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Purpose: To investigate subconjunctival administration of a single-stranded, adeno-associated virus, sero-
type 2, engineered to express stanniocalcin-1 with a FLAG tag (ssAAV2-STC-1-FLAG) as a novel sustained (IOP)
lowering agent with a reduced ocular surface side effect profile.

Design: In vivo preclinical investigation in mice.
Subjects: C57BL/6J, DBA/2J, prostaglandin F (FP) receptor knockout mice.
Methods: Normotensive C57BL/6J mice were treated with a subconjunctival injection of ssAAV2-STC-1-

FLAG (2 mL; 6 � 109 viral genomes [VGs]) in 1 eye and the same volume and concentration of ssAAV2-green
fluorescent protein (GFP) or the same volume of phosphate-buffered saline in the fellow eye. Ocular hyperten-
sive DBA/2J mice were subconjunctivally injected with 6 � 109 VGs of ssAAV2-STC-1-FLAG or ssAAV2-GFP.
Steroid-mediated ocular hypertension was induced in C57BL/6J mice with weekly injections of dexamethasone
into the conjunctival fornix, and mice were then injected subconjunctivally with 6 � 109 VGs of ssAAV2-STC-1-
FLAG or ssAAV2-GFP. Prostaglandin F receptor knockout mice were injected subconjunctivally with 6 � 109 VGs
of ssAAV2-STC-1-FLAG or phosphate-buffered saline. An identical vector was constructed without the FLAG tag
(ssAAV2-STC-1) and evaluated in normotensive C57BL/6J mice. Intraocular pressure was assessed using the
Tonolab tonometer for all experiments. Tumor necrosis factor alpha (TNFa), a marker of ocular surface inflam-
mation, was compared between subconjunctivally delivered ssAAV2-STC-1-FLAG and other treatments including
daily topical latanoprost.

Main Outcome Measures: Intraocular pressure assessment.
Results: Subconjunctival delivery of ssAAV2-STC-1-FLAG significantly reduced IOP for 10 weeks post

injection in normotensive mice. Maximal IOP reduction was seen at week 3 postinjection (17.4%; 17.1 � 0.8 vs.
14.1 � 0.8 mmHg, P < 0.001). After the IOP-lowering effect had waned, a second injection restored the ocular
hypotensive effect. Subconjunctivally delivered ssAAV2-STC-1-FLAG lowered IOP in DBA/2J mice (16.9%;
17.8 � 2.0 vs. 14.8 � 0.9 mmHg, P < 0.001) and steroid-mediated ocular hypertensive mice (20.0%; 19.0 � 0.6
vs. 15.2 � 0.7 mmHg, P < 0.001) over the experimental period. This construct also reduced IOP to a similar extent
in wild-type (15.9%) and FP receptor knockout (15.7%) mice compared with the fellow eye. A related construct
also lowered IOP without the FLAG tag in a similar manner. Reduction in conjunctival TNFa was seen when
comparing subconjunctivally delivered ssAAV2-STC-1-FLAG to daily topical latanoprost.

Conclusions: Subconjunctival delivery of the STC-1 transgene with a vector system may represent a novel
treatment strategy for sustained IOP reduction and improved ocular tolerability that also avoids the daily dosing
requirements of currently available medications.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2025;5:100590 ª 2024 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Glaucoma remains the leading cause of irreversible blindness
worldwide.1 Though defined as an optic neuropathy, given
the pressure sensitive nature of retinal ganglion cell loss, the
only reliable treatment that reduces the onset or progression
of glaucoma is intraocular pressure (IOP) reduction.
Intraocular pressure reduction is achieved with medical
ª 2024 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
therapy using topical eye drops or with procedural
intervention. The therapeutic effects of medications are
limited significantly because of poor patient compliance as
less than half of patients use glaucoma eye drops as
prescribed.2-6 Patients do not use the drops as recommended
because of the burden of current dosing regimens coupled
1https://doi.org/10.1016/j.xops.2024.100590
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with side effects including ocular surface disease which oc-
curs in over half of patients taking topical glaucoma
medications.7,8

In order to providepatientswith adequate levels of daily drug
for IOP reduction, identification of agents or delivery systems
that provide sustained release of medication are being investi-
gated.9 We recently described a scaffold-free approach that
resulted in sustained IOP reduction using stanniocalcin-1
(STC-1).10 Stanniocalcin-1 is a 50 kDa disulfide-linked dimer
that functions in a hormonal fashion as a secreted protein.11

Stanniocalcin-1 is a stress-response protein that has low basal
levels of expression but is upregulated by a variety of stresses
including inflammation,12 oxidation,13 and hypoxia.14-16

Stanniocalcin-1 is neuroprotective in cerebral neurons16,17 and
photoreceptors,18,19 likely by mechanisms of reducing
inflammation20-23 and oxidative stress.23-28

Our laboratory identified STC-1 as a protein whose
expression is induced by prostaglandin F2a (PGF2a) ana-
logs, whose presence is required for the IOP-lowering
properties of PGF2a analogs, and that is equivalent to
PGF2a analogs for IOP reduction as a stand-alone drug.
Furthermore, its mechanism of action is independent of the
cellular receptor for PGF2a analogs, the prostaglandin F (FP)
receptor.29,30 More recently, based upon its unique properties
of being a secreted, naturally occurring protein, we
demonstrated that sustained IOP reduction could be
obtained for up to 6 months after a single injection into the
anterior chamber of mice with a single-stranded, serotype 2
adeno-associated virus containing the transgene for STC-1
fused to a FLAG tag (ssAAV2-STC-1-FLAG).10 In order
to determine whether a less invasive approach with
periocular delivery could be developed, we sought to
evaluate whether subconjunctival injection of ssAAV2-
STC-1-FLAG would provide sustained IOP reduction in
normotensive and ocular hypertensive mice.

