
Overexpression of soluble Fas ligand following AAV gene 
therapy prevents retinal ganglion cell death in chronic and acute 
murine models of glaucoma

Anitha Krishnan*, Fei Fei*,†, Alexander Jones*, Patricia Busto§, Ann Marshak-Rothstein§, 
Bruce R. Ksander*,‡, and Meredith Gregory-Ksander*,‡

*Schepens Eye Research Institute, Massachusetts Eye and Ear Infirmary, Department of 
Ophthalmology, Harvard Medical School, Boston, MA, USA

†Department of Ophthalmology, Xijing Hospital, Fourth Military Medical University, Peoples 
Republic of China

§Department of Medicine, University of Massachusetts Medical School, Worcester, MA, USA

Abstract

Glaucoma is a multifactorial disease resulting in the death of retinal ganglion cells (RGCs) and 

irreversible blindness. Glaucoma-associated RGC cell death depends on the pro-apoptotic and 

proinflammatory activity of membrane-bound FasL (mFasL). In contrast to mFasL, the natural 

soluble FasL cleavage product (sFasL) inhibits mFasL-mediated apoptosis and inflammation and 

is therefore a mFasL antagonist. DBA/2J (D2) mice spontaneously develop glaucoma and 

predictably RGC destruction is exacerbated by expression of a mutated membrane-only FasL 

(mFasL) gene that lacks the extracellular cleavage site. Remarkably, one time intraocular adeno-

associated virus-mediated gene delivery of sFasL (AAV2.sFasL) provides complete and sustained 

neuroprotection in both the chronic D2 and acute microbead-induced models of glaucoma, even in 

the presence of elevated intraocular pressure (IOP). This protection correlated with inhibition of 

glial activation, reduced production of TNFα, and decreased apoptosis of RGCs and loss of axons. 

These data indicate that cleavage of FasL under homeostatic conditions, and the ensuing release of 

sFasL, normally limits the neurodestructive activity of FasL. The data further support the notion 

that sFasL, and not mFasL, contributes to the immune privileged status of the eye.

Introduction

Glaucoma, a leading cause of blindness worldwide, is a complex multifactorial disease 

characterized by the progressive loss of retinal ganglion cells (RGCs) (1). While elevated 

intraocular pressure (IOP) is a well-recognized risk factor for the development of glaucoma, 

and remains the only modifiable disease-associated parameter, recent studies demonstrate 

that reduction of IOP alone does not prevent disease progression in all patients and that RGC 

destruction can continue even after IOP has been successfully lowered (2, 3). Moreover, the 
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high incidence of normal tension glaucoma (4, 5, 6) and the absence of neurodegeneration in 

some patients with elevated IOP (2, 7), indicates that IOP-independent mechanisms also 

participate in the development and progression of glaucoma. As a result, current research is 

focused on developing neuroprotective therapies to complement conventional IOP lowering-

drugs with the goal of preventing optic nerve degeneration and preserving vision.

Growing evidence in clinical and experimental studies over the past decade strongly suggest 

the involvement of the immune system in glaucoma (8, 9, 10). In experimental models of 

glaucoma, treatment with anti-inflammatory drugs such as minocycline (11) or treatment 

with antibodies that inhibit TNFα (12, 13) resulted in increased RGC survival. Enhanced 

RGC survival was also observed in mouse models of glaucoma where the infiltration of 

macrophages, present in both human and experimental models of glaucoma (13, 14, 15) was 

inhibited through the use of Mac1−/− mice (13) or ocular irradiation (15). Together these 

studies demonstrate a critical role for inflammation in the pathogenesis of glaucoma.

Fas Ligand (FasL) is a 40 kDa type II transmembrane protein of the TNF family, originally 

identified by its capacity to induce apoptosis in Fas receptor positive cells (16) and mediate 

activation induced cell death in T cells (17–19). However, there is increasing evidence that 

activation of the Fas receptor can also result in inflammation (20–23). FasL can be expressed 

as a membrane-bound protein (mFasL), that is both pro-apoptotic and proinflammatory, or 

cleaved and released as a soluble protein (sFasL) that inhibits both the apoptotic and 

inflammatory activity of mFasL (24–26). In vitro, we demonstrated that mFasL, but not 

sFasL, stimulated purified peritoneal macrophages and neutrophils to secrete the 

proinflammatory mediators MIP and IL1β (27, 28). As a result of its pro-apoptotic and 

proinflammatory functions, FasL is a potentially destructive molecule, whose expression is 

normally tightly regulated. One exception is in the eye where FasL is constitutively 

expressed in the cornea and retina (29). Importantly, in the context of experimental 

glaucoma, FasL expression is increased on resident microglial cells (27, 30) and the Fas/

FasL signaling pathway is required for RGC death (27). However, in the eye, the form, as 

well as, the level of FasL expression is critical in determining the outcome of FasL 

expression (31, 32). We previously demonstrated that transduced ocular tumor cells 

expressing high levels of mFasL terminate immune privilege and induce a potent 

inflammatory response (31). By contrast, immune privilege was maintained and 

inflammation prevented in the presence of high levels of sFasL (31). Using a TNFα-induced 

“normal-tension” model of glaucoma we previously demonstrated that gene-targeted mice 

expressing only the membrane form of FasL exhibited accelerated RGC death and that a 

single intravitreal injection of recombinant sFasL provided short-term protection to RGCs in 

these mFasL-only mice (27). Together these data revealed a critical neurotoxic effector 

function for mFasL and neuroprotective function of sFasL in glaucoma.

In the current study, we further explored the neurodestructive function of mFasL and 

neuroprotective function of sFasL in the development and progression of glaucoma in two of 

the most widely used mouse models of elevated-IOP-induced glaucoma, the spontaneous 

genetic-based D2 (DBA/2J) mouse model and the microbead-induced mouse model. Our 

data reveal that mFasL participates in the development and progression of glaucoma through 

activating both apoptotic and non-apoptotic signaling pathways. In addition, AAV-mediated 
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gene delivery of sFasL (AAV2.sFasL) to the retina provided long-term protection to RGCs 

and optic nerve axons in both the D2 chronic mouse model of glaucoma and the acute 

mouse model of microbead-induced elevated IOP. Together, these data reveal the pleotropic 

effects of sFasL on glial activation, inflammation, and apoptosis of RGCs and provide proof-

of-principal that AAV2.sFasL can provide complete and sustained neuroprotection of RGCs 

in both chronic and acute mouse models of glaucoma, even in the presence of ongoing 

elevated IOP.

Materials and Methods

Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee 

at Schepens Eye Research Institute and were performed under the guidelines of the 

Association of Research in Vision and Ophthalmology (Rockville, MD). The DBA/2J-

Gpnmb +/SjJ mice (D2-Gp) were purchased from Jackson Laboratories (Bar Harbor, ME). 

DBA/2J mice expressing only membrane FasL (this cleavage site deleted-mouse line was 

designated as D2-ΔCS) were produced by crossing the ΔCS founder mice (27) to DBA/2J 

mice purchased from Jackson Laboratories for 10 generations. After 10 generations, D2-

ΔCS mice heterozygous for the ΔCS mutation were intercrossed to produce D2.ΔCS 

homozygous for the ΔCS mutation (D2-ΔCS) mice and WT littermates (D2). All three 

genotypes (D2, D2-ΔCS, and D2-Gp), were housed and maintained under cyclic light 

(12L-30 lux:12D) conditions in an AAALAC approved animal facility at the Schepens Eye 

Research Institute and equal number of males and females were used in each study. For the 

microbead studies, 8 week old C57BL/6J WT mice were purchased from Jackson 

laboratories (Bar Harbor, ME).

