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Purroske. The genetic heterogeneity of inherited retinal degeneration (IRD) has limited the
development of mutation-specific therapies, necessitating the development of therapeutic
approaches targeting broadly shared pathophysiologic pathways. The Fas receptor has
been reported as a contributor to retinal cell death and inflammation in a wide variety
of ocular diseases. The purpose of this study was to assess targeting the Fas pathway as
a novel mutation-independent approach to improve photoreceptor survival in IRD.

MerHops. We examined the effects of genetic inactivation of the Fas receptor on retinal
degeneration in two distinct IRD mouse models, P23H and rd10. The Fas-lpr mouse,
which contains a functionally inactive Fas receptor, was crossed with the P23H and
rd10 mice to generate P23H/Fas-Ipr and rd10/Fas-Ipr mice. Fas activation, photoreceptor
survival and retinal function were assessed.

Resurts. We detected elevated levels of Fas receptor and microglial activation in the
retinas of both P23H and rd10 mice. Inactivation of Fas in these two IRD models
(P23H/Fas-lpr and rd10/Fas-lpr mice) resulted in reduced cell death, increased photore-
ceptor survival, improved retinal function, and reduced microglial activation and inflam-
matory cytokine production.

Concrusions. The protective effect of a nonfunctional Fas receptor in two different mouse
models of retinal degeneration suggests that whereas the individual IRD mutation may
be specific, the retina’s response to the different stressors appears to be shared and
driven by Fas. Reducing Fas activity might represent a potential mutation-independent
therapeutic approach to preserve retinal structure and function in patients with IRD.
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nherited retinal degeneration (IRD) is a class of retinal

including retinal detachment,” !* age-related macular degen-

diseases resulting from mutations in nearly 300 different
genes. It is a common cause of the blindness, occurring in
approximately 1 in 3000 people in the United States. This
extreme genetic heterogeneity has limited the development
of mutation-specific therapies.!'? Although recent approval
of voretigene neparvovec (Luxturna) for RPE65-mediated
IRD validates the concept of mutation-specific therapies,’
developing similar treatments for each of the nearly 300
different genes would be costly and time-consuming. Thus,
there is a substantial unmet medical need for therapies that
target broadly shared pathophysiological pathways that lead
to retinal degeneration.

One potential target to help achieve photoreceptor
protection is the cell surface receptor Fas (CD95), an exten-
sively characterized death receptor that is also implicated
in propagating the inflammatory microenvironment in reti-
nal diseases.*® Fas receptor activation induces cell death
and inflammation in a number of models of ocular diseases,
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eration (AMD),"'"!* and glaucoma.>'> Preventing Fas recep-
tor activation in these models results in retinal protection,
both through direct inhibition of death pathway activa-
tion and also by limiting the disease-induced inflamma-
tory response.®?-11:13-17 These studies suggest that although
the specific stressors in each of these diseases are differ-
ent, the response to stress is common and, importantly,
driven by Fas. We hypothesize that similarly, whereas the
individual IRD mutation may be different across patients,
Fas contributes to the photoreceptor degeneration. There-
fore, preventing Fas receptor activity represents a possible
mutation-independent therapeutic approach to preserving
the retina in patients with IRD.

In this study, we examined the effect of a genetically inac-
tivated Fas receptor on retinal degeneration in two distinct
IRD mouse models, the P23H model of autosomal domi-
nant retinitis pigmentosa (adRP) and the rd10 model of
autosomal recessive retinitis pigmentosa (arRP). In P23H
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adRP, there is a mutation that results in the substitution
of proline by histidine at amino acid 23 of the rhodopsin
(RHO) protein. This RHO variant is one of the most common
forms of IRD in North America.'®=2° This mutation has been
well studied,?'~?* and it has been shown that in both the
P23H mouse model and the human disease, the amino
acid substitution results in RHO protein misfolding, elevated
endoplasmic reticulum (ER) stress, and activation apopto-
sis, necroptosis, and autophagic cell death.>-3 The rd10
mouse contains a missense mutation in the gene encod-
ing for the cGMP phosphodiesterase 6 (PDEG) B subunit,
causing persistent cGMP accumulation, excessive calcium
influx, oxidative stress, inflammation, and photoreceptor cell
death.3’-40 Patients carrying loss-of-function mutations in
the Pde6-8 gene develop arRP. Approximately 5% of patients
with retinitis pigmentosa (RP) have a mutation in the gene
coding for PDEG6-B.442 To prevent Fas receptor activity in
the P23H and rd10 mice, we crossed these strains with the
Fas-lpr mouse, which contains a structural rearrangement in
the Fas receptor gene that prevents its expression.®

In this study, we found that there were elevated levels of
activation of Fas and microglia in the retinas of both P23H
and rd10 mice. Crossing these strains with the Fas-lpr mouse
resulted in reduced Fas activation, reduced inflammation,
and preservation of photoreceptor structure and function.
This observation of the protective effect of Fas receptor inac-
tivation in these two different mouse models of IRD suggests
that although the individual IRD mutation may be different,
both degenerations can be rescued, at least in part, by target-
ing Fas receptor activity.