Methods

Adeno-Associated Viral Vector Generation

Single-stranded-AAV2 was used to express ssAAV2-STC-1-
FLAG as previously described.10 Vector constructs to express
STC-1-FLAG using ssAAV2 were purchased from University of
Florida and University of Iowa. An identical vector was generated
for a control, which expressed green fluorescent protein (GFP)
(ssAAV2-GFP). Additionally, to ensure the IOP lowering effects
of the constructs were not due to the FLAG tag, we generated a
similar construct using the same methodology but without the
FLAG tag (ssAAV2-STC-1).

Measurement of IOP

Intraocular pressure was measured with a handheld rebound
tonometer (Icare TonoLab; Colonial Medical Supply) as previously
described.31,32 Briefly, conscious mice were restrained in a
modified decapicone (Braintree Scientific, Inc) with the
tonometer probe placed perpendicular to the corneal surface. For
each recorded measurement, the probe contacts the cornea and
rebounds 6 times and calculates IOP by using an algorithm
based on probe incident velocity and deceleration. Baseline IOPs
2

consisted of 2 to 4 days of daily measurements for all
experiments. These values were averaged and reported as a
single value. Subsequent experimental time points with IOP
measured twice weekly were then averaged and presented as
weekly values for summary graphs. All IOP measurements were
obtained late-morning for consistency to minimize diurnal fluctu-
ation. To ensure validity of data, a second laboratory member who
was masked to experimental groups confirmed IOP reduction.

Subconjunctival Injection of AAV2 Vectors

All mouse studies received prior approval by the Mayo Clinic
Institutional Animal Care, and Use Committee, followed the Asso-
ciation for Research in Vision and Ophthalmology guidelines, and
adhered to the Declaration of Helsinki. Both male and female mice
were used in our studies. All mice had full access to food and water
ad libitum with 12-hour light and dark cycles. Light was provided
from 7 AM to 7 PM. After intraperitoneal anesthesia with a cocktail
containing ketamine (80 mg/kg), xylazine (6 mg/kg), and acepro-
mazine (1 mg/kg), mice were placed on the stage of a dissecting
microscope. A 32-gauge needle (Hamilton Company) containing 2
mL of the AAV2 vector or phosphate-buffered saline (PBS) was
inserted posterior to the limbus under the conjunctival tissue in the
superotemporal quadrant. Once in the subconjunctival space, the
injection volume was ejected to produce a subconjunctival bleb. The
needle was slowly removed to minimize tissue damage and reflux.
Following completion of experiment, mice were euthanized using
carbon dioxide asphyxiation followed by cervical dislocation.

Animal Models

For studies in normotensive mice, C57BL/6J mice were injected at age
3 months with 6 � 109 viral genomes [VGs]) of ssAAV2-STC-1-
FLAG in 1 eye and the same volume and titer of ssAAV2-GFP or
the same volume of PBS in the fellow eye as a control. For ocular
hypertensive studies, DBA/2J and steroid-induced ocular hypertensive
micewere used.33 DBA2/Jmicewere injected at 5months of age, prior
to their reported increase in IOP,with 6� 109VGs of ssAAV2-STC-1-
FLAG in 1 eye and the same volume and titer of ssAAV2-GFP in the
felloweye.For steroid-inducedocular hypertension, the increase in IOP
was induced as previously described.33,34 Briefly, after anesthesia, a
dexamethasone acetate suspension (200 mg in 20 ml) was injected
weekly into the inferior conjunctival fornix of 1 eye in a slow-release
formulation (sodium chloride [0.667 g/100 mL], edetate disodium
United States Pharmacopeia dehydrate [0.05 g/100 mL], sodium
bisulfate [0.1 g/100mL], and creatinine [0/5 g/100mL], pH7).33,34 The
fellow eye received a weekly injection with the slow-release formula-
tion (vehicle) without the dexamethasone. Steroid-induced ocular hy-
pertensivemicewere injectedwith6� 109 viralVGsof ssAAV2-STC-
1-FLAG or the same volume and titer of ssAAV2-GFP in a separate
cohort after 6 weeks of weekly steroid injections since the ocular hy-
pertension was induced in 1 eye. For studies in FP receptor knockout
mice, mice developed in our laboratory as previously described were
used.29 Prostaglandin F receptor knockout mice or wild-type littermate
controlmicewere injected in a subconjunctivalmanner at age 3months
with 6 � 109 VGs of ssAAV2-STC-1-FLAG in 1 eye and the same
volume of PBS in the fellow eye.

Assessment of Ocular Anatomy and Transgene
Expression after ssAAV2-STC-1-FLAG
Treatment

Normotensive C57BL/6J mice were treated with subconjunctival
injections with ssAAV2-STC-1-FLAG (6 � 109 VGs) in 1 eye and
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same volume of PBS in the fellow eye. One week after injection,
animals were euthanized, and eyes were enucleated and fixed in
10% formalin. Tissue was processed in paraffin, sectioned at 5
microns, and placed on Superfrost Plus slides. Sections were
deparaffinized in xylene, and rehydrated in a series of descending
alcohol concentrations followed by a rinse in PBS. Tissue sections
were hematoxylin and eosin stained. Sections were dehydrated
through a series of alcohol and xylene incubations, and cover
slipped with a xylene based mounting medium (Toluene Solution,
Permount, Thermo Fisher Scientific Inc). Images were captured
using a Nikon Eclipse Ci microscope (Nikon).

