RNA were recovered from
the conjunctival, corneal, iris/ciliary body, and retina/choroidal tissues.
The vgwere significantly detected by qPCR, using anopt-IDUA-specific
probe, in the cornea and in the retina in a dose-dependentmanner (Fig-
ure 5A). Other tested ocular tissues in the escalating vector-treated
groups demonstrated a non-significant trend toward increased vector
detection compared to saline control (Figure 5A). No significant vector
genomes were detected in the conjunctiva or iris/ciliary body, despite
detection of the rabbit GAPDH DNA sequence. All non-injected cor-
neas were negative for vector genome detection (data not shown).
Next, opt-IDUA transcripts were analyzed by qRT-PCR using an opt-
IDUA-specific probe. Transgenic transcripts were detected with signif-
icance only in AAV-opt-IDUA-treated corneas receiving the highest
vector dose; however, non-significant trends were noted at both doses
in the cornea, iris/ciliary body, and retinal tissues compared to the
saline group (Figure 5B), with a trend toward increased detection at
the 10-fold higher dose. No opt-IDUA transcripts were detected in
the conjunctiva of any animals in the study (however, the GAPDH
rabbit control transcript was observed) (Figure 5B).

Peripheral Body Biodistribution of opt-IDUA

The biodistribution of persistent AAV vector genomes in non-
ocular tissue following cornea intrastromal injections was determined



Table 1. Corneal Endothelial Cell Counts

Treatment Endothelial Counts (Mean ± SD) (per mm2)

Saline 3,126 ± 175

AAV-opt-IDUA 1e9 vg 3,114 ± 125

AAV-opt-IDUA 1e10 vg 3,522 ± 115

Non-injected eye 3,360 ± 190

Figure 3. In Vivo Confocal Cornea Microscopy

Representative images of the ocular surface epithelium,

superficial stroma, deep stroma, and endothelium (images

from group C, AAV-IDUA at 1e10 vg) at 176 days after in-

jection. The depth of the cornea imaged is listed below

each panel. There were no abnormalities noted in any

treatment group.
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(Table 2). Total DNA was extracted from the liver, kidney, spleen,
heart, and contralateral non-injected corneas (saline, n = 6; AAV-
opt-IDUA at 1e9 vg, n = 8; AAV-opt-IDUA at 1e10 vg, n = 8). Primers
directed toward the transgenic cassette were used to determine vg
copy number by qPCR. Three experimental replicates were per-
formed on each tissue isolated from each rabbit; the vast majority
of all replicates for all peripheral tissues were negative for vg (Table
2). All rabbits were negative for vg when DNA was isolated from
the contralateral non-injected cornea, spleen, and liver. Only two rab-
bits had detectable vg in the kidney, one in the AAV8-opt-IDUA 1e9
vg group and one in the AAV8-opt-IDUA 1e10 vg group. A single sa-
line-injected rabbit had relatively high levels of vg (>1e9) detected in
the heart only and no other tissues, suggesting that the total DNA
preparation of heart tissue isolated from this animal was likely
contaminated with exogenous AAV-opt-IDUA. Taken together, these
data suggest that there is minimal AAV-opt-IDUA present in periph-
eral organs outside of the injected ocular compartment.

AAV8 Capsid NAb Response following Corneal Intrastromal

Injection

The NAb titer to the AAV8 capsid was determined 6 months post-in-
jection in the serum or in the aqueous and vitreous humor of the in-
jected eyes using a previously described in vitro transduction assay.13

Only one rabbit had a serum NAb titer (1:2) to the AAV8 capsid at
50% neutralization (Table S3). Furthermore, there were no AAV8
NAbs detected in the aqueous or vitreous humor of eyes injected
with saline, AAV8-opt-IDUA at 1e9 vg, or AAV8-opt-IDUA at
1e10 vg.

