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Intravitreal Administration of Stanniocalcin-1
Rescues Photoreceptor Degeneration with
Reduced Oxidative Stress and Inflammation in
a Porcine Model of Retinitis Pigmentosa

ROBERT H. ROSA JR.,, WANKUN XIE', MIN ZHAO', SHU-HUAI TSAI, GAVIN W. RODDY, MAXWELL G. SU,
LUKE B. POTTS, TRAVIS W. HEIN, AND LIH KUO

e PURPOSE: To investigate the effect of stanniocalcin-1
(STC-1), a secreted polypeptide exhibiting multiple func-
tions in cell survival and death, on photoreceptor degen-
eration in a porcine model of retinitis pigmentosa (RP).
e METHODS: P23H transgenic pigs (TG P23H) and wild-
type hybrid littermates were obtained from the National
Swine Resource and Research Center. Human recom-
binant STC-1 was injected intravitreally every 2 weeks
from postnatal day 15 (P15) to P75. The contralateral
eye was injected with balanced salt solution as a con-
trol. Electroretinography (ERG) and spectral domain op-
tical coherence tomography (SD-OCT) were performed
to evaluate retinal function and morphology in vivo at
P90. Retinal tissue was collected for histologic analysis
and molecular assays to evaluate the antioxidative and
anti-inflammatory mechanisms by which STC-1 may res-
cue photoreceptor degeneration.

e RESULTS: Intravitreal injection of STC-1 improved
retinal function in TG P23H pigs with increased pho-
topic and flicker ERG a- and b-wave amplitudes. Greater
integrity of the ellipsoid zone (EZ) band on SD-OCT and
morphologic rescue with preservation of cone photore-
ceptors were observed in STC-1—treated TG P23H pigs.
STC-1 altered gene expression in TG P23H pig retina on
microarray analysis and increased photoreceptor specific
gene expression by reverse transcription—polymerase
chain reaction analysis. STC-1 significantly decreased ox-
idative stress and the expressions of NLRP3 inflamma-
some, cleaved caspase-1, and IL-18 in TG P23H pig
retina.
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e CONCLUSIONS: Intravitreal administration of STC-1
enhances cone photoreceptor function, improves EZ in-
tegrity, and reduces retinal degeneration through antiox-
idative and anti-inflammatory effects in a large animal
(pig) model of the most common form of autosomal dom-
inant RP in the United States. = (NOTE: Publication
of this article is sponsored by the American Ophthal-
mological Society. Am ] Ophthalmol 2022;239: 230-
243. © 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

etinitis pigmentosa (RP) is a photoreceptor-
Rdegenerative disease that results from various

mutations and is characterized by the death of
rod photoreceptor cells, followed by the gradual demise
of cone photoreceptors. Cone photoreceptor cell death
causes central vision loss and eventual blindness in RP and
advanced dry age-related macular degeneration (AMD).
The prevalence of RP in the United States and Europe
is about 1:3,500." Mutations in the G protein—coupled
receptor thodopsin (RHO) gene in the rod photoreceptor
are responsible for approximately 30% to 40% of autosomal
dominant RP, and the proline-23-histidine (P23H) RHO
gene mutation underlies the most common form of RP in
North America, accounting for approximately 10% of all
RP cases.” Although the molecular mechanisms that lead
to rod and cone cell death are not yet fully understood, it
is well documented that mutation-induced rod cell death
is followed by mutation-independent cone cell death.’”
The degeneration of both rods and cones, in turn, triggers a
remodeling of retinal circuitry and tertiary degeneration of
inner retinal neurons.” Because of progressive, sequential
loss of rod and cone photoreceptor cells, patients with
RP typically present with night vision problems in ado-
lescence, peripheral vision loss in young adulthood, and
ultimately central vision loss in middle age.® Although
many therapeutic approaches to prevent photoreceptor
cell loss have been investigated, no effective, enduring
treatments are currently available for the vast majority of
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patients with inherited and acquired forms of retinal de-
generation.” Mutations in more than 200 genes, including
the RHO gene, have been identified in different forms of
RP.® There is strong evidence to suggest a role for oxidative
stress and neuroinflammation in the progression of retinal
degenerative diseases.” Inflammatory processes and inflam-
matory cytokines might be involved in the development of
RP in humans and animals.'®""

Stanniocalcin-1 (STC-1) is a secreted glycoprotein ini-
tially discovered in bony fish as a calcium-reducing factor
for calcium-phosphate regulation in the fish gill.'>»'* STC-
1 is also expressed in human tissues and organs, including
the kidney, heart, liver, lung, prostate, adrenal gland, and
ovary."”'" Mammalian stanniocalcins do not exhibit signif-
icant homology to other known proteins or contain previ-
ously recognized protein motifs.'® STC-1 can promote an-
giogenesis in various experimental models,'”?’ suggesting
its ability to facilitate cell/tissue survival. In contrast, addi-
tional studies have demonstrated inhibition of angiogenesis
in other cells/tissues (eg, granulosa cells in the ovary), sug-
gesting varying cell- or tissue-specific functions of STC-1.%
Previous studies have suggested various roles for STC-1 in
developmental and pathophysiological processes,'”***¢ in-
cluding cytoprotection via inhibition of programmed cell
death, oxidative damage, and inflammation.”’** STC-1
was recently reported to inhibit proinflammatory cytokine
production in vitro in activated microglia and to reduce
neuroinflammation and oxidative stress in the hippocam-
pus in a rat model of encephalopathy under systemic insults
evoked by sepsis.”> However, the action of STC-1 under lo-
cal pathological stress remains to be characterized.