Viral Vector Construction

The Adeno-associated vectors, scAAV2-CB6-PI-eGFP and scAAV2-CB6-PI-sFasLecto, 

were prepared at the Gene Therapy Center (Dr. Gaungping Gao, University of 

Massachusetts Medical School, Worcester MA). The seed plasmid pAAVsc CB6 PI 

sFasLecto was made by isolating a 582 bp fragment corresponding to the full cDNA 

sequence of sFasL ecto 5”GCSF from pcDNA3-sFasL-ecto plus 5′ mGCSF (31). The 582 

bp fragment was ligated (T4 ligase NEB #M0202) to a BamHI, HindIII double digested and 

Antartic phosphatase treated pAAVsc-CB6-PI plasmid provided by the Gene Therapy 

Center, UMMS. An aliquot of the ligation mixture was transfected onto E.Coli competent 

cells and plated onto LB-Agar plus 50 ug/ml Carbenicillin. Colonies were picked and grown 

on LB-Carbenicillin media, and plasmid mini-preps were checked by restriction enzyme and 

sequencing. A large scale of the plasmid was prepared from 1 liter of bacterial culture and 

isolated using a ZR Plasmid gigaprep kit (#D4056, Zymo Research, Irvine CA)

IOP measurements

IOP was measured with a rebound TonoLab tonometer (Colonial Medical Supply, Espoo, 

Finland), as previously described (27). Mice were anesthetized by 3% isoflurane in 100% 

oxygen (induction) followed by 1.5% isoflurane in 100% oxygen (maintenance) delivered 

with a precision vaporizer. IOP measurement was initiated within 2 to 3 min after animals 
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lost toe pinch reflex or tail pinch response. Anesthetized mice were placed on a platform and 

the tip of the pressure sensor was placed approximately 1/8 inch from the central cornea. 

Average IOP was displayed automatically after 6 measurements after elimination of the 

highest and lowest values. This machine-generated mean was considered as one reading, and 

six readings were obtained for each eye. For D2.Gp, D2, and D2.ΔCS mice, IOPs were 

measured once a month. For the microbead study, baseline IOPs were obtained one day 

before microbead injection and the IOPs were then measured every three days after 

microbead injection. All IOPs were taken at the same time of day (between 10:00 and 12:00 

hours) due to the variation of IOP throughout the day.

Intravitreal injections

The intravitreal injections, just posterior to the limbus-parallel conjunctival vessels, were 

performed as previously described (27). Mice received a 1μl intravitreal injection into both 

eyes containing AAV2.sFasL (3x1012 PFU/ml) or AAV2.eGFP (3x1012 PFU/ml) and sterile 

physiologic saline was used as a vehicle control.

Induction of elevated IOP

Mice were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/kg; 

Ketaset; Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (9 mg/kg; TranquiVed; 

Vedco, Inc., St. Joseph, MO) supplemented by topical application of proparacaine (0.5%; 

Bausch & Lomb, Tampa, FL). Elevation of IOP was induced unilaterally by injection of 

polystyrene microbeads (FluoSpheres; Invitrogen, Carlsbad, CA; 15-μm diameter) to the 

anterior chamber of the right eye of each animal under a surgical microscope, as previously 

reported (33, 34). Briefly, microbeads were prepared at a concentration of 5.0 × 106 

beads/mL in sterile physiologic saline. The right cornea was gently punctured near the center 

using a sharp glass micropipette (World Precision Instruments Inc., Sarasota, FL). A small 

volume (2 μL) of microbeads was injected through this preformed hole into the anterior 

chamber followed by injection of an air bubble via the micropipette connected with a 

Hamilton syringe. Any mice that developed signs of inflammation (clouding of the cornea, 

edematous cornea etc) were excluded from the study.

Quantification of retinal ganglion cells

The neural retina was isolated and fixed in 4% paraformaldehyde for 2 hour at room 

temperature. Retinal flat mounts were incubated at 4 °C overnight with a primary antibody 

against an RGC-specific marker, β-III-tubulin (Millipore, Billerica, MA) (33, 34). An Alexa 

Fluor 594–conjugated secondary antibody (Invitrogen) was used as secondary antibody. 

Nuclei were counterstained with DAPI (Vector Stain). 60X oil-immersion was used and 

sixteen non-overlapping images were taken, with four-five images within each quadrant. All 

cells in ganglion cell layer positively labeled by the β-III-tubulin antibody were counted. 

Retinal areas were measured using Image J software, and the RGC density/mm2 retina was 

calculated.
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Quantification of optic nerve axons

For quantification of axons, optic nerves were dissected and fixed in karnovsky’s reagent 

(50% in phosphate buffer) overnight. Semi-thin cross-sections of the nerve were taken at 1.0 

mm posterior to the globe and stained with 1% p-phenylenediamine (PPD) for evaluation by 

light microscopy. Ten non-overlapping photomicrographs were taken at 100× magnification 

covering the entire area of the optic nerve cross-section. The total area of each optic nerve 

cross-section was determined with Image J software and this value was used to estimate the 

total axon density per optic nerve cross-section.

TUNEL staining

Apoptotic cells were evaluated by TUNEL staining. Eyes were enucleated, fixed in 10% 

formalin. Eyes were processed and 20 μm paraffin sections mounted on slides were used for 

staining. The sections were de-paraffinized before staining for TUNEL according to the 

manufacturer’s protocol (In Situ Cell Death Detection Kit; Roche Applied Science, 

Mannheim Germany, 11684795910) as previously described (25). The sections were 

mounted using VECTARSHIELD Mounting Medium with DAPI (Vector Laboratories, 

H-1200). Sections were washed, cover slipped and examined by confocal laser scanning 

microscopy ((Leica Microsystems and processed using SP6 software).

Quantitative RT-PCR

At the time point for euthanasia anesthetized mice were perfused through the left ventricle 

with 10 ml of 1xPBS. Following perfusion, the eyes were enucleated and RNA was isolated 

from the neural retina using Qiagen RNeasy mini kit (Cat # 74104) according to the 

manufacturer’s protocol. RNA was treated with DNAse (Cat # AM222, Invitrogen) to ensure 

no contamination of genomic DNA. 500ng of RNA was used to prepare cDNA using the 

iScript cDNA synthesis kit from Bio-Rad (Cat # 170-8890) according to the manufacturer’s 

protocol. cDNA was treated with RNaseH (18021-014, Invitrogen) to ensure absence of 

single stranded RNA. Quantitative real time PCR was performed using the master mix from 

Invitrogen (Cat # 4472903) using the manufacturer’s protocol in 10μl total volume in 

duplicates. Relative expression to house keeping gene β-actin was quantified using the 

formula: Relative expression =10,000 x 1/2^(Avg. Gene cT- Avg. β-actin cT). All of the 

primers used are listed in Table I.