Ocular Histology and IDUA Immunofluorescence

Rabbits were euthanized 176 days after injection and tissues were
harvested for further analysis, including the injected eyes, contralat-
eral non-injected eyes, heart, liver, kidney, and spleen. Half of the
number of injected eyes in each group were fixed, embedded in
paraffin, and sectioned for histopathological and IDUA immunoflu-
orescence analysis. No pathological abnormalities were observed in
hematoxylin and eosin (H&E)-stained sections in any of the eyes
examined for all groups (Figure 6A). Endothelial cells appeared to
be intact and histologically normal. Although slight variations in
the thickness of the epithelium and the stroma were observed, this
was attributed to a processing/sectioning artifact, because it did
not differ among any of the groups and because no abnormalities
were observed on ocular examination, CCT measurement, and
OCT imaging performed in vivo.
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In an effort to visualize the AAV-produced opt-IDUA protein distri-
bution in the corneal tissue, immunofluorescence staining of corneal
sections was performed using an anti-IDUA polyclonal antibody. As
shown in Figure 6B, the saline-injected rabbit corneal samples ex-
hibited IDUA-positive staining in the endothelial and epithelial layers
of the cornea, and due to a lesser degree in the stroma, likely due to
cross-reactivity of the polyclonal IDUA primary antibody to both hu-
man and rabbit IDUA. Both doses of AAV8-opt-IDUA displayed
increased positive IDUA staining in the epithelial and stromal layers
of the cornea compared to the saline-injected controls (Figure 6B).
DISCUSSION
AnAAV gene therapy approach is ideally suited to treat corneal opac-
ity-associated MPS I blindness in patients and has many advantages,
including the following: (1) administration that is accomplished via
an outpatient corneal intrastromal injection procedure; (2) long-
term transgene expression;13 (3) an immune-privileged status of the
ocular compartment that lessens concerns of an adverse immune
response to the viral vector; (4) the possibility of an immune response
to the IDUA transgene product in MPS I human patients is signifi-
cantly diminished due to their previous tolerization via HSCT; (5)
it has previously been demonstrated that IDUA function can be com-
plemented or restored via AAV gene delivery in human cadaver cor-
neas and MPS I canines;12,13 and (6) AAV-opt-IDUA both prevented
and reversed MPS I-associated corneal opacity in a dog model at an
extremely low vector dose (1e9 vg, data not shown).13 In addition,
as heterozygous IDUA�/+ humans have no ocular abnormalities,
50% ofWT IDUA activity is sufficient for normalcy. Despite these ad-
vantages, the toxicological safety profile of AAV-opt-IDUA has yet to
be rigorously assessed, and it remains a significant barrier to further
drug development and clinical trial initiation.

In this study, saline, the predetermined lowest tested effective dose of
AAV8-opt-IDUA (1e9 vg), or a 10-fold higher dose of AAV8-opt-
IDUA (1e10 vg) was injected into the corneal stroma of normal
erapy: Methods & Clinical Development Vol. 18 September 2020 27
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Figure 4. Representative Optical Coherence

Tomography (OCT) Images

OCT images of the right corneas prior to intrastromal in-

jection, day 1 after injection, and 176 days after injection of

AAV-opt-IDUA. No abnormalities were observed on the

OCT scans.
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NZW rabbits and followed for 6 months to assess the potential of
AAV8-opt-IDUA to elicit acute or chronic ocular toxicity. Clinical as-
sessments, tolerability, inflammation, endothelial cell density, CBC,
serum chemistry, histopathology, IDUA transgene expression, vg bio-
distribution, and capsid (NAb) titers were evaluated to provide a
comprehensive toxicological safety profile. Other than mild corneal
surface leakage and corneal cloudiness at the time of injection, as
well as mild ocular inflammation immediately following the injection,
AAV8-opt-IDUA delivery was well tolerated, and the eyes of all rab-
bits were clear by 24 h and clinically normal within 4–7 days post-in-
jection (Figures 1 and 2A; Table S1). Furthermore, in vivo confocal
microscopy, OCT, and histopathology analyses demonstrated that
all AAV8-opt-IDUA-injected corneas were structurally normal and
did not differ from the group of rabbits injected with saline or non-
injected, contralateral eyes.