To date, the impact of STC-1 on ocular pathophysi-
ology remains unclear. We recently showed that STC-1
protein is expressed in retinal pigment epithelial/choroidal
tissue, with increased expression in areas treated with ther-
mal laser photocoagulation.’® In a rodent model of oxygen-
induced retinopathy (OIR), Dalvin et al observed a mod-
ulatory effect by STC-1 with significantly worse OIR in
STC-1 knockout mice.’” Interestingly, Roddy et al recently
reported that STC-1 lowers the intraocular pressure and is
a downstream effector molecule in latanoprost signaling in
rodent models of glaucoma.’®* We first discovered that
intravitreal injection of adult mesenchymal stem/stromal
cells (MSCs) can increase photoreceptor gene expression
in the Royal College of Surgeons (RCS) rat,*' presumably
through upregulation of STC-1 expression in the MSCs.*’
Furthermore, intravitreal injection of human recombinant
STC-1 rescued photoreceptors in the S334ter-3 rhodopsin
transgenic and RCS rats due, in part, to reduced oxida-
tive damage following upregulation of mitochondrial un-
coupling protein-2.*! In a follow-up study, intravitreal de-
livery of adeno-associated virus AAV-STC-1 caused long-
term improvement in the structure and function of pho-
toreceptors in 2 different RP models in rats.* These studies
in different rodent models of RP support the potential ther-
apeutic action of STC-1.

VoL. 239

To further explore the in vivo retino-protective effect of
STC-1 in a large animal model, we investigated the retinal
function and morphology in pigs with Pro23His rhodopsin
mutation (TG P23H),¥* a model of the most common
form of human autosomal dominant RP in the United
States. This pig model is characterized by a rapid-onset reti-
nal degeneration with no significant rod function by elec-
troretinography (ERG) at birth. We observed that intravit-
real administration of STC-1 exerted multiple rescue effects
on cone photoreceptor degeneration with improved reti-
nal function, reduced photoreceptor cell death, decreased
oxidative stress, modulated gene expression, and mitigated
inflammation in TG P23H pigs. Based on these preclini-
cal studies in a large animal model, we propose that STC-1
might be a promising therapeutic protein to enhance pho-
toreceptor cell survival and homeostasis in retinal degen-
erative diseases. However, additional studies are needed to
further investigate and elucidate the molecular mechanisms
involved in the neuroprotective effect of STC-1.

METHODS

o ANIMALS: Male and female TG P23H and wild-type
(WT) hybrid littermates were produced by inseminating
domestic swine with semen from TG P23H mini swine
(Founder line 53-1) as previously described** and were ob-
tained from the National Swine Resource and Research
Center at the University of Missouri in Columbia, MO. All
pigs were kept under a 12-hour on/12-hour off light/dark
schedule with free access to food and water. All procedures
were performed with approval by the Institutional Animal
Care and Use Committee at Baylor Scott & White Health
and adhered to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research.

e INTRAVITREAL INJECTIONS OF STC-1: Recombinant
human STC-1 used in this study was purchased from
BioVender Research and Diagnostic Products. According
to the manufacturer’s instructions, distilled water was added
to a vial of STC-1 that was lyophilized in 20 mmol/L
Tris buffer, 20 mmol/L NaCl to yield a final solution of
0.5 mg/ml. After sedation and induction with isoflurane
anesthesia, the animal subject was prepared with topical
povidone-iodine (Betadine) 5%. With sterile technique in-
cluding the use of an eyelid speculum, an intravitreal injec-
tion of STC-1 protein (25 puL) in 50 puL of balanced salt
solution (BSS) was performed (entry site 1 mm posterior to
the limbus) in the right eye with a 30-gauge needle attached
to a sterile syringe. The left eye was injected with vehicle
(BSS) and served as an internal control. TobraDex oph-
thalmic ointment (Alcon) was applied immediately after
the injection to reduce postinjection inflammation and the
risk of infection. Recombinant human STC-1 (0.5 ug/uL,
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50 L) was injected intravitreally every 2 weeks from post-

natal day 15 (P15) to P75.

e ELECTRORETINOGRAPHY: Full-field electroretinograms
of the pigs were recorded at P90 with the ESPION Sys-
tem (Diagnosys LLC). After sedation and induction with
isoflurane anesthesia, 2 contact ear electrodes were placed
with conducting gel on the right and left ears. A contact
lens electrode with lubricant gel was placed on the cornea
of each eye. After 10 minutes of light adaptation, the pho-
topic electroretinography (ERG) was recorded with a strobe
flash intensity of 3.0 cdes/m” and an interstimulus interval
of 1 second. The 30-Hz flicker ERG (3.0 cdes/m?) was then
recorded. An averaged response was constructed based on
5 to 10 presentations.

e SPECTRAL DOMAIN OPTICAL COHERENCE TOMOGRA-
PHY: The Heidelberg Spectralis HRA4+OCT was used to
document the microarchitecture of the retina in animal
subjects as we previously described.”** Both TG P23H
and WT pigs were imaged at postnatal day 90 (P90). Be-
fore imaging, the animals were sedated, and all experimen-
tal protocols were performed under 2% to 4% isoflurane
anesthesia. Pupils were dilated with 1% tropicamide eye
drops (Bausch & Lomb Inc) before image acquisition. Ar-
tificial tears (Refresh Optive®, Allergan Inc) were admin-
istrated throughout the procedure to maintain corneal hy-
dration. Images were obtained with the instrument set at a
30° field of view, using the Heidelberg Eye Explorer software
(HEYEX version 6.6).