Western blot analysis

To assess total FasL expression in the posterior segments of D2, D2-Gp, and D2-ΔCS mice, 

protein lysates (20μg/sample) were prepared from posterior eye cups (neural retina, choroid, 

and sclera) as previously described (27). To assess over expression of sFasL in the neural 

retina of AAV2 treated eyes, protein lysates (5ug/sample) were prepared from the neural 

retina only. Proteins were separated on 12% Tris-glycine gels (Invitrogen, Carlsbad CA) and 

transferred to polyvinylidene difluoride membranes (Invitrogen, Carlsbad CA). The 

membranes were probed for Fas ligand using a polyclonal rabbit anti-Fas ligand antibody 

(25) followed by an IRDye secondary antibody (Li-Cor Biotechnology, Lincoln NE). Mouse 

β actin was used to assess equal loading. Each blot was developed using the LI-COR 

Odyssey imaging system (LI-COR Biotechnology, Lincoln NE). Densitometry was 
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performed using Image Studio software. L5178Y-R tumor transfectants over expressing 

sFasL or mFasL (25, 27) were used as positive controls and a protein lysate prepared from a 

posterior eyecup prepared from FasL-KO mice (28, 35) was used as a negative control.

Statistics

“All data are presented as mean ± SEM and Graph Pad Prism 6 (La Jolla, CA, USA) was 

used to perform statistical analysis of the data For comparisons in the D2.ΔCS studies, one-

way ANOVA and Tukeys multiple comparison test were used. For comparisons in the D2-

AAV2 studies, two-way ANOVA and Tukey’s multiple-comparison test were used. For 

comparisons in the microbead-model studies, two-way ANOVA and Sidak’s multiple-

comparison test were used. A P-value of less than 0.05 was considered significant.

Results

Accelerated glaucoma in D2.ΔCS mice

DBA/2J (D2) mice spontaneously develop age-related elevated intraocular pressure (IOP) 

due to mutations in Gpnmb and Tyrp1 genes that trigger iris stromal atrophy and pigment 

dispersion, respectively (36, 37). As a result, D2 mice develop elevated IOP by 

approximately 6–8 months of age, followed by the loss of RGCs and nerve fibers. We 

previously demonstrated that D2 mice expressing only mFasL (D2-ΔCS) displayed marked 

thinning of the nerve fiber layer at 5 months of age that was not seen in D2 mice that 

expressed WT FasL (27). Early thinning of the nerve fiber layer suggested that the 

development of glaucoma was accelerated. However, our previous study did not include a 

quantitative analysis of RGCs, optic nerve axons or apoptosis in the neural retina. To 

confirm the accelerated development of glaucoma in D2-ΔCS mice, we performed 

quantitative analysis of RGCs and axons and correlated this data with accelerated apoptosis 

in the neural retina. In addition, we now have age- and strain-matched control D2-Gp 

(DBA/2JGpnmb+/+) mice that do not develop glaucoma. These control D2-Gp congenic mice 

express a normal Gpnmb gene and develop a very mild form of iris disease due to the Tyrp1 

mutation, but do not develop elevated IOP or glaucoma. To perform our analysis, we 

compared disease progression in young and old D2-ΔCS mice with D2 littermates that 

express WT FasL (positive control) and the D2-Gp mice that do not develop elevated IOP or 

glaucoma (negative control) (38). IOP was measured using rebound tonometry at 3, 6 and 9 

months of age (Figure 1A). D2 and D2-ΔCS mice displayed elevated IOP beginning at 6 

months of age, as compared with the negative control D2-Gp mice. However, there were no 

significant differences in IOP between D2 and D2-ΔCS mice at any age, indicating the ΔCS 

mutation does not affect IOP.

To determine whether the loss of RGCs and/or axons was accelerated in D2-ΔCS mice, 

groups of mice were euthanized at 3 and 6 months of age and retinal flat mounts were 

stained with the RGC-specific marker βIII tubulin to assess RGC density and optic nerve 

sections were stained with paraphenylenediamine (PPD) to assess axon density. As reported 

previously, the loss of RGCs and axons in D2 mice is age-related and only develops in mice 

>8 months old (36, 37, 39). Therefore, at 3 and 6 months of age D2 displayed no significant 

loss of RGCs or axons, as compared with D2-Gp mice (Figure 1B, C, D, E). By contrast, 
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D2-ΔCS mice developed early loss of RGCs and axons at 6 months, indicating expression of 

non-cleavable FasL in D2-ΔCS mice results in accelerated development of glaucoma.

Numerous studies demonstrate that RGCs die by apoptosis during glaucoma (40–42). To 

demonstrate the accelerated death of RGCs in D2-ΔCS mice was due to apoptosis, TUNEL 

staining was performed on retinal sections from D2, D2-ΔCS, and D2-Gp mice at 3 months 

(Figure 2A, B) and 6 months (Figure 2C, D) of age. TUNEL+ cells were detected in the 

RGC layer of D2-ΔCS at both 3 and 6 months of age, as compared with D2 and D2-Gp 

mice. Moreover, at 6 months of age, the TUNEL positive cells detected in D2-ΔCS mice 

were no longer restricted to the RGC layer (Figure 2C). Together, these results indicate that 

D2-ΔCS mice display early death of RGCs via apoptosis, resulting in accelerated 

development of glaucoma.

Expression of Fas, FasL and FADD in D2-ΔCS mice

While previous studies demonstrated FasL was upregulated in the retina following elevated 

IOP (25, 26) the levels of sFasL and mFasL were not assessed. To determine the effects of 

elevated IOP on components of the Fas-induced apoptosis pathway in D2 and D2-ΔCS mice, 

the neural retina was analyzed by quantitative RT-PCR for the mRNA levels of Fas, FasL, 

and the Fas activating death domain (FADD) and Western blots were performed to quantitate 

protein expression. The Western blot for FasL was prepared from lysates of the posterior 

segment of the eye (retina, choroid, and sclera) which detected the smaller 26 kD sFasL 

band, as well as, two larger 34 kD and 38 kD mFasL bands (Figure 3D). The two mFasL 

bands (34 and 38 kD) were reported previously and represent differential glycosylation of 

mFasL (25, 27, 43, 44). The two forms of FasL (mFasL and sFasL) were present in the 

posterior segment from all three groups of mice (D2-Gp, D2, and D2-ΔCS mice). As an 

important specificity control for the Western blot, posterior eye segment lysates from FasL 

KO mice confirmed the loss of sFasL (26 kD band) and mFasL (34 and 38 kD bands). As 

expected, no sFasL was detected in the eye tissue from D2-ΔCS mice (Figure 3D), proving 

the knock-in mutation of the FasL cleavage site prevents expression of sFasL in the retina.

There was no significant difference in Fas expression (mRNA and protein levels) between 

D2-Gp, D2, and D2-ΔCS mice at 3 or 6 months of age (Figure 3A and 3E). While there was 

a trend toward reduced Fas mRNA expression in the D2-ΔCS mice at 6 months, the 

difference was not statistically significant (P=0.15, Figure 3A). These data indicate that Fas 

expression in all three groups of mice remained constant and therefore cannot account for 

the accelerated development of glaucoma at 6 months in D2-ΔCS mice.

In contrast with the constant Fas levels, there was a significant age-related increase in mFasL 

and FADD mRNA between 3–6 months in D2-ΔCS mice, which coincided with the 

beginning of RGC death at 6 months of age. Moreover, in D2 and D2-Gp mice, which 

displayed no RGC loss at 6 months, the levels of mFasL and FADD (mRNA and protein 

levels) were significantly reduced as compared with D2-ΔCS mice (Figure 3B, D and 3C, F). 