The AAV8-opt-IDUA 1e9 vg dose is the lowest efficacious dose iden-
tified to date in MPS I canines (DNS) and, more broadly, of clinically
administered AAV gene therapy to humans in any context. Other
groups have observed immune responses to the AAV capsid and the
foreign transgene product and promiscuous biodistribution to unin-
tended off-target organs depending on the dose and route of injec-
tion.19 Although these observations occurred at significantly higher
doses of AAV, this study aimed to determine whether the therapeutic
effective lower doses of AAV8-opt-IDUA injected into the corneal
stroma, as used herein, would exhibit any of these undesirable attri-
butes. As shown in Figure 5 and Table 1, the AAV8-opt-IDUA vg
and transcripts were largely relegated to the corneawithminimal vg de-
tected outside of the ocular compartment in an inconsistent manner.
Furthermore, only a single rabbit exhibited a detectable AAV8 capsid
NAb titer, albeit at an extremely low dilution that is below the threshold
for candidate elimination in human clinical trials (Table S3).20

The absence of peripheral tissue exposure to AAV vg, as observed in
this study in rabbits, may not only be a factor of low vg dose used,
but also because no anterior chamber penetrations occurred during
the injection procedure. Thus, AAV vectors administered to the cornea
were largely restricted to the cornea. However, some AAV vectors were
significantly detected in the retina in these rabbits after corneal injec-
tion. This may be advantageous therapeutically because some MPS I
patients develop retinal degeneration due to GAG accumulation and
28 Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020
therefore may benefit from IDUA restoration.21

Furthermore, these results are similar to a separate
study by our group evaluating corneal intrastromal
injections with 1e10 vg of AAV8-GFP,22 where we
demonstrated that anterior chamber perforation
resulted in increased detection of AAV vg in nontarget tissues. Taken
together, these studies highlight the importance of injection consis-
tency and precision when performing the corneal intrastromal injec-
tions. The low effective viral vector dose, along with IDUA tolerance
in HSCT-treated patients and ocular immune privilege, decreases
immunological concerns to only the AAV8 capsid, which was not de-
tected (other than a very mild capsid antibody response in a single
animal).22

In conclusion, these data suggest that AAV8-opt-IDUA corneal stro-
mal injections are well tolerated in the NZW rabbit model, which has
comparable corneal anatomy to the human eye. We have demon-
strated the therapeutic effect of AAV-IDUA in an MPS I canine
model with remarkable MPS I phenotypic correction.13 The present
study was designed as a toxicity study to determine treatment adverse
effects using NZW rabbits, which do not have MPS disease (thus, no
therapeutic efficacy was evaluated), and this was a limitation to the
study. The AAV8-opt-IDUA corneal stromal injections appear to
be well-tolerated, non-toxic, remain almost entirely in the ocular
compartment, and do not appear to be released into the tear film un-
der the tested conditions. Furthermore, the low dose of AAV8-opt-
IDUA required for efficacy of 1e9 vg using the exact same construct
employed herein (DNS) minimizes concerns of off-target effects
and immune responses to the human IDUA protein or the AAV8
capsid itself. Given the collective body of work demonstrating efficacy
in the MPS I dog model13 and the comprehensive toxicological safety
profile demonstrated herein, AAV8-opt-IDUA is a leading candidate
for the likely single-dose prevention and/or reversal of corneal opac-
ity-associated blindness in MPS I patients.

MATERIALS AND METHODS
All animals in this study were used in accordance with the NIHGuide
for the Care and Use of Laboratory Animals with adherence to the As-
sociation for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research. This study
was approved and monitored by the North Carolina State University
Institutional Animal Use and Care Committee (IACUC). Normal
outbred male NZW rabbits (Oryctolagus cuniculus) (N = 22) were
used. Rabbits were anesthetized, and 5% betadine solution, sterile sa-
line irrigation, and a topical anesthetic (0.5% proparacaine HCl [Al-
caine, Alcon Laboratories, FortWorth, TX, USA]) were applied to the