METHODS
Animals

All experiments were performed following the Association
for Research in Vision and Ophthalmology statement for
ethical use of animals and were approved by the Univer-
sity Committee on Use and Care of Animals at University of
Michigan. The Rho"?"?23H mjce and rd10 mice were crossed
with Fas-lpr mice respectively to produce P23H/Fas-lpr mice
and rd10/Fas-lpr mice. All the strains were purchased from
Jackson lab (strain # 000485 [Fas-lpr], 017628 [P23H], and
004297 [rd10]) and in C57BL/6J genetic background. In all
experiments, C57BL/6] mice were used as controls. They are
referred to as C57 in the text. For experiments with P23H
mice, only those heterozygous for the P23H allele were used,
as this represents the more common clinical presentation.
All mice used in this study were negative for mutation in the
Crb1™ gene. Mice were born and housed under standard
12 hours of light: 12 hours of dark in the vivarium of the
University of Michigan Kellogg Eye Center. Light condition
measured at the cage was set at 300 lux.

Antibodies

Antibodies Fas (1:100; Santa Cruz, Dallas, TX, USA), GAPDH
(Thermo Fisher, AM4300; 1:80000), RHO (4D2, Novus
Biologicals, NBP1-48334; 1:2000), m-Opsin (Millipore, AB-
5405,1:1000), Ibal (1:100, Novus Biologicals, NB100-1028,
Littleton, CO, USA); and Goat anti-rabbit and anti-mouse
secondary antibodies conjugated to horseradish peroxidase
are from Dako (P0447 and P0448; 1:2000). Goat anti-mouse
Alexa Fluor 488 (1: 1000) and goat anti-rabbit Alex Fluor 546
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(1: 1000) secondary antibodies are from Invitrogen (Paisley,
UK).

Histology

The eyes were enucleated after marking the cornea at
the 12 o’clock position for orientation then fixed in 4%
paraformaldehyde overnight at 4°C before paraffin embed-
ding and 6 pm paraffin sections were produced using a
microtome (Shandon AS325, Thermo Scientific, Cheshire,
England, UK). Hematoxylin (Fisher Scientific, Hercules, CA,
USA) and eosin (Fisher Scientific) staining was performed
as described previously.** Only sections crossing the optic
nerve, containing the superior and inferior of the retina were
used for staining and images were obtained with a Leica
DM6000 microscope (Leica Corp., Wetzlar, Germany).

Immunofluorescence on Retinal Sections

The cornea was marked for orientation and retinal sections
were prepared as described previously.* Sections were
blocked with 5% goat serum in PBS with 0.1% Triton X-
100 (PBST; Sigma-Aldrich) for 1 hour followed by 3 washes
with PBST. Sections were incubated with primary antibod-
ies at 4°C overnight. After being washed with PBST, the
sections were incubated with secondary antibodies at room
temperature for 1 hour. ProLong Gold with DAPI (Invit-
rogen, P36941) was applied to mount the slides. Only
sections crossing the optic nerve, containing the supe-
rior and inferior of the retina were used for staining, and
images were taken at comparable areas (600 pm from the
optic nerve in the inferior retina) of the sections with a
fixed gain using a confocal microscope (Leica SP5, Leica
Corp., Germany). In this study, 10 pm sections were used
for RHO and m-Opsin staining, and 30 pm sections were
used for Ibal staining, with 8 mice of each genotype
assessed.

Immunofluorescence on Retinal Whole Mount

Preparation of the retinas was performed as described previ-
ously.'® Retina samples were incubated with Ibal antibody at
4°C for 48 hours. After being washed, the retinas were incu-
bated with secondary antibodies overnight at 4°C followed
by 3 more washes. Retinas were then incubated with DAPI
in room temperature for 2 hours and then mounted on
glass slide (Fisher Scientific, Pittsburgh, PA, USA) with the
ganglion cell layer facing upward. Z-section confocal images
of comparable area of the superior and inferior of the retina
were taken with Leica SP5 Confocal Microscope (Leica Corp.,
Wetzlar, Germany; n = 8 for P23H/Fas-Ipr and rd10/Fas-lpr;
n = 7 for P23H; and n = 9 rd10).