Previous work by our laboratory (27) and Ju et al., (30) demonstrated that within the neural 

retina, FasL is primarily expressed on microglia in the ganglion cell layer and inner nuclear 

layer of non-glaucomatous eyes. In glaucomatous eyes, FasL is expressed on microglia 

(and/or infiltrating macrophages) at higher levels and coincided with apoptosis of RGCs (27, 
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30). Thus the increased FasL expression in glaucomatous D2-ΔCS mice may account for the 

trend toward reduced Fas expression (Figure 3A) as some Fas+ cells are induced to undergo 

apoptosis. Increased engagement of the remaining Fas may also account for the increase in 

FADD. Together, these data indicate the accelerated disease development in D2-ΔCS mice 

coincided with an increase in the expression of the neurotoxic mFasL and FADD, the 

adapter protein required for the formation of the death-inducing signaling complex during 

apoptosis.

Importantly, our Western blot analysis of mFasL and sFasL in the posterior segment of the 

eye showed that sFasL was the predominant form of FasL expressed in the retina of mice 

that possess the WT allele for FasL (D2-Gp and D2 mice). Therefore, in non-diseased 

retinas, under homeostatic conditions, most FasL is cleaved to release neuroprotective 

sFasL. It follows that the development of glaucoma in D2 mice coincides with a shift from 

the production of neuroprotective sFasL to neurodestructive mFasL.

Muller cell activation in D2-ΔCS mice

Muller cells, which span all retinal layers, constitute the principal glial cells of the retina and 

provide support to retinal neurons (45). In the normal retina, glial fibrillary acidic protein 

(GFAP) is expressed in the nerve fiber layer by astrocytes and also in the end feet of Muller 

cells (29, 39). However, in glaucoma, GFAP expression is markedly increased in Muller 

cells as a result of reactive gliosis, which is considered a key indicator of neuroinflammation 

(30, 46, 47). To monitor Muller cell activation, GFAP mRNA expression in the retina was 

quantified by RT-PCR, and protein levels were assessed by immunohistochemical staining 

using an anti-GFAP antibody. D2, D2-ΔCS, and D2-Gp mice were examined at 3 and 6 

months of age. At 3 months of age, GFAP expression was restricted to astrocytes and Muller 

cell-end-feet in the nerve fiber layer in all three groups of mice and there was no significant 

difference in expression of GFAP mRNA among the 3 strains of mice (Figure 4A, B). 

However, by 6 months of age, expression of GFAP in D2-ΔCS mice was no longer limited to 

astrocytes and Muller cell-end-feet in the nerve fiber layer, but extended throughout the 

whole length of retinal Muller cells. This correlated with a modest but significant increase in 

GFAP mRNA levels in the D2-ΔCS mice, as compared to the D2 and D2-Gp groups (Figure 

4 A, B). The increase in GFAP coincided with a significant increase in TNFα mRNA levels 

in D2-ΔCS mice as compared to D2 and D2-Gp mice (Figure 4C). TNFα is an immediate 

early gene that is rapidly transcribed in response to signals of stress and inflammation and is 

often used as a measure of macrophage and glial activation (48–52). In regards to glaucoma, 

a variety of rodent animal models have implicated glial-cell produced TNFα in the 

pathogenesis of elevated IOP-induced glaucoma (12, 13, 53, 54). These models include: rat 

episcleral vein cauterization model (13), mouse laser-induced photocoagulation of the 

limbus model (12), and the spontaneous D2 model (53, 54). These data indicate that 

accelerated loss of RGCs in D2-ΔCS mice that express high levels of mFasL coincides, not 

only with the induction of apoptosis of RGCs, but also with glial activation and the 

induction of the immediate early gene, TNFα.
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Intravitreal delivery of sFasL using AAV2

The membrane-bound form of FasL is responsible for both the induction of apoptosis and 

for proinflammatory cytokine production and therefore the exacerbated development of 

glaucoma in the D2-ΔCS mice can be explained by the increased expression of uncleaved 

mFasL. However, sFasL has been shown to serve as an mFasL antagonist that blocks FasL-

induced apoptosis and inflammation (25, 26). Moreover, we previously found that a single 

intravitreal injection of recombinant sFasL protein can protect the nerve fiber layer in the 

short-term model of TNFα-induced glaucoma (27). Therefore, it was important to determine 

whether sFasL could also block the effects of mFasL in the widely accepted mouse models 

of spontaneous and induced elevated IOP glaucoma models.

Previous studies demonstrated that an intravitreal injection of AAV2 vectors in mice results 

primarily in transduction of long-lived RGCs and cells of the inner nuclear layer (57–59). As 

a result, gene delivery using AAV2 can provide long-term consistent expression within the 

inner retina. To evaluate which retinal cells were transduced, an AAV2 vector expressing 

only eGFP (AAV.eGFP) was injected into the vitreous of two month-old D2 mice. Confocal 

microscopy was used to assess eGFP expression in retinal whole mounts at 2 weeks post 

injection and showed uniform eGFP distribution throughout the retina (Figure 5A). Cross 

sectional reconstruction of the retina showed strong eGFP expression throughout the 

ganglion cell layer and inner nuclear layers (Figure 5B).

To determine whether we could maintain long-term sFasL expression in the retina of D2 

mice, we used AAV2 vectors to deliver a gene encoding sFasL to the RGCs of D2 mice via a 

single intravitreal injection. Western blot analysis of cells isolated from the neural retina 

showed a significant increase in sFasL expression as early as 2 weeks post injection, as 

compared to D2 mice treated with either AAV2.eGFP or uninjected control mice (Figure 

5C). Moreover, the increase in sFasL in the retina was sustained at a consistent level 

throughout the length of the study (8 months) following a single injection. Monthly 

monitoring of IOP revealed no significant differences in IOP levels at any age between D2 

uninjected control mice and D2 mice that received either AAV2.eGFP or AAV2.sFasL 

treatment (Figure 5D). Furthermore, representative slit lamp images taken at 9 months of age 

showed no differences in the severity of either iris pigment dispersion or iris atrophy 

between D2 uninjected control mice and D2 mice that received either AAV2.eGFP or 

AAV2.sFasL treatment (Figure 5D). Taken together, these results demonstrate that a single 

intravitreal injection of AAV2.sFasL into D2 mice produces long-term stable expression of 

high levels of sFasL within the inner retina, which has no effect on the development of: iris 

pigment dispersion, iris atrophy, and elevated IOP.