Figure 5. Quantitative Analysis of Vector

Biodistribution and Transgene Expression

(A) Vector genome copy number in distinct eye compart-

ments (conjunctiva, cornea, retina, and third eyelid) are

shown as vector genome copy number/mg of host genome

DNA. *p < 0.05 (unpaired t test, two-tailed, retina AAV-opt-

IDUA 1e10 vg group versus the 1e9 vg group);**p < 0.01

(unpaired t test, two-tailed, cornea AAV-opt-IDUA 1e10 vg

group versus the 1e9 vg group; cornea AAV-opt-IDUA 1e10

vg group versus the saline group; cornea AAV-opt-IDUA

1e9 vg groupp versus the saline group; retina AAV-opt-

IDUA 1e10 vg group versus the saline group), (B) IDUA

transcript abundance examination by qRT-PCR in selected

tissues is presented as vector cDNA copy number/host

transcript. Data are presented as the mean ± SD. *p < 0.05

(unpaired t test, two-tailed, cornea AAV-opt-IDUA 1e10 vg

group versus the saline group).
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ocular surface prior to injection. All rabbits were dosed with bupre-
norphine (0.01–0.05 mg/kg) via subcutaneous injections at the time
of corneal injection. A 31G BD ultra-fine II short needle and insulin
syringe (1 cc, 5/16 inch; Becton Dickinson, Franklin Lakes, NJ, USA)
was used for intrastromal injections, as previously described,22 with
use of an operating microscope (Carl Zeiss OPMI VISU 200 operating
microscope, Carl Zeiss, Dublin, CA, USA). The left eye was not dosed.
The right eye was injected with either 50 mL of saline (n = 6), AAV8-
opt-IDUA at 1e9 vg in 50 mL (n = 8), or AAV8-opt-IDUA at 1e10 vg in
50 mL (n = 8). AAV-IDUA viral constructs (see Figure 1) were pre-
pared by the University of North Carolina (UNC) Viral Vector
Core, as described previously.13

Assessments of injection leakage (mild, moderate, severe) and the
presence of intracameral penetration were recorded at the time of in-
jection for each eye. Prior to injection and on days 1, 4, 7, 10, 14, 18,
21, 24, and 28, and then weekly for 6 months, complete ophthalmic
examinations using slit lamp biomicroscopy (Kowa SL-17 slit lamp,
Kowa, Torrance, CA, USA), indirect ophthalmoscopy (Vantage
Plus, Keeler, Malvern, PA, USA), ultrasonic pachymetry (Pachpen,
Keeler, Malvern, PA, USA), and IOP (Tonovet tonometer, Icare,
Vantaa, Finland) were performed. Results of examination of ocular
surface morphology and anterior and posterior segment inflamma-
tion were recorded using the modified HM (i.e., without application
of fluorescein) ocular scoring system.23,24 Images of all corneas were
collected immediately after injection (time 0) and repeated at each ex-
amination time using digital ocular photography (Nikon D200, AF-S
DX Micro NIKKOR 85mm f/3.5G lens, Nikon, Tokyo, Japan) with
fixed magnification.

Rabbits were also imaged prior to injection, immediately after injec-
tion, and then at day 176 after injection using a non-contact spectral
domain OCT (SD-OCT) instrument (Envisu R-class SD-OCT, Bio-
ptigen, Morrisville, NC, USA), which contains a superluminescent
light-emitting diode (SLED) delivering light at a wavelength of
840 nm. The imaging was performed using the hand-held probe of
the SD-OCT device fitted with a non-contact 12-mm telecentric
lens for image acquisition. After adjusting the arm reference length
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on the SD-OCT device by the manufacturer’s recommendations,
the SD-OCT was set to 1,000 A scans per B scan, and 100 B scans
in total, to generate a radial volume of 8 mm in diameter. B scans
and en face reconstructed images were reviewed.

Tears (using a Schirmer tear test strip) were collected weekly after in-
jection for evidence of virus shedding and nAbs generated to the
AAV8 capsid or transgene product using a standard protocol.14

Plasma and serum were collected prior to injection and every
30 days after injection for evaluation of standard toxicological param-
eters, including a CBC (e.g., white count, red blood cell [RBC] count,
platelets) and complete chemistry profiles (e.g., liver enzymes, albu-
min, blood urea nitrogen, creatinine). In addition, at necropsy, the
liver, spleen, kidney, heart, and non-injected contralateral eye were
harvested for vector biodistribution assays using qPCR.

On day 176, imaging from corneal epithelium to endothelium of the
axial cornea was performed in both the injected and opposite-eye
non-injected cornea using in vivo confocal microscopy (Heidelberg
Retina Tomograph 3 with Rostock corneal module, Heidelberg Engi-
neering, Dossenheim, Germany). Corneal endothelial counts were
performed on the endothelial images using the automated feature
of the Heidelberg system.