For expression studies, conjunctiva was dissected using an
Olympus SZX16 surgical microscope. Conjunctiva from 3 eyes of
the same treatment group were pooled (e.g., ¼ 4 represents 12 eyes
total with 3 pooled eyes per sample). Total RNAwas extracted using
PicoPure RNA Isolation Kit (Thermo Fisher Scientific) and quanti-
fied using a DeNovix DS-11 spectrophotometer (DeNovix). cDNA
was synthesized by reverse transcription using iScript cDNA Syn-
thesis Kit (Bio-Rad). Real-time polymerase chain reaction was per-
formed on a Roche Light Cycler 480 (Roche) using SYBR Green
Universal Master Mix, and TaqMan Universal polymerase chain
reaction Master Mix (Thermo Fisher Scientific). TaqMan Gene
Expression Assay probes (Applied Biosystems) were used to mea-
sure gene expression (Mm03928990 g1 Rn18s and a custom-
designed, STC-1-FLAG primer set [Forward: 5ʹ-cttcaacagga-
gacgcaccaatg-3ʹ; Reverse: 5ʹ-cttgtcatcgtcgtccttgtagtcg-3ʹ]). Delta
cycle threshold was presented as the difference between 18s RNA
and STC-1-FLAG expression.

Evaluation of Ocular Surface Inflammation
Comparing Topical and Subconjunctival
Therapies

Twenty-five C57BL/6J wild-type mice (3e4 months old) were
randomized into 5 groups (n ¼ 5 per group). Group 1 was treated
with subconjunctival injections of ssAAV2-STC-1-FLAG (6 � 109

VGs). Group 2 was treated with subconjunctival injections of
ssAAV2-GFP (6 � 109 VGs). Mice in the subconjunctival treat-
ment groups were treated with a single injection 28 days prior to
tissue collection. Fellow eyes served as untreated controls. The
remaining groups were treated topically, once daily for 28
consecutive days, with a 5 mL eyedrop of latanoprost ophthalmic
solution 0.005% (Group 3; Xalatan, Pfizer), recombinant human
STC-1 with a FLAG tag (Group 4; recombinant human STC-1
[rhSTC-1]; 0.5 mg/mL; Biovender Research and Diagnostic Prod-
ucts),29,30 and latanoprost-free acid (Group 5; latanoprost-free acid
[LFA]; 10�4 M; Cayman Chemical).29,30 Contralateral eyes
received vehicle in LFA and rhSTC-1 groups. The contralateral
eye was untreated in the latanoprost group.

After treatment, whole globes were removed, and conjunctiva
was dissected. Protein was extracted using a mortar and pestle in
cell lysis buffer (Triton X-100, 10% sodium dodecyl sulfate, 10�
PBS, 1M Tris, pH 8.0) containing protease (Complete Mini,
Roche) and phosphatase inhibitors (PhosSTOP, Roche). Samples
were centrifuged at 13000 g for 10 minutes at 4�C, and supernatant
was collected and quantified using a Bradford assay (Bio-Rad).
Tumor necrosis factor alpha (TNFa) was quantified using an
enzyme-linked immunosorbent assay kit (Invitrogen Life Tech-
nologies) according to manufacturer’s instructions.

Statistics

Student t test was used to compare treatment groups with controls for
all experiments when a single comparison was made. For steroid-
induced ocular hypertension experiments, separate cohorts of mice
were used to compare treatment and control since ocular
hypertension was induced in only 1 eye of the mouse. For the
remainder of experiments, paired statistics were used because the
IOP of the treated eye was compared with the fellow control eye.
Analysis of variance was used for multigroup comparison with post
hoc analysis. After multigroup comparison, pairwise comparison
was performed to compare specific relevant groups. Values were
expressed as mean � standard deviation, and P values < 0.05 were
considered significant.

Results

Sustained IOP Reduction with Subconjunctival
ssAAV-2-STC-1-FLAG in Normotensive Mice

To determine whether subconjunctival administration of
ssAAV2-STC-1-FLAG reduces IOP, C57BL/6J mice with
similar baseline IOP between fellow eyes (0.9%, 17.0 � 0.5
vs. 16.9 � 0.5 mmHg, P ¼ 0.4, n ¼ 8) received a single
subconjunctival injection of ssAAV2-STC-1-FLAG (2 mL;
6 � 109 VG) in 1 eye and the same volume and concen-
tration of ssAAV2-GFP in the fellow eye. Averaged weekly
IOP measurements revealed a significant reduction in IOP in
the ssAAV2-STC-1-FLAG treatment group starting at week
1 (13.5%, 17.3 � 1.3 vs. 14.9 � 0.7 mmHg, P < 0.001, Fig
1A). Significant IOP reduction persisted through week 10
post injection (6.1%, 16.5 � 0.4 vs. 15.5 � 1.0 mmHg,
P < 0.05). Maximal IOP lowering as assessed by
difference between treatment groups was seen at week 3
(17.4%, 17.1 � 0.8 vs. 14.1 � 0.8 mmHg, P < 0.001).
With no significant difference in IOP between fellow eyes
at week 13 (1.8%, 16.3 � 0.3 mmHg vs. 16.0 � 0.5
mmHg, P ¼ 0.3), animals were reinjected with the same
treatments. Significant IOP reduction was restored in eyes
that received ssAAV2-STC-1-FLAG treatment at week 14
(7.7%, 16.2 � 0.9 vs. 14.9 � 0.8 mmHg, P < 0.05, n ¼ 6),
1 week after the second injection, and persistent IOP
reduction was maintained through week 17 (11.7%,
16.3 � 0.9 � vs. 14.4 � 0.8 mmHg, P < 0.001) when the
experiment ended.

One week after injection with ssAAV2-STC-1-FLAG,
histologic analysis showed normal angle anatomy of the iris,
ciliary body and peripheral retina, and lens visible with no
difference compared with a PBS-injected control (Fig 1B).
Quantitative polymerase chain reaction of conjunctival
tissue revealed an induction of STC-1-FLAG transgene in
ssAAV2-STC-1-FLAG injected eyes at week 1 and month 1
postinjection (Fig 1C). Of note, no STC-1-FLAG expression
was detected in ssAAV2-GFP-injected eyes, PBS-injected
eyes, or untreated control eyes.