Intravitreal delivery of AAV2.sFasL prevents loss of RGCs and axons and provides long-
term protection in D2 mice

To determine whether over expression of sFasL prevents the loss of RGCs and axons in D2 

mice, mice received an intravitreal injection of AAV2.sFasL at 2 months of age and were 

euthanized 8 months later at 10 months of age. RGC density was measured in retinal whole 

mounts stained with anti-βIII tubulin antibody and axon density was measured in optic nerve 

sections. As expected in D2-uninjected mice and D2-AAV2.eGFP mice at 10 months of age, 
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there was a significant decrease in both RGC and axon density as compared to the D2-Gp 

negative control mice that do not develop glaucoma (Figure 6A–D). By contrast, D2 mice 

treated with AAV2.sFasL displayed no significant loss in either RGC or axon density as 

compared with D2-Gp control mice (Figure 6B, D). To demonstrate that AAV2.sFasL 

treatment provides long-term protection and does not just delay the death of RGCs and 

axons, additional groups of mice were followed for up to 15 months of age. Quantification 

of RGCs and axons revealed that even at 15 months of age, the AAV2.sFasL treated D2 mice 

continued to display significant protection of RGCs and axons when compared with D2-

uninjected mice and AAV2.eGFP mice (Figure 6E–H). In conclusion, these data demonstrate 

that overexpression of sFasL resulting from a single intravitreal injection provides complete 

and long-term protection to the RGCs and axons in D2 mice, even in the presence of 

elevated IOP.

sFasL prevents activation of pro-inflammatory Muller cells in D2 mice

As we previously demonstrated (Figure 4A, B, C), loss of RGCs in glaucomatous D2 mice 

coincided with activation of Muller cells that express GFAP and the induction of TNFα. To 

determine whether the absence of glaucoma in AAV2.sFasL treated D2 mice coincided with 

reduced Muller cell activation, GFAP expression in Muller cells was determined by 

immunohistochemical staining and RT-PCR was used to measure GFAP and TNFα mRNA 

expression in the neural retina of 10 month old: D2-untreated, D2-AAV2.eGFP, D2-

AAV2.sFasL, and D2-Gp mice. As expected, D2-untreated and D2-AAV2.eGFP mice that 

develop glaucoma displayed activated pro-inflammatory Muller cells that express high levels 

of GFAP as seen in confocal images (Figure 7A) and RT-PCR revealed a significant increase 

in GFAP and TNFα mRNA expression (Figure 7B, C). By contrast, in D2-AAV2.sFasL 

mice that do not develop glaucoma, Muller cells express significantly less GFAP and TNFα 
mRNA levels were equivalent to those seen in D2-Gp normal control mice (Figure 7A, B, 

C). These data demonstrate that in D2-AAV2.sFasL mice the sFasL-mediated protection of 

RGCs and axons coincides with preventing activation of Muller cells and induction of the 

immediate early gene, TNFα.

sFasL prevents upregulation of apoptotic genes and downregulation of pro-survival genes 
in D2 mice

In glaucoma, both extrinsic and intrinsic pathways of apoptosis have been identified as 

mediators of RGC apoptosis (12, 27, 60–62). To determine whether treatment with sFasL 

inhibited the induction of both extrinsic and intrinsic pathways of apoptosis, qRT-PCR was 

performed on retinal tissue from D2, D2-Gp, D2-AAV2.eGFP, and D2-AAV2.sFasL mice at 

10 months of age to assess the expression of apoptotic genes and pro-survival genes. At 10 

months of age, there were two distinct gene expression patterns in untreated D2 mice as 

compared with sFasL treated D2 mice. In untreated D2 mice, pro-apoptotic genes in both 

intrinsic (BAX) and extrinsic (Fas, FADD) pathways of apoptosis were upregulated, while 

anti-apoptotic genes (cFLIP, Bcl2, cIAP-2) were down regulated. By contrast, mice treated 

with sFasL prevented both the induction of pro-apoptotic genes and downregulation of anti-

apoptotic genes (Figure 7D and E). In D2 and D2-AAV.eGFP mice, the expression of pro-

apoptotic genes Fas, FADD, and BAX were elevated in comparison to D2-Gp controls 

(Figure 7D). However, D2 mice treated with AAV2.sFasL prevented the upregulation of 
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these genes (Fas, FADD, and BAX), which were equal to the levels detected in the D2-Gp 

control mice (Figure 7D). Similarly, the levels of the pro-survival genes (cFLIP, Bcl2, and 

cIAP-2) (Figure 7E) were down regulated in D2 and D2-AAV2.eGFP mice, but D2 mice 

treated with AAV2.sFasL prevented the downregulation of these genes, which were equal to 

the levels detected in the D2-Gp control mice. While mRNA expression does not always 

predict protein expression, these data indicate that (i) genes in both the intrinsic and extrinsic 

pathways of apoptosis are induced in glaucomatous D2 mice, which is in agreement with 

previous studies (53, 54, 61, 62), and (ii) treatment with sFasL prevents the induction of both 

of these pathways. Together, these results suggest that sFasL acts as an antagonist and 

prevents the binding of mFasL to the Fas receptor. Therefore, sFasL is preventing the 

mFasL-induced up-regulation of pro-apoptotic genes and the mFasL-induced down 

regulation of anti-apoptotic genes.

sFasL prevents loss of RGCs and axons in a microbead-induced model of glaucoma

To demonstrate that the neuroprotective effect of sFasL was not limited to the D2 model of 

glaucoma, we tested whether sFasL prevented RGC loss in a microbead-induced mouse 

model of elevated IOP, where an injection of microbeads into the anterior chamber of the 

eye obstructs the aqueous humor outflow and induces elevated IOP (33, 34). C57BL/6 mice 

received an intravitreal injection of AAV2.eGFP or AAV2.sFasL followed three weeks later 

by an anterior chamber injection of microbeads or saline as a negative control. At four 

weeks post microbead or saline injection, Western blot analysis confirmed the 

overexpression of sFasL in the neural retina of AAV2.sFasL treated mice as compared to the 

AAV2.eGFP treated mice (Figure 8A). As previously demonstrated (33,34) a single anterior 

chamber injection of 15μm polystyrene microbeads resulted in elevated IOP for up to 21 

days in both AAV2.eGFP and AAV2.sFasL mice as compared to saline controls (Figure 8B). 

IOPs peaked at 11 days post microbead injection and there was no significant difference in 

the time course or magnitude of the microbead-induced elevated IOP between AAV2.sFasL 

or AAV2.eGFP treated mice, indicating sFasL did not affect IOP. Quantification of RGC 

density at 4 weeks post microbead injection revealed a significant decrease in RGC density 

in microbead-injected AAV2.eGFP treated mice as compared to the saline-injected control 

(Figure 8C, D). However, treatment with AAV2.sFasL protected RGCs and the RGC density 

in microbead-injected AAV2.sFasL mice was equal to the RGC density in the saline-injected 

controls (Figure 8C, D). Similar results were observed in the optic nerve where AAV2.sFasL 

treatment afforded complete protection of axons as compared to the AAV2.eGFP treated 

control group (Figure 8E, F). Taken together, these results demonstrate that AAV2.sFasL 

provides complete neuroprotection in both the chronic D2 and the acute microbead-induced 

models of elevated IOP.

Discussion

FasL is constitutively expressed in a variety of cells in the eye and other immune privileged 

sites where it has been implicated in the deletion of activated Fas-expressing effector cells 

and therefore the prevention of inflammation (29, 64). However, this protective activity of 

FasL has been challenged by numerous examples of FasL-associated ocular and CNS 

pathologies (22, 27, 30, 65, 66). For example, FasL has been shown to play a major role in 
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animal models of glaucoma where it contributes to the death of Fas+ RGCs (27, 30). This 

apparent dichotomy, constitutive expression of FasL in non-diseased eyes and the 

association of FasL with numerous ocular pathologies, can be explained by the isoform of 

expressed FasL. Membrane-bound FasL is clearly proapoptotic and proinflammatory, but 

can be cleaved to release a soluble molecule that is incapable of mediating either cell death 

or apoptosis and in fact has been found to antagonize the activity of mFasL (24–26). 