With the standardized fundus image, the position of the
eye was maintained using the orientation of the optic disc,
and all spectral domain optical coherence tomography (SD-
OCT) scans were acquired in the same position. Seven ver-
tical scans with an interscan distance at 240 pm were ob-
tained along the vertical meridian through the optic disc by
SD-OCT. To increase the signal-to-noise ratio, 100 frames
were averaged per B-scan, and signal quality was greater
than 25 db with the scan speed at 40,000 A-scans per sec-
ond. The high-resolution mode was used with axial resolu-
tion at 3.9 um digital and lateral resolution at 6 um digital.

The reflective densities of the ellipsoid zone (EZ) bands
were measured as previously described.*’*” SD-OCT B-
scans were exported and converted into 8-bit grayscale im-
ages. Images were then processed with the Image] software
package (version 1.51j8; National Institutes of Health),
and relative EZ intensities were measured as band intensity
value divided by the external limiting membrane (ELM) in-
tensity value along the vertical meridian from the optic disc
and across the full length (7000 um) of the SD-OCT scan
in the superior retina.

The reflective density was calculated by averaging 6 mea-
surements obtained at 500-um intervals from 2500 pm to
5000 um from the superior edge of optic disc in the supe-
rior retina in each eye. The overall average reflective den-
sity was calculated from 6 different eyes at P90.
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The ONL thickness was calculated by averaging 6 mea-
surements obtained at 500-pm intervals from 2500 um to
5000 um from the superior edge of optic disc in the supe-
rior retina in each eye. The overall percentage change in
ONL thickness between P30 and P90 was calculated from
3 WT pigs and 5 TG P23H pigs.

e TISSUE PREPARATION FOR MORPHOLOGICAL ANALY-
SES: Pigs were euthanized via exsanguination under isoflu-
rane anesthesia after SD-OCT image acquisition at P90.
The eyes were enucleated and immediately placed in 4%
paraformaldehyde (PFA). The anterior segment, lens, and
vitreous were removed, leaving a posterior eyecup that con-
tained the sclera, choroid, RPE, and neural retina. Every
effort was made to avoid separation of the neuronal retina
from the RPE during dissection and processing of the pos-
terior eyecup. The posterior segment was then postfixed by
immersion in 2% PFA/2% glutaraldehyde in phosphate-
buffered saline at 4°C for 48 hours. Then, a 3-mm-wide
strip of retinal tissue was dissected along the vertical merid-
ian to include the optic disc and ora serrata. After rins-
ing, secondary fixation in buffered 1% osmium tetroxide,
final rinsing, and dehydration, the tissue was embedded in
Eponate 12 resin (Ted Pella). Blocks of retinal tissue were
cut into 500-nm-thick sections using the RMC PowerTome
X Ultramicrotome (Boeckeler Instruments), stained with
1% toluidine blue (Sigma-Aldrich), covered with a cover-
slip, and examined with light microscopy as previously de-

scribed. 40

o MICROARRAY ASSAYS: Microarray analysis was per-
formed to evaluate the gene regulation as we previ-
ously reported.*' Briefly, retinal tissue was collected on
day 3 after a single injection of STC-1 (50 pg, 100
pulL) at P30 in TG P23H pigs. A total of 250 ng of
RNA from each sample was used for microarrays using
GeneChip 3’IVT Express Kit (Affymetrix) according to
the manufacturer’s directions. Briefly, poly-A RNA con-
trols were added into each sample to provide exoge-
nous positive controls to monitor the eukaryotic target la-
beling process. T7 oligo(dT) primer was used to gener-
ate first-strand cDNA, followed by second-strand cDNA
synthesis. To generate biotin-modified aRNA, in vitro tran-
scription was performed, followed by purification and quan-
tification of labeled aRNA. A total of 15 ug of aRNA
was fragmented and hybridized (GeneChip Hybridization
Oven 640; Affymetrix) onto pig arrays (GeneChip Porcine
Genome Array #900624 or #900625, Affymetrix), fol-
lowed by array washing and staining (GeneChip Fluidics
Station 450; Affymetrix) with GeneChip Hybridization,
Wash, and Stain Kit (Affymetrix). Arrays were scanned
with GeneChip Scanner (Affymetrix), and images were
checked for quality. Data were normalized using robust
multi-array (RMA) algorithm, and gene level analysis was
performed with Transcriptome Analysis Console Software
(Thermo Fisher). To obtain up- and downregulated genes,
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STC-1—treated samples were compared with BSS-treated
samples, and expression level changes of at least 2-fold were
considered significant.

e REAL-TIME REVERSE TRANSCRIPTION—-POLYMERASE
CHAIN REACTION ASSAYS: For RNA extraction, retinas
were isolated by surgical excision at P90 after treat-
ment with STC-1 0.5 ug/uL or BSS, 50 uL injection
every 2 weeks starting at P15 (5 injections total). The
isolated retina was immediately placed in RNA isola-
tion reagent (RNA Bee, Tel-Test Inc) and frozen at
—80°C. The samples were rapidly thawed and homog-
enized on ice, and total RNA was extracted (RNeasy
Mini kit; Qiagen). cDNA was generated by reverse
transcription  (SuperScript III; Invitrogen) using 1
pg total RNA. Real-time amplification was performed
using TagMan Universal PCR Master Mix (Applied
Biosystems). PCR probe sets and TagMan Gene Expres-
sion Assay kits (Applied Biosystems) were used to measure
gene expression (Phosducin: XM_003130382.3; Recoverin:
XM_013981323.1; Cone transducing a-subunit (GNAT2):
XM_021090070.1; MWL cone opsin: AY693774.1; SWL
cone opsin: NM_214090.1; and 18s: NR_046261.1). Val-
ues were normalized to 18s RNA and expressed as a fold
change compared to the BSS control eye.