Sustained IOP Reduction with Subconjunctival
ssAAV-2-STC-1-FLAG in DBA/2J Mice

To determine whether subconjunctival administration of
ssAAV2-STC-1-FLAG reduces IOP in a model of acquired
pigment dispersion, 5-month old DBA/2J mice with similar
baseline IOP between fellow eyes (3.2%, 15.4 � 1.1 vs.
15.9 � 1.1 mmHg, P ¼ 0.2, n ¼ 14, Fig 2A) received a
single subconjunctival injection of ssAAV2-STC-1-FLAG
(2 mL; 6 � 109 VG), prior to naturally occurring IOP rise,
in 1 eye and the same volume and concentration of
3



Figure 1. Subconjunctival ssAAV2-STC-1-FLAG lowers IOP in a sustained fashion. A, C57BL/6J mice (n ¼ 8) were injected subconjunctivally with
ssAAV2-STC-1-FLAG (2mL; 6 � 109 VG) in 1 eye and ssAAV2-GFP (2mL; 6 � 109 VG) in the fellow eye. Significant, sustained IOP lowering was seen in
the eye injected with ssAAV2-STC-1-FLAG. At the end of experimental week 13 when IOP reduction waned, all surviving mice (n ¼ 6) received a second
injection. Eyes injected with a second dose of ssAAV2-STC-1-FLAG showed a restored, significant, and sustained IOP reduction until experiment was
ended. B, No difference in angle anatomy was seen between mice injected with ssAAV2-STC-1-FLAG and PBS-injected controls. Iris, ciliary body and
peripheral retina, and lens. C, Eyes injected with ssAAV2-STC-1-FLAG showed transgene expression at week 1 and month 1 postinjection while no
expression was seen in any control eyes whether untreated, PBS-treated, or ssAAV2-GFP-treated. CB ¼ ciliary body; GFP ¼ green fluorescent protein; I ¼
iris; IOP ¼ intraocular pressure; L ¼ lens; PBS ¼ phosphate-buffered saline; R ¼ retina; ssAAV2-STC-1-FLAG ¼ single-stranded, adeno-associated virus,
serotype 2, engineered to express stanniocalcin-1 with a FLAG tag; VG ¼ viral genome.
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ssAAV2-GFP in the fellow eye. Significant IOP reduction
was seen in the ssAAV2-STC-1-FLAG treatment group
compared with the fellow eye by week 1 (19.1%, 16.6 � 1.8
vs. 14.4 � 1.5 mmHg, P < 0.001) and persisted through
week 12 (12.9%, 18.6 � 5.3 vs. 15.5 � 1.5, P < 0.05). The
average IOP reduction during this experimental period was
4

16.9% (17.8 � 2.0 vs. 14.8 � 0.9 mmHg, P < 0.001). In the
ssAAV2-GFP-injected control eyes, the naturally occurring
rise in IOP expected with the DBA/2J model occurred.
Compared with baseline, a significant increase in IOP was
first seen at week 3 postinjection (6 months of age;
18.8 � 15.1%, P < 0.01) consistent with the iris atrophy



Figure 2. Subconjunctival ssAAV2-STC-1-FLAG lowers IOP in pigment dispersion and steroid-induced ocular hypertension mice. A, DBJ/2J mice (n ¼ 14)
were injected subconjunctivally with ssAAV2-STC-1-FLAG (2mL; 6 � 109 VG) in 1 eye and ssAAV2-GFP (2mL; 6 � 109 VG) in the fellow eye. Significant,
sustained IOP lowering was seen in the eye injected with ssAAV2-STC-1-FLAG through week 12. Of note, ssAAV2-STC-1 blunted the naturally occurring rise
in IOP in the DBA/2J model. B, Steroid-induced ocular hypertension was induced in 1 eye of C57BL/6J mice (n¼ 15). Mice were injected subconjunctivally in
the ocular hypertension eye with ssAAV2-STC-1-FLAG (2mL; 6 � 109 VG, n ¼ 8) or ssAAV2-GFP (2mL; 6 � 109 VG, n ¼ 7). Significant sustained IOP
lowering was seen in the eye injected with ssAAV2-STC-1-FLAG. GFP ¼ green fluorescent protein; IOP ¼ intraocular pressure; ssAAV2-STC-1-FLAG ¼
single-stranded, adeno-associated virus, serotype 2, engineered to express stanniocalcin-1 with a FLAG tag; VG ¼ viral genome.
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and beginnings of IOP increase seen in this model35 and was
seen through the end of the experiment at week 20
(77.0 � 48%, P < 0.001). However, in the AAV2-STC-1-
FLAG-injected eyes, the expected IOP increase was not
observed. Instead, a significant decrease in IOP was seen
through week 7 of the experiment compared with baseline
(�5.5 � 10.4%, P < 0.05). As the statistically significant
IOP reduction compared with baseline was lost with the
expected naturally occurring pigment dispersion and IOP
rise, no significant change in IOP compared with baseline
was seen through week 14 (11.4 � 14.3%, P ¼ 0.1) sug-
gesting that ssAAV2-STC-1-FLAG delayed the onset
pigment dispersion-induced elevated IOP 11 additional
weeks compared with control. Of note, to date no increase in
IOP with ssAAV2-GFP-injected eyes has been observed
with any treatment of wild-type mice.
Sustained IOP Reduction with Subconjunctival
ssAAV2-STC-1-FLAG in Steroid-Induced
Hypertensive Mice