However, the actual role of membrane vs soluble FasL at immune privileged sites has not 

been carefully examined.

Herein, we show that under homeostatic conditions, FasL in the eye is primarily cleaved to 

the soluble form and is therefore anti-inflammatory. Exactly how the balance between sFasL 

and mFasL shifts during diseases such as glaucoma is unclear, but our data demonstrate that 

mFasL is definitely the pathogenic isoform. We have explored the role of mFasL vs sFasL in 

gene-targeted ΔCS mice where the FasL cleavage site has been mutated and can no longer 

be cleaved by metalloproteinases (27, 67). In ΔCS mice, total FasL expression is controlled 

by the endogenous FasL promoter as in WT mice, but in ΔCS mice, cells that normally 

express FasL can only make mFasL and not sFasL. As a result, ΔCS mice develop 

accelerated and exacerbated destruction of retinal cells in both spontaneous and inducible 

models of glaucoma (27; current study). These data point to a key role for mFasL in 

glaucoma pathogenesis. The current study now demonstrates that sFasL can prevent the 

development of glaucoma.

We previously demonstrated that a single intravitreal administration of recombinant sFasL 

protein provided short-term protection to RGCs in a TNFα-induced “normal-tension” model 

of glaucoma (28). However, clinically glaucoma is a slow progressing chronic disease, 

requiring a treatment that can provide long-term protection. To further explore the function 

of sFasL in glaucoma, we constructed AAV-vectors that incorporated the genes for GFP or 

sFasL and injected them into the vitreous cavity of WT mice. GFP expression was 

monitored in vivo by fundus examination and confirmed in vitro by confocal microscopy of 

retinal flat mounts. We found that GFP was expressed in the RGC layer and inner nuclear 

layer for at least 8 months following a single injection. Likewise, Western blots confirmed 

sFasL expression in the neural retina of AAV-sFasL mice extended over the same time 

period. Importantly AAV-sFasL gene therapy resulted in complete long-term neuroprotection 

of RGCs and axons of the optic nerve, even in the continued presence of elevated IOP, in 

both spontaneous and inducible models of glaucoma. Therefore the increased disease 

severity in ΔCS mice most likely reflects excessive mFasL expression, as well as, the 

absence of sFasL-dependent inhibition.

Fas ligand is a 40-kDa Type II transmembrane protein that was initially identified as an 

inducer of apoptosis in Fas expressing cells (16). Using a TNFα-induced “normal-tension” 

model of glaucoma we previously demonstrated that gene-targeted mice expressing only 

mFasL exhibited accelerated RGC death. However, in addition to the proapoptotic effects of 

mFasL, the results of our current study indicate that mFasL also plays a role earlier in the 

pathogenesis of glaucoma via non-apoptotic pathways. FasL is known to directly and rapidly 

promote the transcription and secretion of a number of proinflammatory cytokines and 

neutrophil chemokines (28, 31, 68) that likely account for the massive neutrophil influx 
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following the injection of FasL-transfected cells and tumors (31). FasL can also induce the 

processing of IL-1β and IL-18 through an inflammasome independent caspase 8-dependent 

mechanism (68). GFAP is a well-known marker of glial activation and is significantly 

increased in retinal astrocytes and muller cells following elevated IOP (46, 47, 69). As 

indicated by RT-PCR and immunofluorescence, we have now shown a significant increase in 

the expression of GFAP that occurs much earlier in D2-ΔCS mice than D2-WT mice. This 

early upregulation of GFAP indicates accelerated activation of glial cells in D2-ΔCS mice. 

Moreover, the accelerated glial activation in D2-ΔCS mice also correlated with an earlier 

induction of TNFα when compared to D2-WT mice. There is substantial evidence that 

TNFα is induced following elevated IOP (10, 12, 13, 53, 54,70) and is required for the death 

of RGCs (12, 13). Using the TNFα-induced model of glaucoma (12), we previously 

demonstrated that TNFα increased the expression of mFasL on retinal microglia and/or 

infiltrating macrophages and that Fas-FasL signaling was required for TNFα-mediated death 

of RGCs (28). While retinal microglia are also a cellular source for TNFα following 

elevated IOP (12, 13), in the absence of Fas or FasL, RGCs are protected from apoptosis 

(27). Taken together with the current study, these data suggest that TNFα and mFasL may 

form a positive feed-forward-loop where TNFα upregulates mFasL expressed on retinal 

microglia and mFasL induces apoptosis of RGCs while at the same time feeding back on the 

microglia and/or infiltrating macrophages to upregulate TNFα, thus leading to chronic 

neuroinflammation. The ability of AAV2.sFasL to prevent induction of TNFα, as well as, 

the apoptosis of RGCs suggest that sFasL directly blocks FasL-induced apoptosis of RGCs, 

while at the same time inhibits the TNFα-FasL positive feed-forward- loop, effectively 

shutting down neuroinflammation.

The eye has long been considered an immune privileged site as evidenced by the high 

acceptance rate of HLA unmatched allogeneic corneal transplants in uncomplicated or “low-

risk” patients in which the recipient graft bed shows no sign of inflammation and/or 

neovascularization (71, 72). However, corneal immune privilege is not universal as 

demonstrated by the high rejection rate of allogeneic corneal transplants in “high-risk” 

patients in which donor tissue is transplanted into a recipient with on-going corneal 

inflammation and/or neovascularization (73). FasL was first implicated in maintaining 

immune privilege when it was shown that FasL-deficient corneal allografts were readily 

rejected (29, 74). However, overexpression of mFasL on the donor cornea, as a result of viral 

transfection, resulted in accelerated transplant rejection associated with innate-mediated 

inflammation (75). Together these data suggest that the soluble isoform may be responsible 

for the acceptance of corneal allografts in low-risk patients and raise the possible application 

of sFasL gene therapy for facilitating acceptance of corneal allografts in high-risk patients.

Over the past decade gene therapy has been tested in animal models of glaucoma as a 

treatment for glaucoma, delivering: neurotrophins (58), anti-apoptotic genes (57), and 

transcription factors (76) to the retina. There is substantial evidence in both human and 

experimental glaucoma animal models that RGCs die by apoptosis, but the molecular 

mechanisms that trigger apoptosis are not well understood (40–42). However, it is clear that 

simply blocking the apoptotic pathway in RGCs does not prevent completely 

neurodegeneration in glaucoma. This was illustrated in studies by Libby et al., who 

demonstrated that RGC somata of Bax-deficient D2 mice survived indefinitely in the 
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presence of elevated IOP, while the axons continued to degenerate distal to the optic nerve 

head (61). In a related study by McKinnon et al., treatment with an adeno-associated virus 

(AAV) vector expressing baculoviral IAP repeat-containing protein-4 (BIRC4), a potent 

inhibitor of Caspase-3, -7, and -9, was only able to protect 50% of optic nerve axons (77), 

demonstrating that blocking only the apoptotic pathway in the RGCs is not sufficient to 

prevent glaucoma completely.