e ELISAS FOR MARKERS OF OXIDATIVE DAMAGE: For
protein extraction, retina was collected at P90 after
treatment with a STC-1 0.5 upg/ul or BSS, 50 uL,
injection every 2 weeks starting at P15 (5 injections
total). The retinal tissue was then sonicated on ice in
a Tris—ethylenediaminetetraacetic acid (EDTA) solution
containing protease inhibitor cocktail (Roche). After cen-
trifugation at 12,000 rpm at 4°C for 20 minutes, the super-
natant was assayed for protein carbonyl content (OxiSe-
lectTM Protein Carbonyl ELISA Kit, Cell Biolabs, Inc) or
nitrotyrosine content (OxiSelectTM Nitrotyrosine ELISA
Kit, Cell Biolabs, Inc) in accordance with the manufac-
turer’s instructions.

* WESTERN BLOT ANALYSIS: The retina was isolated from
eyecups at P90 after treatment with STC-1 0.5 ug/uL
or BSS, 50 uL injection every 2 weeks starting at P15
(5 injections total) and then lysed with Tissue Extraction
Reagents (Invitrogen) plus a supplement of protease in-
hibitor cocktail according to the manufacturer’s instruc-
tions. Protein concentrations were determined with BCA
assay kit (Pierce Biotechnology) in accordance with the
manufacturer’s instructions. Protein extracts (50 pg pro-
tein per sample) were subjected to 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to nitrocellulose membranes (Bio-
Rad). The membranes were then incubated in 5% skim
milk for 1 hour at room temperature, followed by overnight
incubation in blocking buffer containing 1 of the following

primary antibodies: NLRP3 (1:1000, Catalog #15101, Cell
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Signaling Technology), IL-18 (1:1000, Catalog #12703,
Cell Signaling Technology), cleaved caspase-1 (c-caspase-
1, 1:1000, Catalog #4199, Cell Signaling Technology), and
B-actin (1:1000, Catalog #4970, Cell Signaling Technol-
ogy) at 4°C. The next day, membranes were washed in
0.1% Tween in 1X PBS and incubated with horseradish
peroxidase—conjugated secondary antibody for 1 hour at
room temperature. Proteins of interest were detected with
enhanced chemiluminescent reagents (Pierce Biotechnol-
ogy). Membranes were stripped after incubation with pri-
mary antibodies for NLRP3, IL-18, and c-caspase-1 and
reprobed to detect B-actin on the same membrane. The ra-
tios of NLRP-3, IL-18, and c-caspase-1 expressions to 8-
actin expression were determined. These values from the
treatment groups were normalized to the average of the nor-
mal control group and expressed as a relative ratio for com-
parison.

o STATISTICAL ANALYSIS: All data are presented as mean
+ SEM and were analyzed using GraphPad Prism 9.3.0
(GraphPad Software). Two-way analysis of variance fol-
lowed by the Tukey test was used in multiple group compar-
isons. Differences were considered significant at P < .05.

RESULTS

e STC-1 IMPROVES NEURAL FUNCTION OF THE RETINA
IN TG P23H PIGS: To evaluate the effect of STC-1 on reti-
nal function in P23H pigs, the ERG response was recorded
in BSS- and STC-1—treated eyes in animals at P90. As
shown in Figure 1A, no difference in the photopic ERG
wave forms was observed between the BSS- and STC-
1 —treated eyes in the WT pigs. In contrast, the STC—1
treated eyes in the TG P23H pig demonstrated increased a-
and b-wave amplitudes compared to the BSS-treated eyes
(Figure 1B). The mean amplitude of the photopic a-wave
and b-wave at a stimulus intensity of 3.0 cdss/m? in STC-
1 —treated animal subjects were 90% and 59% greater, re-
spectively, than the BSS-treated group of TG P23H pigs
(Figures 1E, 1F). The 30-Hz flicker ERG was also mea-
sured to evaluate cone function. No significant difference
in the 30-Hz flicker ERG wave forms was observed between
BSS- and STC-1—treated eyes in WT pigs (Figure 1C).
In contrast, increased 30 Hz ERG responses were observed
in the STC-1—treated eyes in TG P23H pigs compared to
the BSS-treated eyes in TG P23H pigs. The mean ampli-
tudes of the 30-Hz flicker a- and b-waves in STC-1—treated
eyes were 81% and 77% higher, respectively, than the BSS-
treated eyes in the TG P23H pigs (Figure 1, G and H).

e STC-1 INCREASES EZ BAND WIDTH, RELATIVE EZ INTEN-
SITY, AND ONL THICKNESS IN TG P23H PIGS ON SD-OCT:
SD-OCT was used to assess the effect of STC-1 on the

morphology of retinal layers in vivo. Figure 2A shows the
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FIGURE 1. Stanniocalcin-1 (STC-1) improved photoreceptor function as measured by electroretinography (ERG) in P23H trans-
genic (TG) pigs. ERG analysis was performed at postnatal day 90 (P90) following intravitreal injection of STC-1 (0.5 ug/uL,
50 pL injection every 2 weeks starting at P15, 5 injections total) in wild-type (WT) and TG pigs. The photopic (A, B) and 30-Hz
flicker ERG (C, D) were recorded at a light stimulus of 3.0 cd*s/m?. The mean a- and b-wave amplitudes of the photopic (E, F)
and 30-Hz flicker (G, H) ERG were decreased in TG pigs (n = 10). STC-1 significantly improved a- and b-waves, compared to
treatment with balanced salt solution (BSS). STC-1 had no effect on the ERG in WT congenic pigs (n = 5). *P < .05, analysis of

variance with Tukey test.