To determine whether subconjunctival administration of
ssAAV2-STC-1-FLAG reduces IOP in a model of steroid-
induced ocular hypertension, C57BL/6J mice with similar
baseline IOP between fellow eyes (2.2%, 15.7 � 0.6 vs.
16.0 � 0.5 mmHg, P ¼ 0.1, n ¼ 15) received a weekly
injection of dexamethasone acetate for 6 consecutiveweeks to
induce ocular hypertension. Since ocular hypertension was
induced in only 1 eye of each mouse, mice were randomized
to receive a single subconjunctival injection of ssAAV2-STC-
1-FLAG (2 mL; 6 � 109 VG, n ¼ 8) or the same volume and
concentration of ssAAV2-GFP (n¼ 7) in the steroid-induced
ocular hypertension eye. Significant IOP reduction was seen
by week 1 postinjection in the ssAAV2-STC-1-FLAG group
(15.9%, 19.1� 0.8 vs. 16.0� 0.8 mmHg, P< 0.001, Fig 2B)
and persisted through the end of the experiment at 4 weeks
posttreatment (21.7% 18.3 � 1.2 vs. 14.3 � 0.5 mmHg,
P < 0.001). Maximal IOP reduction was seen at week 2
post treatment (25.2%, 19.8 � 1.9 vs. 14.8 � 0.7 mmHg,
P < 0.001). Averaged weekly IOP measurements during
the treatment period revealed a significant reduction in IOP
of 20.0% (19.0 � 0.6 vs. 15.2 � 0.7 mmHg, P < 0.001).
Sustained IOP Reduction with Subconjunctival
ssAAV2-STC-1-FLAG in FP Receptor Knockout
Mice

To determine whether subconjunctival administration of
ssAAV2-STC1-FLAG reduced IOP in FP receptor knockout
receptormice, wild-type littermate controlmice (n¼ 4)with no
5



Figure 3. Sustained IOP reduction with subconjunctival ssAAV2-STC-1-
FLAG in FP receptor knockout mice. Wild-type littermate control mice
(n ¼ 4) and FP receptor knockout mice (n ¼ 5) were injected subcon-
junctivally with ssAAV2-STC-1-FLAG (2mL; 6 � 109 VG) in 1 eye and
the same volume of PBS in the fellow eye. Significant, sustained IOP
lowering was seen in the eye injected with ssAAV2-STC-1-FLAG in both
wild-type and FP receptor knockout mice starting in week 1 and persisting
through week 4. Of note, there was no significant difference in IOP be-
tween treated eyes of wild-type and FP receptor knockout mice. FP ¼
prostaglandin F; IOP ¼ intraocular pressure; PBS ¼ phosphate-buffered
saline; ssAAV2-STC-1-FLAG ¼ single-stranded, adeno-associated virus,
serotype 2, engineered to express stanniocalcin-1 with a FLAG tag; VG ¼
viral genome.

Figure 4. Subconjunctivally injected ssAAV2-STC-1 without the FLAG
tag reduced IOP in a sustained fashion. After baseline IOP measurements,
ssAAV2-STC-1 without a FLAG tag (2mL; 6 � 109 VG) was subcon-
junctivally injected in 1 eye and ssAAV2-GFP (2mL; 6 � 109 VG) was
subconjunctivally injected into the fellow eye of 3-month-old C57BL/6J
mice (n ¼ 8). Significant sustained IOP lowering was seen in the eye
injected with ssAAV2-STC-1 until the experiment was ended. GFP ¼
green fluorescent protein; IOP ¼ intraocular pressure; ssAAV2-STC-1 ¼
single-stranded, adeno-associated virus, serotype 2, engineered to express
stanniocalcin-1; VG ¼ viral genome.
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difference in IOP between fellow eyes at baseline (0.0%,
16.5 � 0.5 vs. 16.4 � 0.6 mmHg, P ¼ 0.8, Fig 3) and FP
receptor knockout mice (n ¼ 5) with no difference in fellow
eyes at baseline (0.0%, 16.5 � 0.5 vs. 16.4 � 0.7 mmHg,
P ¼ 0.6) were treated with a single subconjunctival injection
of ssAAV2-STC-1-FLAG (2 mL; 6 � 109 VG) in 1 eye and
the same volume of PBS in the fellow eye. Both FP receptor
knockout (15.7%, 16.4� 0.7 vs. 13.8� 0.9mmHg,P< 0.001)
and wild-type (15.9%, 16.4 � 0.7 vs. 13.8 � 0.7 mmHg,
P¼ 0.001)mice showed significant reduction in IOP compared
with the fellow control eyes over the duration of the experiment.
When comparing ssAAV2-STC-1-FLAG-treated littermate
controls with ssAAV2-STC-1-FLAG-treated FP receptor
knockout mice, no difference was seen over the duration of the
experiment (0.0%, 13.8� 0.7 vs. 13.8� 0.9 mmHg, P¼ 0.9).

Assessment of IOP Reduction with ssAAV2-STC-
1 with No FLAG Tag

In order to determine whether the FLAG tag contributed to IOP
reduction with ssAAV2-STC-1-FLAG, we generated an iden-
tical construct to deliver STC-1 without the FLAG tag,
ssAAV2-STC-1. After baseline IOP measurements showed no
significant difference between fellow eyes (0.0%, 16.1� 0.4 vs.
16.1 � 0.7 mmHg, n ¼ 8, P ¼ 0.9, Fig 4), C57BL/6J mice
received a single subconjunctival injection (2 mL; 6 � 109

VGs) of ssAAV2-STC-1 in 1 eye. The fellow eye of each
mouse received a single subconjunctival injectionwith the same
concentration and volume of ssAAV2-GFP. Mice that received
a subconjunctival injection of ssAAV2-STC-1 showed a sig-
nificant decrease in IOP compared with fellow control eyes
starting at week 1 (15.0%, 16.5 � 0.6 vs. 14.1 � 0.8 mmHg,
P < 0.001, Fig 4), similar to that seen with ssAAV-STC-1-
6

FLAG in other experiments. Significant IOP reduction per-
sisted until the end of the experiment at week 4 in eyes treated
with ssAAV2-STC-1 (11.5%, 16.3� 0.7vs. 14.4� 1.1mmHg,
P < 0.01).