Several hypotheses have been proposed regarding the mechanism(s) that induce axonal 

degeneration and death of RGCs including oxidative stress (78), ischemia (79), 

excitotoxicity (80), and mitochondrial dysfunction (8). Although targeting these pathways 

has been successful in experimental models of glaucoma, these strategies have generally 

failed to translate into clinical success. This failure may be due to multiple reasons, 

including the lack of a suitable animal model, as well as, the fact that glaucoma is a 

multifactorial disease where numerous factors interact during disease progression. 

Therefore, the most effective neuroprotective strategy should target more than one pathway, 

work long-term, and show efficacy in more than one animal model of glaucoma.

AAV viral vectors have proven to be very effective at delivering transgenes to the retina and 

providing long-term gene expression that persists in the adult retina for over a year (81, 82). 

In particular, the AAV2 serotype specifically targets the cells of the ganglion cell layer and 

inner nuclear layer following an intravitreal injection (81). A recent report by Sullivan et al., 

demonstrated that AAV-mediated delivery of erythropoietin (AAV.EPOR76E) protected 

RGCs and axons in the D2 model of glaucoma (83). However, an additional study was 

performed to determine if the AAV.EPOR76E could also protect RGC axons in the mouse 

microbead occlusion model of elevated IOP and while the AAV.EPOR76E treated group 

appeared to have fewer degenerating axons when compared to the untreated group, there was 

no significant difference in the total number of axons between groups (84).

In the current study using AAV2.sFasL, we provide the first direct evidence of a virus-

mediated gene therapy that provides complete and long-term protection, out to 15 months of 

age, of both RGCs and axons of the optic nerve in the chronic D2 mouse model of 

glaucoma. Treatment with AAV2.sFasL inhibited multiple pathways activated in the 

pathogenesis of glaucoma in the D2 mice including activation of retinal glial cells, induction 

of TNFα, and death of RGCs and axons, even in the presence of elevated IOP. Moreover, the 

efficacy of this gene therapy was even further validated in a second mouse microbead 

occlusion model of elevated IOP, again revealing complete protection of RGCs and axons. 

Exactly how sFasL attenuates mFasL activity remains to be determined. The sFasL may 

simply bind to Fas but fail to effectively crosslink the receptor, while at the same time 

preventing activation of the receptor complex by the membrane-bound form. Alternatively, 

sFasL may actively engage the receptor and lead to its internalization. Further studies will 

also need to address how the appropriate balance between sFasL an mFasL is maintained 

under normal conditions, and then disrupted under pathological conditions.
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Non-standard abbreviations

RGC retinal ganglion cell

IOP intraocular pressure

FasL Fas ligand

sFasL soluble Fas ligand

mFasL membrane-bound Fas ligand

AAV adeno-associated virus

PPD p-phenylenediamine

GFAP Glial fibrillary acidic protein

cFLIP cellular FADD-like IL-1β-converting enzyme-inhibitory protein

FADD Fas-associated death domain

BAX bcl-2-like protein 4

Bcl2 B-cell lymphoma 2

cIAP-2 cellular inhibitor of apoptosis protein-2
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Fig 1. Accelerated loss of RGCs and axons in D2-ΔCS mice
(A) IOP measurements were taken by rebound tonometry in D2-Gp, D2, and D2-ΔCS mice 

at 3, 6, and 9 months of age (N=16 D2-GP; N=22 D2, N=22 D2-ΔCS). Data is presented as 

mean IOP ± SEM. (B) Representative confocal images of retinal flat-mounts isolated from 

D2-Gp, D2, and D2-ΔCS mice at 3 and 6 months of age, stained with β-III tubulin (red) a 

RGC-specific marker and DAPI a nuclear stain (blue) (Scale bar, 75μm). (C) Quantification 

of β-III tubulin positive RGCs, represented as RGC density/mm2 retina. N=10 eyes per 

group. (D) Representative photomicrographs of PPD optic nerve cross sections taken from 
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D2-Gp, D2 and D2-ΔCS at 3 and 6 months of age (Scale bar, 10μm). (E) Quantification of 

healthy axons, represented as axon density (104)/mm2 ON. N=10 optic nerves per group. Ns, 

non-significant, ****P<0.0001.
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Fig 2. Accelerated apoptosis coincides with RGC loss in the absence of sFasL
Representative TUNEL staining in paraffin embedded retinal sections taken from D2-Gp, 

D2 and D2-ΔCS mice at (A) 3 and (C) 6 months of age (Scale bar, 100μm). TUNEL = red, 

DAPI, nuclear marker = blue. GCL, ganglion cells layer; INL, inner nuclear layer; ONL, 

outer nuclear layer. White arrowhead = TUNEL positive cells in GCL, white arrow = 

TUNEL positive cells in INL. TUNEL positive cells in the GCL were quantitated at (B) 3 

months and (D) 6 months of age, shown as the number of TUNEL positive cells in the GCL/

retinal section (9 sections/retina), N=8 per group. ****P<0.0001.
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Fig 3. Expression of Fas, FasL, and FADD in D2-ΔCS mice
Quantitative RT-PCR was performed on the neural retina isolated from D2-GP, D2, and D2-

ΔCS mice at 3 and 6 months of age to quantitate mRNA levels of: (A) Fas, (B) FasL, and (C) 

FADD. N=6 per group. Representative Western blots from protein lysates (20μg/sample) 

prepared from posterior eye cups isolated from D2-GP, D2, and D2-ΔCS mice for (D) FasL 

at 3 and 6 months (actin is green, FasL is red), (E) Fas at 6 months (actin is green, Fas is 

red), and (F) FADD at 6 months (actin is green, FADD is green). Protein lysates prepared 

from L5178Y-R tumor cells transfected with sFasL or mFasL vectors (31) were used as 

positive controls for FasL and the protein lysate from posterior eyecups of FasL-KO mice 

(27, 35) was used as a negative control for FasL. Densitometry analysis of mFasL (34 and 38 

kD bands), sFasL (26 kD band), Fas (43 kD), and FADD (28 kD) is the average of 3 

independent experiments (3 independent blots consisting of 1 posterior segment per group, 

per experiment) Error bars indicate SEM; N.D.- not detected (below the level of detection by 

densitometry). *P<0.05, **P<0.01, ****P<0.0001.
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Fig 4. Expression of GFAP and TNFα in the retina of D2-ΔCS mice
(A) Representative confocal microscopy images of paraffin embedded retinal sections taken 

from D2-Gp, D2, and D2-ΔCS mice at (A) 3 and 6 months of age and stained for GFAP 

(red) and DAPI (blue). (white arrow=GFAP in muller cells, Scale bar, 100μm). Quantitative 

RT- PCR was performed on the neural retina isolated from D2-GP, D2, and D2-ΔCS mice at 

3 and 6 months of age to quantitate mRNA levels of (B) GFAP and (C) TNFα. N=6 per 

group. Error bar indicates SEM. **<0.01 and ***P<0.001.

Krishnan et al. Page 25

J Immunol. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 5. Over expression of sFasL in D2 mice
D2 mice received one intravitreal injection of AAV2.sFasL or AAV2.eGFP as a control at 2 

months of age. (A) Retinal flat-mount showing expression of AAV2.eGFP throughout the 

retina (Magnification, 5x and 40x). (B) Cross sectional 3-D reconstruction of the retina. 

GCL-ganglion cell layer, INL-inner nuclear layer. (C) Western blot from neural retinal 

lysates (5μg/sample, sFasL is red band, actin is green band) showing overexpression of 

sFasL (26 kD) at both 2wk and at 8 months post AAV2 injection. N=3 per group. 