Terminal Deoxynucleotidyl Transferase dUTP
Nick End Labeling Staining

Terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) was performed on 6 pm paraffin sections cross-
ing the optic nerve. For P23H/Fas-lpr, P23H and their C57
controls, the eyes were sampled at age P15. For rd10/Fas-
Ipr, rd10 and C57 controls, eyes were sampled at age P21.
TUNEL was performed using DeadEnd Colorimetric TUNEL
System (Promega Corporation, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. For samples of P23H
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Ficure 1. Activation of Fas-mediated cell death pathway, microglia, and inflammatory cytokines in the retina of the P23H mice. (A) Represen-
tative Fas (green) staining images for P23H and C57 mice at 1 month of age. Nuclei were counterstained with DAPI (blue). (B) Quantification
of transcript levels of Fas receptor in the retinas of P23H and C57 mice at 1 and 2 months of age, respectively, normalized to C57 mice.
(O) Quantification for caspase 8 activity in the retina of P23H and C57 mice at 2 months of age, normalized to C57 mice (n = 8 for P23H; and
n = 7 for C57). (D) Representative confocal images of Ibal (green) stained 30 pm retinal sections and retinal whole mount of 2-month-old
C57 and P23H mouse, showing Iba-1 positive cells in the photoreceptor layer. Nuclei were counterstained with DAPI. (E) Quantification of
Iba-1-positive cells in the ONL and subretinal space of the retinal whole mount from C57 and P23H mice. The counting unit is a confocal
image at 40 times magnification (n = 7). (F) Relative mRNA levels of inflammatory cytokines CCL2, CCL3, IL18, and TNF« in the retinas of
P23H at 2 months of age, normalized to C57 mice (n = 7 for P23H; and n = 6 for C57). **P < 0.01; **P < 0.001; ***P < 0.0001; unpaired
t-test. Scale bar = 50 pm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment.

and P23H/Fas-lpr mice, 5 nonoverlapping sections of each each sample (# = 9 for P23H, P23H/Fas-lpr and rd10; n =
sample were used, and images were taken at 20 times magni- 8 for rd10/Fas-lpr; and n = 6 C57).

fication for each section. The total number of TUNEL positive
photoreceptors of the whole section was counted and aver-

C 8 Activity A
aged for each sample. For samples of rd10 and rd10/Fas-Ipr aspase ctivity Assay

mice, 4 nonoverlapping sections of each mouse were used Protein preparation for the detection of caspase 8 activ-
and 4 images at 40 times magnification were taken at 500 ity was performed as previously described.'® Two retinas
and 1000 pm superiorly and inferiorly from the optic nerve. for each mouse were pooled and homogenized in lysis

The number of TUNEL positive photoreceptors in each 40 buffer (20 mM MOPS, pH 7.0, 2 mM EGTA, 5 mM EDTA,
times magnification images was counted and averaged for 0.1% Triton X-100) containing protease inhibitor (complete
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Ficure 2. Decreased photoreceptor cell death in the P23H/Fas-lpr mice. (A) Quantification of mRNA levels of Fas in P23H/Fas-lpr, P23H
mice at 2 months of age, normalized to C57 mice. (B) Quantification for caspase 8 activity in the retina of P23H/Fas-lpr and P23H mice at 2
months of age, normalized to C57 mice (# = 8 for P23H and P23H/Fas-lpr; and n = 6 for C57). (C) Representative TUNEL staining images
and (D) quantification of TUNEL-positive cells in the ONL for P23H/Fas-lpr, P23H, and C57 mice at P15 (n = 9 for P23H and P23H/Fas-lpr;
and 7 = 6 for C57). ns, not significant, **P < 0.01; **P < 0.001; ***P < 0.0001. One-way ANOVA. Scale bar = 50 nm. GCL, ganglion cell

layer; INL, inner nuclear layer; ONL, outer nuclear layer.

protease inhibitor tablet [11697498001; Roche, Indianapolis,
IN, USA)]) and then centrifuged at 10,000 g for 15 minutes
at 4°C. Then, 150 pg protein was used for each load and
Caspase 8 activity was assayed in duplicate using lumines-
cent Caspase-Glo 8 Assay kit (G8201; Promega, Madison, WI,
USA), and luminescence was detected with a plate reader
luminometer (Turner Biosystems, Sunnyvale, CA, USA; n =
8 for P23H and P23H/Fas-lpr; and n = 6 for P23H, rd10,
rd10/Fas-lpr, and C57).