representative images of WT and TG P23H pigs treated
with BSS or STC-1. No apparent adverse effect on retinal
morphology was observed in STC-1—treated eyes on fun-
dus imaging in WT animals. A vertical SD-OCT scan was
performed to assess the width of the EZ band (Figure 2A,
between yellow arrows) in the superior retina. No signifi-
cant difference was observed in the width of the EZ band
between BSS- and STC-1—treated eyes in WT pigs. How-
ever, an increased width of the EZ band was observed in
STC-1—treated eyes compared to BSS-treated eyes in the
TG P23H pigs. The mean width of the EZ band in the
STC-1—treated eyes was 86% thicker than that in the BSS-
treated eyes in TG P23H pigs (Figure 2B). In BSS treated
TG P23H pig eyes, the ONL thickness in the superior
retina decreased by approximately 60% between P30 and
P90, whereas the ONL thickness after treatment with STC-
1 decreased by approximately 40% in the superior retina
(Figure 2C). No significant difference in ONL thickness in
the superior retina was observed in the WT pig eyes treated
with BSS or STC-1.

In addition to the differences in EZ band width, we as-
sessed the relative intensity of the EZ band, a potential
biomarker for the health of photoreceptors in retinal degen-
erative diseases. In WT pigs, no difference was observed in
relative EZ intensity between the BSS and STC-1 groups.
However, the relative EZ intensity was increased by 126%

in STC-1—treated eyes compared to BSS-treated eyes in
TG P23H pigs (Figure 3, A and B).
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e STC-1 RESCUED CONE PHOTORECEPTORS IN TG P23H
PIGS: To investigate the effect of STC-1 on retinal archi-
tecture, the histological analysis was performed at P90 after
ERG and SD-OCT assessments. The ONL thickness was
measured to evaluate photoreceptor survival. As shown in
Figure 4A, no difference in ONL thickness was observed
between BSS- and STC-1—treated eyes in the WT pigs.
Histologic study of the retina revealed severe loss of the
ONL (only one cell layer thick) in both BSS- and STC-
1—treated TG P23H pigs. The number of cone photore-
ceptor cell nuclei was measured to assess the rescue effect
of STC-1 on cone photoreceptor degeneration in the TG
P23H pigs. Compared to BSS-treated eyes, the ONL cell
count was increased by 70% in the STC-1 treatment group
in TG P23H pigs (Figure 4B).

e STC-1 ALTERED GENE EXPRESSION IN TG P23H PIG
RETINA: To assess early molecular changes with STC-
1 treatment, total RNA was isolated from the retina
of TG P23H pigs and evaluated using Affymetrix mi-
croarrays to identify differentially expressed genes. After
STC-1 treatment in TG P23H pigs, 152 genes were up-
regulated >2-fold and 106 genes were downregulated
>2-fold (Figure 5A). Three days after intravitreal ad-
ministration of STC-1, upregulation of genes involved
in signaling pathways for hypoxia response, integrins,
TGFB receptor, modulation of angiogenesis, regulation
of apoptosis, NF-«B, protein kinase B, Wnt, and an
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FIGURE 2. Stanniocalcin-1 (STC-1) increased ellipsoid zone (EZ) band width in the transgenic (TG) pig measured by spectral
domain optical coherence tomography (SD-OCT). Fundus images and SD-OCT images were acquired in wild-type (WT) and TG
pigs at P90. No apparent adverse effects on retinal morphology were observed in STC-1—treated eyes using multimodal retinal
imaging. The EZ band (arrows) was observed along the whole scan area in WT pigs. In balanced salt solution (BSS)—treated control
TG pigs, the EZ band was observed as an intermittent hyperreflective band (arrows) in a restricted area along the vertical meridian
of the superior retina (A). A significant increase in the width of the EZ band was observed in STC-1—treated TG pigs (B). Between
P30 and P90, outer nuclear layer (ONL) thickness in the superior retina decreased by approximately 60% and 40% in TG P23H pig
eyes treated with BSS and STC-1, respectively (C). No significant difference in ONL thickness in the superior retina was observed
in the WT pig eyes treated with BSS or STC-1. *P < .05. Scale bar = 200 pm.
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FIGURE 3. Stanniocalcin-1 (STC-1) increased relative ellipsoid zone (EZ) intensity in the transgenic (TG) pig. Spectral domain
optical coherence tomography (SD-OCT) imaging was performed at P90 following injections of STC-1 in wild-type (WT) and TG
pigs. Representative SD-OCT scans are shown, with the intensity profile of the outer retina acquired approximately 3000 pm from
the optic nerve head in the superior retina (A). Note the increased thickness of the EZ compared to the external limiting membrane
(ELM) in the SD-OCT images in both the WT and TG pig retina (A). The relative EZ intensity was measured as band intensity
value divided by the ELM intensity value along the vertical meridian from the optic disc and across the full length (7000 pm) of
the SD-OCT scan in the superior retina. Compared to WT pigs, the relative intensity of the EZ band was significantly decreased
in TG pigs. The relative intensity of the EZ band was significantly increased in STC-1—treated TG pigs (B). *P < .05, analysis of
variance followed by Tukey test.
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inflammatory/immune response (ADSL, ALDHIAZ,
ATP6V1C2, BAG6, CCLS, CD40, CDC6, DAB2, HPSE,
IRF8, IGTAS, ITGB2, LRRN1, PLAU, RERG, RIPK3,
TYK2, VAV1) was observed (Supplemental Table 1). At
the same timepoint, downregulation of genes involved
in intracellular receptor signaling, apoptosis, TGFB re-
ceptor signaling, MAPK cascade, protein kinase B, PI3K
pathway, protein kinase C signaling, ERK1/ERK2 cascade,
NF-«B signaling, inflammatory response, angiotensin-
activated signaling, oxidation-reduction process, cell
redox homeostasis, protein folding, endoplasmic reticulum
unfolded protein response, glial cell migration, angio-
genesis, Wnt signaling, ER to Golgi vesicle—mediated
transport, chemotaxis, semaphorin—plexin signaling,
neurogenesis, and cilium assembly (ACSL4, AGTR2,
ARL6IP5, CACNA2D2, DNAJB9, ERGICI, EROIA,
GPD2, HTR2B, KIF3A, LOC100294704/LOC106510366,
LOC100739844/LOC106507218, LOX, LRP6, MAP3K1,
MSTN, NR4A3, PDIA3, PRKRA, SDHAF2, THYI,
VCAN) was observed (Supplemental Table 2).