Densitometry is the average of 3 independent experiments (3 independent blots consisting of 

1 neural retina per group, per experiment). (D) IOP measurements were taken at 3, 5, 7, and 

9 months of age by rebound tonometry in D2 (uninjected), D2-AAV2.eGFP, and D2-

AAV2.sFasL. Mean IOP for the D2-Gp non-glaucomatous control group is 12 mmHg ±3 

SEM, identified as an solid line on the IOP graph. Data is presented as mean IOP ± SEM 

IOP (N=10 per group). Representative slit lamp images taken at 9 months of age show 

pigment dispersion and iris stromal atrophy in D2-Gp, D2 (uninjected), D2-AAV.eGFP, and 

D2-AAV.sFasl mice. Ns, non-significant, *P<0.05.
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Fig 6. Intravitreal AAV2.sFasL protects RGCs and axons in D2 mice
D2 mice received one intravitreal injection of AAV2.sFasL or AAV2.eGFP as a control at 2 

months of age. At 10 and 15 months of age, AAV2.sFasL and AAV2.eGFP treated mice, in 

addition to age-matched D2-uninj (uninjected) and D2-Gp mice were euthanized and retinas 

and optic nerves processed for analysis of RGC and axon density. (A) Representative 

confocal images of retinal flat-mounts isolated from 10 month old D2-Gp, D2 uninjected, 

D2-AAV2.eGFP and D2-AAV2.sFasL mice, stained with β-III tubulin (red) an RGC-specific 

marker and DAPI a nuclear stain (blue). (Scale bar, 50μm). (B) Quantification of β-III 

tubulin positive RGCs, represented as RGC density/mm2 retina. N=10 per group (C) 

Representative photomicrographs of PPD stained optic nerve cross sections taken from 10 

month old D2-Gp, D2 uninjected, D2-AAV2.eGFP and D2-AAV2.sFasL mice (Scale bar, 

10μm). (D) Quantification of healthy axons, represented as axon density (104)/mm2. N=10 

per group (E) Representative confocal images of retinal flat-mounts isolated from 15 month 

old D2-Gp, D2 uninjected, D2-AAV2.eGFP and D2-AAV2.sFasL mice, stained with β-III 

tubulin (red) an RGC-specific marker and DAPI a nuclear stain (blue) (Scale bar, 75μm). (F) 

Quantification of β-III tubulin positive RGCs, represented as RGC density/mm2 retina. N=5 

per group. (G) Representative photomicrographs of PPD optic nerve cross sections taken 

from 15 month old D2-Gp, D2 uninjected, D2-AAV2.eGFP and D2-AAV2.sFasL mice 

(Scale bar, 10μm). (H) Quantification of healthy axons, represented as axon density 

(104)/mm2. N=5 per group. *P<0.05, **P<0.01, ***P<0.001 ****P<0.0001
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Fig 7. Muller glial cell activation and induction of inflammatory and apoptotic mediators in the 
retina of D2 mice treated with AAV2.sFasL
(A) Representative confocal microscopy images of paraffin embedded retinal sections taken 

from D2-Gp, D2-uninj. D2-AAV2-eGFP, and D2-AAV2-sFasL mice at 10 months of age and 

stained for GFAP (red) and DAPI (blue) (Scale bar, 100μm). Quantitative RT- PCR was 

performed on the neural retina isolated from D2-Gp, D2-uninj., D2-AAV2-eGFP, and D2-

AAV2-sFasL mice at 10 months of age to quantitate mRNA levels of (B) GFAP, (C) TNFα, 

(D) pro-apoptotic mediators Fas, FADD, and BAX, and (E) anti-apoptotic mediators cFLIP, 

Bcl2, and cIAP2. N=5–6 per group. Error bar indicates SEM. *P<0.05, **<0.01, 

***P<0.001, ****<0.0001.
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Fig. 8. Pre treatment with AAV2.sFasL protects RGC cell death in microbead-induced mouse 
model of elevated IOP in C57/BL6 mice
(A) Western blot from neural retina lysates (5ug/sample) showing overexpression of sFasL 

at 26 kD (Red band) and actin (Green band) in saline and microbead injected 

B6.AAV2.eGFP and B6.AAV2.sFasL mice at 4 weeks post microbead or saline injections. 

(B) IOP measurements were taken by rebound tonometry from B6.AAV2.eGFP and 

B6.AAV2.sFasL mice treated with saline or microbeads. Data is presented as mean IOP ± 

SEM, (N=10 per group). At 28 days post microbead injection the neural retina and optic 

nerve were processed for quantification of RGC and axon density. (C) Representative 

confocal microscopic images from retinal flat-mounts stained with βIII tubulin (red), an 

RGC-specific marker and DAPI a nuclear stain (blue) at 4 weeks post microbead or saline 

injections (Scale bar, 75μm). (D) Quantification of β-III tubulin positive RGCs, represented 

as RGC density/mm2 retina (E) Representative photomicrographs of optic nerve cross 

sections stained with PPD at 4 weeks post microbead or saline injections (Scale bar, 10μm). 

(F) Quantification of healthy axons, represented as axon density (104)/mm2. N=5 per group. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Table I

List of RNA primers used for Real time PCR

Primers Sequence

1) Forward TNF-α 5′-GGG ACA GTG ACC TGG ACT GT-3′

2) Reverse TNF-α 5′-CTC CCT TTG CAG AAC TCA GG-3′

3) Forward β-actin 5′-TGT TAC CAA CTG GGA CGA CA-3′

4) Reverse β-actin 5′-CTT TTC ACG GTT GGC CTT AG-3′

5) Forward C-FLIP 5′-TTC TGA TAT AGG GTC CTG C-3′

6) Reverse C-FLIP 5′-TCA CCA GAT CCA AGA AAC TC-3′

7) Forward FADD 5′-CAA GCT GAG TGT AAC TGA AG-3′

8) Reverse FADD 5′-TTA AAA GGC ATC AGC AAG AG-3′

9) Forward GFAP 5′-GGC GCT CAA TGC TGG CTT CA-3′

10) Reverse GFAP 5′-TCT GCC TCC AGC CTC AGG TT-3′

11) Forward BAX 5′-AGG GTT TCA TCC AGG ATC GAG CAG-3′

12) Reverse BAX 5′-ATC TTC TTC CAG ATG GTG AGC GAG-3′

13) Forward BCL-2 5′TTG TGG CCT TCT TTG AGT TCG GTG-3′

14) Reverse BCL-2 5′ GGT GCC GGT TCA GGT ACT CAG TCA-3′

15) Forward TRADD GAA GTT CCC GGT TTC CTC TC

16) Reverse TRADD GAG GGC AGG ATC TCT CAG TG

17) Forward c-IAP-2 TGT CAG CCA AGT TCA AGC TG

18) Reverse c-IAP-2 ATC TTC CGA ACT TTC TCC AGG G

19) Forward Fas-L TGG GTA GAC AGC AGT GCC AC

20) Reverse Fas-L GCC CAC AAG ATG GAC AGG G

21) Forward Fas-R GTC CTG CCT CTG GTG CTT GCT G

22) Reverse Fas-R CAG GTT GGC ATG GTT GA
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