Real-Time Polymerase Chain Reaction

A purification kit (Qiagen, 74104) was used for isola-
tion of RNA from one retina of each mouse (m = 8 for
P23H/Fas-lpr and rd10/Fas-lpr; and n = 6 for P23H, rd10,
and C57). Then, 500 ng of total RNA was converted into
cDNA with the SuperScript III Reverse Transcriptionase
Kit (18080093; Thermo Fisher Scientific). Transcript levels
were assayed in triplicate using a thermal cycler (Bio-Rad
CFX96 Real Time System, C1000 Touch Thermal Cycler;
Bio-Rad Laboratories, Hercules, CA, USA). Target gene
expression levels were normalized to the level of Rpl19
using a comparative Ct method. Specific primers were
as follows: Fas (forward 5-ATGAGATCGAGCACAACAGC-

3’ reverse 5-TTAAAGCTTGACACGCACCA-3); Caspase 8
(forward 5 -ATGGCGGAACTGTGTGACTCG-3, reverse
5-GTCACCGTGGGATAGGATACAGCA-3'); and Rpl19
(forward 5'-ATGCCAACTCCCGTCAGCAG-3’; reverse 5'-
TCATCCTTCTCATCCAGGTCACC-3). Ccl2 (forward 5'-
CGTTAACTGCATCTGGCTGA-3, reverse 5-AGCACCAGC-
CAACTCTCACT-3); 1II-18  (forward 5-GCCCATCCTC-
TGTGACTCAT-3, reverse 5-AGGCCACAGGTATTTITGTCG-
3); Tnfx (forward 5-CGTCAGCCGATTTGCTATCT-3/,
reverse 5-CGGACTCCGCAAAGT CTAAG-3); and Ccl3
(forward 5-CCTTGCTGTTCTTCTCTG TACC-3; reverse
5'-CGATGAATTGGCGTGGAATC-3'). The PCR cycling condi-
tions consisted of an initial denaturation of 95°C for
10 minutes followed by 40 cycles of 95°C for 15 to 30
seconds and 60°C for 1 minute.

Optical Coherence Tomography

Optical coherence tomography (OCT) was performed as
described previously?® using the spectral domain OCT
system from Bioptigen, Inc. (Durham, NC, USA). The thick-
ness of the outer nuclear layer (ONL) was measured at 250
and 500 pm superiorly and inferiorly from the optic nerve for
P23H and P23H/Fas-lpr; and measured at 500 pm from the
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Increased photoreceptor survival in P23H/Fas-lpr mouse retina compared with P23H controls. (A) Representative H&E staining

images show preserved photoreceptors in the retina of P23H/Fas-Ipr mice at 4 months of age. (B) Representative optical coherence tomog-
raphy (OCT) images of superior (sup) and inferior (inf) retina of 4-month-old P23H/Fas-lpr and P23H control. (C) Quantification of the
thickness of the ONL (indicated by green bars in the OCT images) of the superior and inferior retina measured at both 250 and 500 pm from
the optic nerve head by OCT in P23H/Fas-lpr, and P23H mice at the age of 4, and (D) 6 months. Scale bar = 50 pm (n = 19 for P23H/Fas-lpr,
and n = 20 for P23H). *P < 0.05; *P < 0.01; unpaired #-test. GCL, ganglion cell layer; H&E, hematoxylin-eosin; INL, inner nuclear layer;

ONL, outer nuclear layer; RPE, retinal pigment epithelium.

optic nerve at superior, inferior, temporal, and nasal areas of
the retina (n = 19 for P23H/Fas-lpr, n = 20 for P23H, n =
18 for rd10/Fas-lpr; and n = 13 for rd10).

Electroretinography

Electroretinography (ERG) was performed using the Espion
e2 recording system (Diagnosys, Lowell, MA, USA) as previ-
ously described.” After overnight dark adaptation, scotopic
ERG was recorded at 0.01, 10, and 32 log cd s/m?.
After 10 minutes of light-adaptation, photopic function was
assessed at 10, 32, and 100 log cd s/m?. The amplitudes were
measured using Espion V6 software (Diagnosys, Lowell, MA,

USA n = 18 for P23H and P23H/Fas-lpr, n = 23 for rd10/Fas-
lpr; n = 20 for rd10, and n = 10 for C57).