Comparison of ssAAV2-STC-1-FLAG with
Topical Latanoprost for IOP Reduction and
Ocular Surface Inflammation

It has been reported that ocular surface inflammation is induced
in the conjunctiva of C57BL/6J mice receiving daily topical
latanoprost treatment for 4 weeks or 4 times daily topical
latanoprost treatment for 1 week as assessed by increased
levels of TNFa.36 Based on clinical dosing we selected once
daily dosing for 1 month in order to determine if ssAAV-
STC-1-FLAG induces ocular inflammation similar to what
had been previously reportedwith topical latanoprost. Twenty-
five 3-month-old C57BL/6J wild-type mice were randomized
into 5 groups: subconjunctival injection of ssAAV2-STC-1-
FLAG (6 � 109 VGs; n ¼ 5), subconjunctival injection of
ssAAV2-GFP (6� 109VG;n¼ 5), topical latanoprost 0.005%
(n¼ 5), topical rhSTC-1 (2.5 mg; n¼ 5), or topical LFA (10-4

M; n ¼ 5). For this experiment, animals that received topical
treatment were treated with once daily drops, and animals that
were treated with an injection received a single injection and
tissues were collected 4 weeks later.

Intraocular pressure was assessed in all groups over a
4-week experimental period (Fig 5A). When comparing the
average IOP over this time, there was no significant
difference in IOP with ssAAV2-GFP compared with the
fellow control eye (1.9%, 16.9 � 0.2 vs. 16.8 � 0.5 mmHg,
P ¼ 0.6, n ¼ 5, Fig 5B). All other treatment groups showed
significant IOP reduction compared with the fellow eye:
ssAAV2-STC-1-FLAG (16.2%, 17.1 � 0.1 vs. 14.6 � 0.3
mmHg, n ¼ 5, P < 0.001), topical latanoprost (14.1%,
17.1 � 0.3 vs. 15.3 � 0.09, n ¼ 5, P < 0.001), topical LFA
(15.6%, 17.2� 0.5 vs. 14.8� 0.5 mmHg, n¼ 5, P< 0.001),



Figure 5. Subconjunctival ssAAV2-STC-1-FLAG lowers IOP in an equivalent manner to latanoprost. A, Graph showing IOPs of individual treatments
over 4 weeks. B, Bar graph showing no significant difference in IOP between subconjunctival delivered ssAAV2-GFP (2mL; 6 � 109 VG) and fellow
untreated control eye. Single-strand-AAV2-STC-1-FLAG (2mL; 6 � 109 VG), topical latanoprost (0.005%), topical LFA (10�4 M), and topical rhSTC-1
(5 mL; 0.5mg/mL) all showed a significant decrease in IOP compared with the fellow eye. No significant difference was seen between topical latanoprost,
topical LFA, topical rhSTC-1, or ssAAV2-STC-1-FLAG. **P < 0.01. GFP ¼ green fluorescent protein; IOP ¼ intraocular pressure; LFA ¼ latanoprost-free
acid; rhSTC-1 ¼ recombinant human stanniocalcin-1; ssAAV2-STC-1-FLAG ¼ single-stranded, adeno-associated virus, serotype 2, engineered to express
stanniocalcin-1 with a FLAG tag; STC-1 ¼ stanniocalcin-1; VG ¼ viral genome.
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and topical rhSTC-1 (14.7%, 17.0� 0.4 vs. 14.8� 0.8, n¼ 5,
P < 0.001). There was no significant difference in IOP
reduction when comparing the LFA, latanoprost, rhSTC-1, or
ssAAV2-STC-1-FLAG treatment groups (P ¼ 0.2).

To assess ocular surface inflammation, we evaluated levels
of TNFa in the conjunctiva. Single-strand-AAV2-GFP, topical
latanoprost, and topical LFA all showed a trend of TNFa in-
duction compared with the fellow control eye (Fig 6). In
contrast, eyes treated topically with rhSTC-1 or with a sub-
conjunctival injectionof ssAAV2-STC-1-FLAGshowed lower
levels of TNFa compared with the fellow control eye. Specif-
ically, there was a significant decrease in TNFa comparing
ssAAV2-STC-1-FLAG treated eyes with ssAAV2-GFP
(P ¼ 0.01), latanoprost (P < 0.05), and LFA (P < 0.05)
treated eyes.
Discussion

There is a need to enhance patient treatment compliance by
developing novel IOP-lowering therapeutics that require less
frequent administration and have minimal ocular side effect
profiles. Our study demonstrates proof of concept that an IOP-
lowering protein can be expressed following subconjunctival
injection of a viral vector. Subconjunctival ssAAV2-STC-1-
FLAG lowered IOP in normotensive mice, pigment disper-
sion mice, and steroid-induced ocular hypertension mice.
Furthermore, IOP lowering was confirmed without the pres-
ence of the FLAG tag. Additionally, though IOP reduction
was equivalent between topical latanoprost, topical LFA, and
subconjunctival ssAAV2-STC-1-FLAG, expression of STC-
1-FLAG via subconjunctival viral delivery showed reduced
expression of conjunctival TNFa. Taken together, these data
suggest a potentially viable, repeatable, minimally invasive,
periocular delivery approach for STC-1, that can be used to
achieve sustained IOP reduction while reducing ocular sur-
face inflammation, a side effect of many current glaucoma
medications.