To examine gene expression changes related to photore-
ceptor survival at P90 after STC-1 treatment (0.5 ug/uL,
50 uL injection every 2 weeks starting at P15, 5 injec-
tions total), the photoreceptor-specific genes phosducin, re-
coverin, cone transducin «-subunit (GNAT2), MWL cone
opsin, and SWL cone opsin were selected for analysis with
quantitative polymerase chain reaction (qQPCR). The ex-
pression levels of phosducin, recoverin, cone transducin a-
subunit (GNAT2), MWL cone opsin, and SWL cone opsin
were upregulated by 196%, 186%, 172%, 162% and 135%
in STC-1—treated eyes compared to BSS-treated control
group eyes (Figure 5B).

e STC-1 DECREASED OXIDATIVE STRESS MARKERS IN TG
P23H PIG RETINA: Because oxidative stress and the inflam-
matory process are closely linked in retinal degeneration,
the effects of STC-1 on oxidative stress and inflamma-
tory markers were examined. As a product of ROS, pro-
tein carbonyl and 3-nitrotyrosine expressions were used as
the index for oxidative damage in retinal degeneration. As
shown in Figure 6, A and B, compared to BSS-treated TG
P23H pig retina, the level of carbonyl and 3-nitrotyrosine
decreased by 34% and 46%, respectively, in the STC-
1 —treated group.

e STC-1 DECREASED NLRP3 EXPRESSION IN TG P23H PIG
RETINA: To determine the effect of STC-1 on retinal de-
generation in relation to suppression of inflammation, the
expression levels of NLRP3, c-caspase-1, and IL-18 were
evaluated. Western blot analysis revealed increased ex-
pression of NLRP3, c-caspase-1, and IL-18 in TG P23H
pig retina compared to WT pigs. The expression levels of
NLRP3, c-caspase-1, and IL-18 were significantly decreased
in eyes treated with STC-1 compared to the eyes treated
with BSS in TG P23H pigs.
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DISCUSSION

In this study using a large animal model of inherited retinal
degeneration resembling human RP, intravitreal adminis-
tration of STC-1 improved retinal function as measured by
cone ERG responses, reduced photoreceptor degeneration
as measured in vivo by EZ band width and relative EZ in-
tensity with SD-OCT, and decreased bystander cone pho-
toreceptor cell loss as measured by histologic analysis. The
rescue effect by STC-1 appears to be multifactorial through
the modulation of multiple signaling pathways, including
apoptosis, inflammation, and oxidative stress. Thus, STC-1
could potentially act as a therapeutic protein and homeo-
static agent to reduce photoreceptor cell loss (particularly
cones) and to preserve central visual function in inherited,
and possibly acquired, retinal degenerations.

Although multiple experimental models of retinal de-
generation have been generated in rodents with a rod-
dominated retina,’®? the lack of a cone-rich area of retina
specialization is a major limitation in these models for
studying the pathophysiology of and treatment strategies
for cone photoreceptor degeneration in the early and later
stages of RP. A specialized fovea or macula is not present
in the pig retina; however, an area of high-density cones is
present superior and temporal to the optic nerve head in
the horizontal axis and simulates the macula in humans.>
The porcine retina is characterized by a rod-to-cone ratio
of approximately 8:1 compared to the human retina with a
rod-to-cone ratio of 20:1.%%°* Moreover, the size, anatomy
(including the dual vascular supply to the retina), histol-
ogy, vascular function, photoreceptor distribution, and im-
munology of the porcine eye are very comparable to those of
the human eye.” ! Herein, a large animal model, the P23H
rhodopsin transgenic pig (TG P23H, founder line 53-1) was
used in the present study to address cone photoreceptor de-
generation in a human-resembling model of the most com-
mon form of autosomal dominant RP in the United States.
We recently addressed a gap in knowledge on the correla-
tion between SD-OCT and histology, including electron
microscopy, in the porcine retina, highlighting similari-
ties with the human SD-OCT retinal imaging.**** These
previous studies provided us with normative/correlative
SD-OCT and histologic data for the porcine retina and a
foundation for future studies using the porcine model for
retinal research. In another study, we found that retinal
degeneration can be quantified longitudinally by measur-
ing the width and relative intensity of the ellipsoid zone
(EZ) band using SD-OCT in TG P23H pigs.*” The SD-
OCT measurements of the EZ corresponded to the his-
tologic and ERG assessments of retinal degeneration in a
time-dependent manner. In the current study, we used ERG
and SD-OCT for in vivo study assessments of retinal func-
tion and morphology in the TG P23H transgenic pigs and
the WT congenic control pigs. During the progression of
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FIGURE 6. Intravitreal injection of stanniocalcin-1 (STC-10 decreased levels of 2 reactive oxygen species products in TG pig
retina. The protein contents of carbonyl (A) and 3-nitrotyrosine (B) in transgenic (TG, n = 5) vs wildtype (WT, n = 3) pigs at
P90 after STC-1 treatment (50 uL, 0.5 ug/uL) every 2 weeks between P15 and P90 are shown. The contralateral eye was injected
with BSS (50 uL) as a control. *P < .05, **P < .01, analysis of variance followed by Tukey test.