Statistical Analysis

Unpaired #test was used for comparisons between two
groups, and 1-way ANOVA was used for comparisons across
more than 2 groups followed by Tukey multiple comparison
test. Prism (GraphPad, Inc., La Jolla, CA, USA) and Microsoft
Office Excel (Richmond, WA, USA) were used for statistical
analysis and graphing. Results were expressed as mean =+
standard deviation. Differences were considered significant
at P < 0.05.
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FiGure 4. Preserved retinal function in P23H/Fas-lpr mice. (A) Representative immunostaining images of inferior retina of four-month-old
P23H/Fas-lpr, P23H and C57 mice, stained with rhodopsin (RHO in red), m-opsin (green), and DAPI (blue). (B) Representative scotopic
(at 10 cd s/m?) and photopic (at 100 cd s/m2) ERG at 4 months of age in P23H/Fas-lpr, P23H, and C57 mice at 4 months of age.
(C) Quantification of amplitudes of scotopic a-wave, scotopic b-wave, and photopic b-wave confirms the preservation in retinal function
(n = 23 for rd10/Fas-lpr; n = 20 for rd10, and 7 = 10 for C57). Scale bar = 50 pm. *P < 0.01; **P < 0.001; ***P < 0.0001; 1-way ANOVA.
INL, inner nuclear layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment.

RESULTS

Fas Activation and Inflammation in the P23H
Retina

We first assessed whether Fas was activated in the
P23H mouse retina. By 1 month of age, Fas expression
was increased in the photoreceptors, as demonstrated by
increased Fas staining in retinal sections of P23H mice
compared to the control mice (Fig. 1A). Fas transcript levels
increased approximately 3.5 and 3 folds in the retinas of
1 month and 2 months old P23H mice, respectively, as
compared to the retinas from age-matched C57 controls
(Fig. 1B). Caspase 8 is considered as the first downstream
target of the activated Fas receptor and a hallmark of Fas
activation. Caspase 8 activity was increased approximately
15% in the retinas of P23H mice compared with C57 controls
(Fig. 1C).

Previous work has demonstrated that an inflammatory
microenvironment plays a role in retinal disease progres-
sion, and that this is often manifested by the expression
of inflammatory cytokines,’"!> which serve to activate and
recruit microglia, macrophages, and other immune cells to
the retina. To detect immune cells in the retina, we stained
for Ibal on both retinal whole mounts and cross sections.
We detected activation of Iba-1 positive cells and their migra-
tion into the ONL in the P23H mice but not the C57 mouse
retinas, where the Ibal-positive cells were in their quies-

cent state and localized in the inner retina (Figs. 1D, 1E).
Transcript levels of inflammatory cytokines including CCL2,
CCL3, IL-18, and TNF«a were elevated in the retinas of P23H
mice as compared to C57 controls (Fig. 1F). These data
demonstrate elevated Fas activity and inflammation in the
outer retina of the P23H mice.

Loss of Fas Activity Protects Photoreceptor Cell
Viability and Function in the P23H Retina

To examine the potential protective effect of Fas-receptor
inhibition on retinal degeneration, P23H mice were crossed
with Fas-lpr mice, which possess a mutation in Fas that
renders the Fas-receptor inactive, to generate P23H/Fas-lpr
mice. Fas transcript levels in the retinas of P23H/Fas-lpr
mice confirmed the efficient suppression of Fas expression
(Fig. 2A). Retinas from the P23H/Fas-lpr and control mice
were analyzed for markers of apoptosis. Caspase 8 activity
in the P23H/Fas-lpr mice (Fig. 2B) was lower as compared
with P23H controls, consistent with decreased Fas activa-
tion. TUNEL labeling was performed on retinal sections from
mice at P15, the time point that has been shown to be the
peak of TUNEL positive cells in the P23H mouse retina.”
The P23H mice had a significantly higher number of cells
undergoing apoptosis, as indicated by TUNEL staining in
the ONL compared to the C57 control, whereas Fas defi-
cient P23H/Fas-Ipr mice showed significant reduction in the
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and TNFu in retinas of P23H/Fas-lpr, P23H, and C57 mice at two months of age, normalized to levels in the wild-type C57 mice (n =
6). (B) Representative immunostaining images of retinal sections from inferior retinas of P23H and P23H/Fas-Ipr mice at 2 months of age
stained with Iba-1 and DAPI. White arrows indicate Ibal-posotive cells resented in the ONL of the retina. (C) Representative images for ONL
from inferior area of the retinal whole mount of P23H/Fas-lpr and P23H mice stained with Ibal at 2 months of age. (D) Quantification of
Ibal-positive cells in the ONL and subretinal space of the inferior retina of P23H and P23H/Fas-lpr mice (n = 8 for P23H/Fas-lpr; and n =
7 for P23H and C57). ns, not significant; *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001; 1-way ANOVA. GCL, ganglion cell layer, INL,

inner nuclear layer, ONL, outer nuclear layer; Scale bar = 100 um.

amount of TUNEL positive cells as compared to the P23H
control mice, although not down to the level of the C57
retina (Figs. 2C, 2D).