Subconjunctival drug delivery has several inherent
advantages over intraocular approaches. The most common
clinically approved intraocular injection is intravitreal admin-
istration of anti-VEGF agents. Intravitreal injections are
7



Figure 6. Subconjunctival delivered ssAAV2-STC-1-FLAG and topical
STC-1 do not induce TNFa. Single-strand-AAV2-GFP, topical latano-
prost, and topical LFA all showed a significantly increased concentration of
TNFa at the protein level in conjunctiva compared with ssAAV2-STC-1-
FLAG. *P < 0.05, **P < 0.01. GFP ¼ green fluorescent protein; LFA ¼
latanoprost-free acid; rhSTC-1 ¼ recombinant human stanniocalcin-1;
ssAAV2-STC-1-FLAG ¼ single-stranded, adeno-associated virus, serotype
2, engineered to express stanniocalcin-1 with a FLAG tag; STC-1 ¼
stanniocalcin-1; TNFa ¼ tumor necrosis factor alpha.
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generally well-tolerated, and many patients receive numerous
injections over a lifetime. However, potential complications of
intravitreal injections do occur. These include vitreous hem-
orrhage, increased IOP, uveitis, traumatic cataract, and
endophthalmitis.37 Overall, endophthalmitis is rare,38 and
though the sequelae of endophthalmitis is broad, severe cases
may lead to loss of the eye itself.39 A less invasive periocular
approach would reduce the risk of adverse events seen with
intraocular injections. Subconjunctival administration has the
advantage of local delivery of medication without needle
penetration into the intraocular space and is widely accepted
and utilized in conjunction with other procedures such as
anterior segment surgery. From the patient’s perspective, use
of a subconjunctival delivery approach would provide a less
invasive, lower risk procedure that could be delivered
efficiently and safely at the slit lamp with minimal
discomfort. Though subconjunctival delivery of transgenes
by viral vectors has advantages over existing therapeutics
and delivery methods,40 their testing in animal models has
been limited to models of acute corneal injury41,42 and as
adjuncts in glaucoma surgery.43 Our study is unique in that
we target IOP reduction as a stand-alone therapeutic.
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PGF2a topical therapeutics such as latanoprost are the first
line pharmacologic therapy for IOP reduction to treat glaucoma
or ocular hypertension inmany practices. However, up to 20%
of patients are either minimally responsive or unresponsive to
PGF2a analogs, and side effects such as orbital fat atrophy,
conjunctival hyperemia, ocular surface irritation, pigmentation
of the iris and periocular skin, and hypertrichosis may be
seen.44 Treatmentwith PGF2a analogs has induced expression
of markers of ocular surface inflammation in patients45 and
animal models.36 This is believed to be due to the binding to
the FP receptor, whose activation initiates a number of
cellular pathways including those that are
proinflammatory.46-48 Inhibition of PGF2a by pharmaco-
logic blockade of the FP receptor with competitive antagonist
AL-8810 has been shown to reduce the inflammatory
response49 and be therapeutic in animal models of stroke,50

traumatic brain injury,51 and multiple sclerosis.52 These
results imply that proinflammatory side effects of PGF2a are
a result of FP receptor activation. In the current study, we
found that subconjunctivally administered ssAAV2-STC-1-
FLAG is able to lower IOP in FP receptor knockout mice,
unlike latanoprost, and similar to what we found with topical
administration of rhSTC-129 and intracameral ssAAV2-STC-
1-FLAG.10 We also found elevated levels of TNFa consistent
with an induced inflammatory response after latanoprost and
LFA treatment. In contrast, expression of STC-1-FLAG or
topically delivered rhSTC-1 did not increase TNFa levels.
While STC-1 is a downstream effector molecule of latanoprost
signaling, it is a standalone IOP ocular hypotensive agent that
does not utilize the FP receptor.29 We hypothesize that the
reason for induction of conjunctival TNFa in LFA and
latanoprost treated eyes is a result of FP receptor activation.

Therapeutics that offer sustained IOP lowering over
weeks to months have potential advantages over conven-
tional dosing regimens with topical medications. Studies
estimate that less than half of patients use glaucoma eye
drops as prescribed.2-6 An injectable medication, especially
one that sustains IOP reduction over extended periods, has
the potential to eliminate these barriers resulting in better
adherence, compliance, and outcomes. Additionally,
because of the pharmacokinetics and dosing regimens of
current glaucoma medications, fluctuation in IOP is com-
mon and believed to be a key contributor to glaucoma.53,54

Therefore, sustained expression of an IOP-lowering protein,
even for a finite period of time, has the potential to reduce
rates of progression of glaucoma by providing a constant
dose of medication that minimizes IOP fluctuation.

Intraocular pressure reduction was observed in normo-
tensive mice as well as 2 mouse models that result in ocular
hypertension, each with different mechanisms of outflow
obstruction. Initial testing of novel compounds for IOP
reduction are often performed in normotensive mice due to
their ease of use and consistent IOP measurements before,
during, and after treatment.55 Furthermore, results in
normotensive mice have important implications for the
significant number of patients with “normal” or “low”
tension glaucoma.56 The steroid-induced ocular hyperten-
sion model is a relatively acute model of trabecular mesh-
work dysfunction resulting from the overexpression of
extracellular matrix proteins leading to an increase in
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outflow resistance and IOP elevation.34 The DBA/2J mouse
is a more chronic, inherited model of ocular hypertension
and glaucomatous optic neuropathy57 resulting from
pigment dispersion.35 Mice typically develop elevated IOP
by 9 months of age secondary to multiple mechanisms
including trabecular meshwork dysfunction, presence of
posterior synechiae, and a late acquired secondary angle
closure.35,58,59 It should be noted that in our study, DBA/
2J mice were injected prior to the rise in IOP at 5 months
of age. Therefore, DBA/2J mice were normotensive at the
time of treatment and IOP reduction compared with the
fellow eye which was maintained as ocular hypertension
developed. Importantly, ssAAV2-STC-1-FLAG delayed
the onset of ocular hypertension in the treated eye. Reduc-
tion of IOP following subconjunctival administration of
ssAAV2-STC-1-FLAG in multiple animal models charac-
terized by both normal and abnormal trabecular meshwork
is consistent with our prior data that showed a decrease in
IOP after once daily ophthalmic delivery of rhSTC-1.29,30,33