Rabbits were euthanized 176 days after injection and the eyes were
collected, fixed, and analyzed histologically or via probe-based
qPCR analysis for transgene expression (three eyes in the saline group
and four eyes of the AAV-IDUA groups for histology and the
remainder from each group for qPCR). Eyes were excised, fixed,
embedded in paraffin, sectioned at a thickness of 5 mm, and stained
with H&E prior to examination by light microscopy.

Immunofluorescence (Immunohistochemistry)

Eyes were fixed with 10% formaldehyde and then processed and
embedded in paraffin. Five-micrometer sections were prepared for
immunofluorescence staining following a previously described
method.25 Briefly, after deparaffinization, the slides were rehydrated
in a series of graded alcohol baths (from 100% to 95% and then to
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Table 2. Peripheral Organ Vector Genome Biodistribution

Rabbit
No. Treatment

vg Detected/
Organ

Rabbit
No. Treatment

vg Detected/
Organ

25 saline � 46
IDUA (1e9
vg)

�

29 saline ++/heart 49
IDUA (1e9
vg)

�

33 saline � 53
IDUA (1e9
vg)

+/kidney

37 saline � 27
IDUA (1e10
vg)

�

41 saline � 31
IDUA (1e10
vg)

�

45 saline � 35
IDUA (1e10
vg)

�

26
IDUA (1e9
vg)

� 39
IDUA (1e10
vg)

�

30
IDUA (1e9
vg)

� 43
IDUA (1e10
vg)

�

34
IDUA (1e9
vg)

� 47
IDUA (1e10
vg)

�

38
IDUA (1e9
vg)

� 51
IDUA (1e10
vg)

�

42
IDUA (1e9
vg)

� 54
IDUA (1e10
vg)

+/kidney

Organs assayed included non-injected cornea, spleen, liver, heart, and kidney. �, not
detected in any organ; +, <2e6 vg/mg host DNA; ++, <1e9 vg/mg host DNA.
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70%) until water. After antigen retrieval, sections were treated with
blocking solution consisting of normal goat serum (10%) and Triton
X-100 (0.4%) in PBS for 2 h at room temperature, and antibodies spe-
cific for IDUA (1:100 dilution, Biorbyt, orb157615) were diluted in
blocking buffer and incubated with samples overnight at 4�C. After
washing three times with PBS containing 0.025% Triton X-100, sam-
ples were incubated with goat anti-rabbit immunoglobulin G (IgG)
(Alexa Fluor 594, 1:1,000 dilution, Abcam, Eugene, OR, USA) for
1 h at room temperature. Slides were mounted with coverslips using
mounting medium containing DAPI (p36971, Invitrogen) and
observed using a fluorescence microscope.

Whole-Body AAV Biodistribution

To investigate the biodistribution of the AAV8-opt-IDUA vectors
delivered via intrastromal injections in the NZW rabbit model, tissue
was harvested 176 days after the injections following strict tissue collec-
tion and cleaning procedures to minimize the potential for cross-
contamination. Upon collection, tissues were frozen on dry ice and
then stored at �80�C. DNA from the liver, kidney, spleen, lymph no-
des, and brain were isolated using a DNeasy Blood & Tissue kit (-
QIAGEN, Valencia, CA, USA). Total DNA concentration was quanti-
fied via NanoDrop and subsequently diluted with nuclease-free water
to a working concentration of 50 ng/mL. Vector genome copy number
was analyzed by qPCR based on Universal Probe Library (UPL) tech-
nology, as previously described.22,26,27 Briefly, the vector-specific IDUA
target was detected using UPL probe #15 and the following primers:
30 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
forward, 50-AAAGGGGGCCAGGTCTAGT-30, reverse, 50-AT
CTGCTGAGCGACCACCT-30. qPCR reactions were prepared with
the LightCycler 480 2� Probes Master Mix (Roche, Mannheim, Ger-
many), 0.2 mM UPL probe #26 (Roche, Mannheim, Germany),
0.5 mM forward primer, 0.5 mM reverse primer, and a total of 200 ng
of template genomic DNA diluted to a final volume of 20 mL with
nuclease-free water. Serial dilutions of IDUA plasmid DNA ranging
from 0.1 to 1000 ng were used to generate a standard curve, and the
limit of detection for this assay was 0.1 ng. Reactions were performed
at an annealing temperature of 58�Con a LightCycler 480 qPCR instru-
ment (Roche, Mannheim, Germany). All samples were performed in
triplicate and the average Cp value was used to calculate the quantity
of PCR product (in femtograms) present in each sample from the stan-
dard curve. Vector genome copy number was then determined using
the following formula:17 Copy number = (fg � 6.022 � 1023)/(650 �
size of plasmid [bp] � 1015). Vector genome copy number per nano-
gram of genomic DNA input was plotted in GraphPad Prism v8.2.1
for each individual tissue sample.