Histological analysis of retinal samples at 4 months
showed a significant thinning of the ONL in the P23H retina,
whereas the Fas-deficient P23H/Fas-lpr mice maintained a
thicker ONL (Fig. 3A). In P23H mice, the rate of photore-
ceptor loss is greater in the inferior retina as compared
to the superior retina.>* The thickness of the ONL, where
the photoreceptor cell nuclei reside, was measured in vivo
using OCT in both the superior and inferior portions of the
retina (Fig. 3B). Fas deficiency resulted in preservation of
ONL thickness in both the superior and inferior retina in
the P23H/Fas-Lpr mice compared with P23H controls at 4
months and 6 months of the age (Figs. 3C, 3D).

The retinas of the P23H mice have shorter outer segments
and reduced staining for rhodopsin and cone m-opsin as
compared to control mice, and this was improved in the
P23H/Fas-lpr mouse retina (Fig. 4A). The visual function
of P23H/Fas-lpr mice and control P23H mice was analyzed
by measuring the electroretinogram at age 4 months. Both
scotopic and photopic responses of P23H/Fas-lpr mice

were significantly higher than their age-matched P23H
controls, although lower than the ERG response of C57 mice
(Figs. 4B, 40).

Fas Deficiency Reduced Immune Cell Activation
and Cytokine Production in the P23H Retina

To assess the effects of deficient Fas signaling on immune
activation in P23H mice, retina samples of P23H/Fas-lpr,
control P23H, and wild type C57 mice were collected to
perform immunostaining and real-time PCR (RT-PCR). Tran-
script levels of CCL2 and CCL3 were significantly reduced
in the retinas of P23H/Fas-lpr mice compared with P23H
controls, and levels of IL-18 and TNFux trending slightly
downward (Fig. 5A). Furthermore, as compared to P23H
controls, significantly fewer Ibal-positive cells were present
in the ONL of the P23H/Fas-lpr mice (Fig. 5B) and reti-
nal whole mount (Figs. 5C, 5D). These findings support the
conclusion that Fas-inhibition reduced cytokine production
and decreased immune cell activation and migration in P23H
retinas.
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Ficure 6. Reduced Fas-mediated photoreceptor cell death in the rd10/Fas-Ipr mice. (A) Representative Fas (green) and DAPI (blue) staining
images for rd10 and C57 mice at P21 showing activation of Fas-mediated cell death pathway in the retina of the rd10 mice. (B) Quantification
of mRNA levels of Fas in rd10/Fas-lIpr, rd10 mice at P21, normalized to C57 mice. (C) Quantification for caspase 8 activity in the retina of
rd10/Fas-lpr and rd10 mice at P21, normalized to C57 mice (z = 6). (D) Representative TUNEL staining images and (E) quantification
of TUNEL-positive cells in the ONL for rd10/Fas-lpr, P23H and C57 mice at P21 (# = 6 for rd10/Fas-lpr and ¢57; and n = 9 for rd10).
#P < 0.01; **P < 0.001; ***P < 0.0001; 1-way ANOVA. Scale bar = 50 pm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer

nuclear layer; IS, inner segment; OS, outer segment.

Loss of Fas Activity Protects Photoreceptor Cell
Viability and Function in the rd10 Retina

The rd10 retina appears nearly normal for the first 2 weeks of
life but it then rapidly loses photoreceptors by 5 to 6 weeks
of age.®>%7 The peak of the photoreceptor death occurs at
approximately P21.47 We performed immunostaining for Fas
at this time point and found increased Fas staining in the
photoreceptors of rd10 mice as compared to C57 control
mice (Fig. 6A). Transcript levels of Fas also increased signifi-
cantly in retinas of 3 week and 4 week old rd10 mice, respec-
tively, as compared to age-matched C57 controls (Fig. 6B).

Caspase 8 activity at 3 weeks was doubled in the rd10 retina
as compared to the C57 controls (Fig. 6C).