Several different hypotheses were evaluated in this study
and therefore, maximum sustainability of IOP reduction
after subconjunctival delivery was not investigated in every
model system. For example, AAV2-STC-1 (without the
FLAG tag) experiments were designed to test the hypothesis
that the vector construct without the FLAG tag maintained
IOP reduction seen with ssAAV2-STC-1-FLAG. Studies in
FP receptor knockout mice were designed to test the hy-
pothesis that this pathway is not needed for IOP reduction
with ssAAV2-STC-1-FLAG. Additionally, evaluation of the
effect of ssAAV2-STC-1-FLAG on IOP in steroid-induced
ocular hypertension model was limited to 1 month as
induced ocular hypertension can wane over time, as indi-
cated in prior studies.34 In the present study, significant IOP
lowering was observed for 10 weeks in normotensive mice
with subconjunctival ssAAV2-STC-1-FLAG. It should be
noted that intracameral administration of ssAAV2-STC-1-
FLAG in a prior study10 showed sustainability of IOP
reduction for up to 6 months. Because of the distinct
locations that the virus is delivered, it is conceivable that
different proportions of labile and stable cell types will be
transduced. If 1 delivery technique results in transduction
of more stable cells, it is feasible to hypothesize that this
method will lead to longer expression of the STC-1 trans-
gene and subsequent longer duration of reduction of IOP.
Additional studies are required to evaluate the effectiveness
of subconjunctival injection in comparison to intracameral
injections.

One potential caveat with the use of AAVs in intraocular
drug delivery is the potential for inciting a viral vector
mediated inflammatory response. Much of the existing
understanding and concerns around inflammatory responses
come from studies using intravitreal and subretinal
approaches.60 Though data are limited for both intracameral
and subconjunctival delivery of AAV, to date, we have no
evidence of intraocular or periocular inflammation as
assessed by clinical examination or histopathology with
intracameral or subconjunctival delivery of ssAAV2-STC-
1-FLAG. In the current study, subconjunctival ssAAV2-GFP
induced TNFa to a similar degree as topical latanoprost and
LFA. However, subconjunctival delivery of ssAAV2-STC-1-
FLAGand topical STC-1 both showed a reduction of TNFa in
conjunctiva compared with the fellow eye. We hypothesize
that the similar induction of TNFa seen in ssAAV2-GFP and
latanoprost occurs by different mechanisms. We suspect that
ssAAV2-GFP induces a small inflammatory response related
to the viral vector while latanoprost and LFA induce TNFa
secondary to FP receptor activation. Stanniocalcin-1 is an
anti-inflammatory protein and reduces inflammation by
multiple mechanisms including inhibition of macrophage
chemotaxis, modulation of transendothelial migration of
leukocytes, and reduction of T-cell infiltration.20-23 We hy-
pothesize that the anti-inflammatory functions of STC-1 blunt
the induction of TNFa seen with subconjunctival adminis-
tration of ssAAV2-GFP, topical latanoprost, and topical LFA.
Therefore, expression of STC-1 that lowers IOP without
inducing ocular surface inflammation has potential to treat
patients with limited therapeutic options due to ocular surface
side effects seen with existing medications.

Stanniocalcin-1 is a downstream effector molecule within
the latanoprost pathway but is a standalone ocular hypotensive
agent.29,30,33 Therefore, one may expect that latanoprost and
STC-1 have a similar mechanism of action. We previously
demonstrated that in mice STC-1 lowers IOP by increasing
trabecular outflow when delivered as a recombinant protein
topically (rhSTC-1) or when delivered intracamerally with
ssAAV2.10 Likewise, latanoprost lowers IOP in mice by
increasing trabecular outflow.10,61 This is in contrast to
humans, where multiple mechanisms of action have been
described for latanoprost. While the predominant effect is
likely uveoscleral,62 �1 study found increases in both
uveoscleral and trabecular outflow,63 and use of intraocular
prostaglandin implants suggest a lowering of episcleral
venous pressure.64 Future studies of subconjunctivally-
delivered ssAAV2-STC-1-FLAG should include determina-
tion of mechanism of action of IOP reduction, ideally in a
larger animal model, since species differences in contribution
of outflow pathways exist.65

One potential limitation of our study is that we used the
contralateral eye as a control, either injectingAAV2-GFP or the
same volume of PBS. While we have not detected any
measurable change in IOP or anymeasurable FLAGexpression
in control eyes compared with baseline in wild-type mice, we
cannot exclude the possibility that virus enters the systemic
circulation and could reach the fellow eye in small amounts.
This may have an impact on the overall effect of the IOP
reduction. Our results are consistent with other reports that
AAV-GFP serves as a vector control that does not affect
IOP.66,67

Another limitation is the selection of our ocular
hypertensive models. While we tried to select mouse
models that closely represent human disease (i.e., steroid
response and pigment dispersion), we are aware that these
models have limitations. For example, the steroid-induced
model is relatively acute model (i.e., the ocular
9
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hypertensive effects are not long-lasting) while the DBA/
2J mouse model has variability due to multiple mecha-
nisms resulting in elevated IOP.35,58,59 While there is no
specific glaucoma model in mice, to fully appreciate the
maximal IOP lowering capacity of ssAAV2-STC-1-
FLAG, additional testing is warranted in alternative
models such as the myocilin model68 or use of microbeads
to cause IOP elevation.69
10
In summary, subconjunctival administration of ssAAV2-
STC-1-FLAG lowers IOP in a sustained manner. Additional
preclinical studies are needed to assess the safety and efficacy of
this therapeutic approach in appropriate large animal model
systems todeterminewhether this treatment strategymaybenefit
the 80 million people worldwide afflicted by glaucoma.70
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