retinal degeneration, scotopic retinal function never devel-
ops in TG P23H pigs, while cone photopic function devel-
ops up to P30 and declines rapidly at P60, with only one
layer of cone nuclei remaining histologically at P90.*46?
The rapidly progressive rod degeneration, coupled with the
slower cone degeneration, makes this porcine RP model
an excellent large animal model to study secondary or by-
stander cone degeneration.

Based on the rapidly progressive retinal degeneration in
the TG P23H model as described above, we chose to use
the photopic ERG to evaluate cone function and photore-
ceptor rescue after STC-1 treatment. The photopic and 30-
Hz flicker ERG amplitudes were significantly increased af-
ter intravitreal injections of STC-1 in the TG P23H pig
compared to BSS-injected control eyes (Figure 1). No ap-
parent differences in ERG amplitudes were observed in
the WT congenic controls treated with BSS or STC-1
(Figure 1). In this model of rapid photoreceptor degener-
ation, the measurement of ONL thickness with SD-OCT
and histology may not provide an adequate assessment of
photoreceptor survival or rescue after treatment with STC-
1. However, we did observe greater preservation of ONL
thickness in the superior retina in TG P23H eyes treated
with STC-1 compared to BSS (Figure 2). Moreover, EZ in-
tegrity measured with SD-OCT can serve as a marker to
evaluate the progression of retinal degeneration as previ-
ously described.®’ Assessments of EZ integrity include mea-
surements of the EZ band width or thickness and the rel-
ative EZ intensity (EZ band intensity value divided by the
external limiting membrane intensity value). The EZ band
width (Figure 2) and relative EZ intensity (Figure 3) were
significantly increased in the TG P23H pig eyes treated with
STC-1. No significant differences were observed in EZ band
width or relative EZ intensity in BSS- and STC-1—treated
eyes in the WT congenic control animals (Figures 2 and
3). In addition to EZ integrity in rapid degeneration mod-
els, ONL cell counts can be used to assess histologic res-
cue of photoreceptor cells after therapeutic interventions.
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A significantly increased number of cone nuclei and cone
inner segments was observed in eyes treated with STC-1
compared to those treated with BSS in the TG P23H pig
(Figure 4). No significant differences in histologic appear-
ance or ONL cells counts were noted in WT congenic con-
trol eyes treated with BSS or STC-1 (Figure 4), indicating
the selective and specific effect of STC-1 on cell survival
during the progression of RP.

In our previous studies in rodent RP models, we observed
upregulation of genes associated with signaling pathways
that promote neuroprotection and inhibit apoptosis and ox-
idative injury.*"'* In the current study, microarray analy-
sis of RNA isolated from TG P23H pig retina 3 days af-
ter intravitreal injection of STC-1 revealed modulation of
signaling pathways involved in apoptosis, inflammatory re-
sponse, angiogenesis, oxidation-reduction process, ER un-
folded protein response, glial cell migration, and various
protein kinase cascades (Figure 5A and Supplemental Ta-
bles 1 and 2). Interestingly, STC-1 triggered both upreg-
ulation and downregulation of genes involved in different
signaling pathways, which affect specific biologic processes
(eg, inflammation, apoptosis, and cell redox homeostasis).
Moreover, STC-1 affected up- and downregulation of genes
associated with the Wnt signaling pathways that employ
nearby cell—cell or same-cell communication.®® This
is consistent with the reported physiological and patho-
physiological role of STC-1 via autocrine/paracrine mech-
anism(s) in mammals.’® Taken together, the results of our
microarray analyses suggest that STC-1 is a functional pro-
tein that exerts multifaceted effects on gene expression
in the retina through paracrine/autocrine signaling after
intravitreal administration. Future studies will use rodent
models with knockouts of specific molecular pathways to
provide mechanistic data regarding the beneficial effects of
STC-1 in the setting of retinal degeneration.

In addition to the early molecular changes in the retina
observed by microarray analysis, intravitreal administra-

tion of STC-1 (every 2 weeks between P15 and P75, 5 in-
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jections total) increased the expression of photoreceptor-
specific genes including phosducin, recoverin, cone trans-
ducin a-subunit (GNAT2), MWL cone opsin, and SWL
cone opsin at P90 (Figure 5B). The upregulation of these
photoreceptor-specific genes in STC-1—treated TG P23H
pig retina is consistent with the observed histologic (cone
photoreceptor cell) and functional (cone ERG) improve-
ment by STC-1 in the diseased retina, particularly on cone
photoreceptor survival.