We crossed the rd10 mice with Fas-lpr mice to gener-
ate the rd10/Fas-lpr mouse strain. As in the case of the
P23H/Fas-lpr strain, the Fas transcript level in the retinas
of rd10/Fas-lpr mice was suppressed, confirming the effi-
cient inhibition of Fas-receptor expression (see Fig. 6B).
There were also lower levels of caspase 8 activity in the
rd10/Fas-lpr mice compared with rd10 controls (see Fig. 6C).
Decreased number of TUNEL positive photoreceptors was
also observed in the retinas of rd10/Fas-lpr mice at 3 weeks
of age (Figs. 6D, 6E).
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Increased photoreceptor survival in rd10/Fas-lpr mouse retina compared with rd10 controls. (A) Representative H&E staining

images show preserved photoreceptors in the retina of rd10/Fas-Ipr mice at P28. (B) Representative optical coherence tomography (OCT)

images of superior (sup) and inferior (inf) retina of rd10/Fas-Ipr and rd10 control at P28 (green bars indicate ONL). (C) Yellow “x

” on the

fundus photograph demonstrates that ONL thickness were measured at 500 pm from the optic nerve at superior, inferior, temporal, and
nasal areas of the retina, then averaged for each mouse. (D) Quantification of the thickness of the ONL of retina measured at 500 pm from
the optic nerve head by OCT in rd10/Fas-lpr, and rd10 mice at P21, P28, P35, and P42 (n = 13 for rd10; and n = 18 for rd10/Fas-lpr),
*P < 0.05; **P < 0.01. ns, not significant. Unpaired #test. GCL, ganglion cell layer; H&E, hematoxylin-eosin; INL, inner nuclear layer; ONL,

outer nuclear layer; RPE, retinal pigment epithelium.

By the age of 5 weeks, there is only a single layer
of photoreceptors left in the rd10 retina. In contrast, the
ONL of rd10/Fas-lpr contained 3 to 4 layers of photorecep-
tors (Fig. 7A). We also measured the thickness of the ONL
measured by OCT, and this confirmed the thicker ONL in
the retinas of rd10/Fas-lpr mice (Figs. 7B-D). Immunostain-
ing showed increased staining for rhodopsin and cone m-
opsin in the retinas of rd10/Fas-lpr mice (Fig. 8A). Consis-
tent with the increased production of opsin, both scotopic
and photopic ERGs of rd10/Fas-lpr mice were significantly
higher than their age-matched rd10 controls (Figs. 8B, 8C).
These results indicate that Fas inhibition helped preserve
photoreceptor survival and visual function in the rd10 mice,
as it did in the P23H mice.

Fas Deficiency Reduced Immune Cell Activation
and Cytokine Production in the rd10 Retina

Studies have demonstrated increase inflammation in the
rd10 retina,®->° and we also detected significantly elevated
transcript levels for CCL2, CCL3, IL-18, and TNFa in
the retinas of these mice. In the retinas of rd10/Fas-lpr
mice, however, levels of these inflammatory cytokines are
markedly reduced (Fig. 9A). Ibal staining on both retinal
sections (Fig. 9B) and retinal whole mount (Figs. 9C, 9D)
revealed significantly fewer immune cells in the ONL of the
P23H/Fas-lIpr mice. These results suggest that Fas-inhibition
reduced cytokine production and microglia activation in the
rd10 retinas.
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DISCUSSION

Although not required for normal retinal development,’ the
Fas pathway has been previously shown to contribute to
outer retinal degeneration in a number of diseases, includ-
ing retinal detachment, AMD, and glaucoma. In all these
cases, despite the heterogeneity in inciting stressor leading
to photoreceptor death, be it retina-RPE separation (retinal
detachment), oxidative stress (AMD), or elevated intraocu-
lar pressure (glaucoma), there is an upregulation and acti-
vation of the Fas pathway that results in death pathway
activation as well as an increase in the intra-retinal inflam-
mation. In animal models of these diseases, genetic or phar-
macologic inhibition of Fas activation greatly reduces cell
death and inflammation. Recently, three clinical trials have
been initiated in these conditions, exploring the potential of
Fas inhibition to improve visual outcomes in patients with
these diseases (clinicaltrials.gov identifier: NCT03780972,
NCT04744662, and NCT05160805).

For patients with IRD, there exists a large unmet need for
therapies that preserve retinal structure and function. Anal-
ogous to the heterogeneity in disease etiology for retinal
detachment, AMD, and glaucoma, in IRD there is hetero-
geneity in the underlying genetic defect, making specific
therapies for all causative mutations an extremely chal-
lenging proposition. Our data suggest that regardless of
the heterogeneity in causative mutations, the Fas path-

#+P < 0.0001, 1-way ANOVA. GCL, ganglion cell layer;

way becomes upregulated and activated. As in the other
disease states, the activation of the Fas pathway in IRD is
combined with activation of an inflammatory response. By
targeting this core, common pathophysiologic pathway that
contributes to the degeneration, there is potential to provide
mutation-independent therapy to prolong the survival and
improve the function of the retinal cells. Our data demon-
strate that reduced Fas signaling in two independent models
of IRD reduces photoreceptor cell death and intra-retinal
inflammation and improves retinal function.