Quantification of Vector Biodistribution and Transgene

Expression in the Eye Compartments

DNA/RNA from the cornea, conjunctiva, iris/ciliary body, and retina
were extracted with the AllPrep DNA/RNA mini kit according to the
kit protocol (QIAGEN, Valencia, CA, USA). Vector genome copy
number and transgene expression level were quantitatively analyzed
by qPCR and qRT-PCR, respectively, based on UPL technology, as
previously described.16,28,29 In short, the vector-specific human
leukocyte antigen (HLA)-G target was detected using UPL probe
#15 and the following primers: forward, 50-AAAGGGGGCC
AGGTCTAGT-30, reverse, 50-ATCTGCTGAGCGACCACCT-30.
The IDUA vg copies and cDNA level were standardized against an
amplicon from a single copy rabbit gene, GAPDH, amplified from
genomic DNA or cDNA using the following primer set: forward,
50-GGGTGGTGGACCTCATGGT-30, reverse, 50-CGGTGGTTTGA
GGGCTCTTA-30. Vector genome biodistribution data are reported
as the number of vector genome copies/mg of gDNA, and the trans-
gene expression level is reported as vector cDNA (HLA-G)/host
transcript.

NAb Analysis for Serum, Aqueous Humor, and Vitreous

Serum, vitreous, and aqueous humor were collected from each rabbit
prior to corneal injection (time 0) and at euthanasia (day 176 after in-
jection). Serum NAbs to viral capsids were evaluated as previously
described.30 Briefly, HEK cells were seeded in a 48-well plate at
50,000 cells/well in duplicate 24 h prior to vector plus serum trans-
duction. Pre-injection and 176-day post-injection sera were used
and serially diluted down to 1:2,048 in PBS in a volume of 13 mL
and incubated with AAV8-cytomegalovirus (CMV) firefly luciferase
in 13 mL of PBS for 2 h at 4�C. A serum/vector mixture was then
added to the cells and a luciferase assay was performed 48 h post-
transduction using a Promega luciferase assay system (Bright-Glo;
Promega, Madison, WI, USA) using a PerkinElmer Victor 3 1420
multi-label counter luminometer. Results were plotted and evaluated
to determine the point at which post-injection serum dilution
ber 2020



Figure 6. Representative Ocular Histology and IDUA

Immunofluorescence

(A) No abnormalities were observed on H&E staining at

6 months after intrastromal injection. Scale bar, 50 mm. (B)

Immunofluorescence staining on cross-sections of the

cornea given the indicated treatments. IDUA (red) and

nuclei counterstaining (DAPI, blue) are shown. Scale bar,

50 mm.

www.moleculartherapy.org
suppressed luciferase expression to less than 50% of pre-injection
levels.25,30 Vitreous and aqueous humor were treated the same as
serum, with triplicate samples and serial halving dilutions in PBS
ranging from 1:2 to 1:4,096.

Statistical and Data Analyses

Wilcoxon tests (nonparametric inflammatory scores) or t tests/A-
NOVA (parametric data, corneal thickness, IOP, vg copy numbers)
Molecular Th
were used to determine significance among the treatment groups. Dif-
ferences were considered significant at p% 0.05, and all probabilities
and results were calculated using computerized statistical software
(JMP Pro, v13.2; SAS, Cary, NC, USA).
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