To elucidate potential mechanistic pathways whereby
STC-1 elicits the observed cone photoreceptor rescue in
the TG P23H pig retina, we examined markers of oxidative
injury/stress. Oxidative damage has been implicated in the
demise of photoreceptors during the progression of RP.>7
We previously reported a reduction in 2 biomarkers of ox-
idative damage, carbonyl and nitrotyrosine proteins, in the
retina of rat models of inherited retinal degeneration after
intravitreal administration of STC-1.*! In the TG P23H
pig, we observed a similar decrease in the levels of these 2
protein adducts after intravitreal STC-1 treatment. The re-
duction in reactive oxygen species (ROS) generation might
be, in part, a result of upregulation of mitochondrial un-
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coupling protein-2 by STC-1.#1:#2:%8 Interestingly, previous
studies using immunogold electron microscopy and subcel-
lular fractionation have revealed that cellular STC-1 im-
munoreactivity is confined mostly to the inner mitochon-
drial matrix, although the precise localization and nature
of the receptors are largely unknown.”” Recently, STC-1
was shown to operate as an “eat me” signal blocker through
intracellular sequestration of calreticulin in mitochondria,
thus reducing plasma membrane levels of calreticulin and
preventing antigen presenting cell (APC) phagocytosis and
T cell activation.”® This inhibition of APC phagocytosis by
STC-1 in tumors may contribute to immune evasion and
resistance to immunotherapy. STC-1 might protect cone
photoreceptors, at least in part, through a similar mecha-
nism of immune evasion.

Moreover, retinal inflammation has been reported in as-
sociation with photoreceptor degeneration, including up-
regulation of the NLRP3 inflammasome pathway, in various
forms of RP.'"1"" In mononuclear phagocytes, treatment
with N-acetylcysteine (NAC, inhibitor of NLRP3) down-
regulates inflammatory pathways by reducing NLRP3 ex-
pression and inflammatory cytokine release.’* Interestingly,
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NAC also promotes long-term survival and function of
cones in rodent models of RP by reducing oxidative stress.”’
Nod-like receptor (NLR) proteins are the sensing compo-
nents of inflammasome complexes, with NLRP3 being the
most widely studied.”® Recent evidence shows that NLRP3,
IL-1b and c-caspase-1 are highly expressed in degenerated
retinal tissue,'” suggesting that activation of NLRP3 in-
flammasome plays an important role in the pathogene-
sis of retinal degeneration. Activated NLRP3 polymerizes
and combines with apoptosis-associated speck-like protein
adaptor, which then induces the activation of c-caspase-
1.77:78 Caspase-1 is responsible for triggering the activation
and secretion of mature forms of inflammatory cytokines,
including IL-18 and IL-18.”7 In the current study, we found
that STC-1 decreased the expression levels of NLRP3, c-
caspase-1, and IL-18 in TG P23H pig retina (Figure 7).
However, the origin of the inflammatory response dur-
ing retinal degeneration is still controversial’”** and may
arise from microglial activation, photoreceptor cell death,
and/or other triggers. Further studies are needed to exam-
ine the association or link between microglial activation
and NLRP3 signaling in RP progression in this large animal
model.

Much attention regarding the current treatment ap-
proach for retinal degeneration is being focused on gene
replacement therapy with viral vector—based gene deliv-
ery in order to express normal protein in the retina.®!
Gene therapy has been used for RPE65-related Leber
congenital amaurosis,””** which is a form of retinal
degeneration causing early childhood blindness. The rate
of photoreceptor degeneration after gene therapy has been
observed to be the same in treated and nontreated eyes.®”
CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats)—Cas9 gene editing is currently being in-

vestigated in animal models and human induced pluripo-
tent stem cells to treat inherited retinal degeneration.®”»”°
The duration of therapeutic effect as well as potential off-
target and long-term adverse effects of genome engineering
are unknown.””? Additional approaches aimed at prevent-
ing further photoreceptor cell death may be needed. A ther-
apeutic strategy that promotes cone survival and delays or
halts cone cell death, allowing for preservation of central
vision, would provide a major medical advance for patients
with inherited and acquired forms of retinal degeneration.
Based on our previous and current studies, the protective
effect of STC-1 on cone photoreceptor cells was confirmed
in both small and large animal models of inherited retinal
degeneration with different gene mutations.*!*** Therefore,
the protective effect of STC-1 is independent of specific
gene mutations. The homeostatic and pro-survival func-
tions of STC-1 suggest that this unique polypeptide might
serve as a therapeutic agent or an adjuvant to gene therapy
or other therapeutic approaches.

In conclusion, our study demonstrates the protective ef-
fects of STC-1 in rescuing cone photoreceptor degeneration
in the TG P23H pig, a large animal model of RP. We have
found that retinal function and morphology improve after
intravitreal administration of recombinant STC-1. STC-1
treatment upregulates photoreceptor specific genes and de-
creases expression of the NLRP3—IL-18 inflammation cas-
cade and oxidative damage in the TG P23H pig retina, con-
sistent with anti-inflammatory and antioxidative functions.
Further mechanistic studies are required to elucidate the
rescue effect(s) of STC-1 in retinal degeneration; however,
the results herein provide an impetus for future preclinical
studies in large animal models and eventually clinical trials
in humans with retinal degeneration.
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