The absence of Fas signaling that results from the cross-
ing of the IRD mouse strain to the lpr strain results in two
major effects. First, is the reduction in pro-death pathway
activation. In both the P23H and rd10 models of IRD, cross-
ing with the lpr mouse strain resulted in reduced caspase 8
activity and reduced entrance of the cell into the apoptotic
cascade, as evidenced by reduced TUNEL-positive staining.
Cleavage of caspase 8 is the first downstream effect of an
activated Fas receptor. Preventing Fas function prevents the
cleavage of caspase 8 and the subsequent activation of the
apoptotic cascade. This is similar to what is seen in the other
models of retinal disease mentioned above when Fas signal-
ing is inhibited.

A second major consequence of the reduced Fas activity
in these IRD models is the reduction in the activation
of microglia and macrophages, as demonstrated by the
reduction in Ibal-positive cells in the P23H/Fas-lpr and
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Ficure 9. Decreased inflammation in the rd10/Fas-lpr mouse retina. (A) Relative mRNA levels of inflammatory cytokines CCL2, CCL3, IL18,
and TNF« in retinas of rd10/Fas-lpr, rd10 and C57 mice at P21, normalized to C57 mice (nz = 6). (B) Representative immunostaining images
of retinal sections of rd10/Fas-lpr, and rd10 mice at P21 stained with Iba-1 and DAPI. (C) Representative images for ONL from retinal
whole mount of rd10/Fas-lpr and rd10 mice stained with Ibal at P21. (D) Quantification of Ibal-positive cells in the ONL and subretinal
space of the of rd10/Fas-lpr, rd10 and C57 mice (n = 7 for rd10/Fas-lpr; n = 9 for rd10; and n = 6 for C57). *P < 0.05; **P < 0.01;
#P < 0.001; ***P < 0.0001, 1-way ANOVA. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS, inner segment;

OS, outer segment. Scale bar = 50 pm.

rd10/Fas-lpr  strains. Activation of microglia and
macrophages is well demonstrated in mouse models of
IRD,52-5° and is thought to contribute to the degeneration
of the retina. By reducing Fas activity, there is reduced
activation of these cells, which may be contributing to
protection. Additionally, we observed a reduction in various
molecular markers of inflammation. The chemokine CCL2
is important for macrophage recruitment, and was reduced
in the Fas-lpr crosses. We also observed reduced CCL3,
also known as macrophage inflammatory protein (MIP)-1
alpha, in the Fas-Ipr cross strains. Reduced CCL3 has been
previously correlated with increased photoreceptor survival
in IRD. Reducing Fas receptor activity is a potential method
for reducing the levels of this chemokine to obtain this
protective effect. Although the reduction in interleukin
(IL)-18 and tumor necrosis factor (TNF)-alpha did not reach
statistical significance in the P23H/Fas-lpr mouse, it did in
the rd10/Fas-lpr mouse. Both these proteins are associated
with the activation of apoptosis, and their reduction is
consistent with the protective effect observed.

A major limitation observed in our results is that the
protection conferred by the inactive Fas receptor is only
partial, and the retina still continues to degenerate albeit at
a slower rate. This is very different from the published liter-
ature on reduced Fas signaling in animal models of retinal
detachment,* AMD,'® and glaucoma,'> where the protective
effect is much greater. Although activation of Fas occurs in
all these disease models, the stressors involved in IRD are
intrinsic to the cell (i.e. a genetic mutation), whereas in the
other disease states the stressor is externally imposed upon

an otherwise normal photoreceptor cell. Lack of Fas activity
may be sufficient to prevent cell death in the other diseases,
but appears to be only partially protective in the IRD models
tested here, as evidenced by the OCT and ERG data. Which
other death pathways are responsible for the continued cell
death remains an area of active investigation. Regardless,
our data show that even the moderate protection afforded
by inactivation of Fas translates into improved retinal func-
tion in the as seen on the electroretinogram.

In summary, our data show that reduced Fas recep-
tor activity results in reduced death pathway activation
and inflammation in the retina of two mouse models of
inherited retinal degeneration. This approach targeted a
common pathophysiologic mechanism underlying the death
of the retinal cells without addressing the underlying genetic
defect itself. It remains to be seen how this translates in
terms of efficacy in patients with IRD, and Fas inactivation
may need to be part of a multi-therapy approach to target
various pathways that contribute to the retinal degenera-
tion. Even if incomplete, the rescue afforded by reducing Fas
activity may be significant to a patient suffering from one of
these degenerations and further work should be conducted
to explore this potential.
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