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Abstract

The innate immune system and inflammatory pathways play key roles in numerous diseases of the
central nervous system (CNS). Recent evidence indicates that innate immunity induces both
pathogenesis and protection during neuronal injury. To test the possibility that the conflicting roles
of innate immunity in the CNS depends on the cellular environment in which innate immunity is
stimulated, we analyzed the effect of toll-like receptor 3 (TLR3) activation on neuronal survival in
the presence and absence of oxidative injury in a mouse model system. We demonstrated that
activation of TLR3 by the double stranded RNA activator, Poly (I:C), during paraquat induced
oxidative stress, significantly protected mouse photoreceptors, as measured by increased retinal
structure, function, and improved visual acuity. In contrast, TLR3 activation without concurrent
oxidative injury was neurotoxic. The neurotoxic and protective effects of Poly (1:C) stimulation
were absent in TLR3 knockout animals, which indicates that protection by Poly (1:C) is dependent
on the TLR3 signaling pathway. Furthermore, we identified the pro-survival transcription factor
Stat3 as a necessary mechanism for protection. Knockdown of Stat3 using lentivirally delivered
shRNA abolished the protective effects of TLR3 signaling in the retina during oxidative stress.
Therefore, TLR3 activation in the context of oxidative stress triggers protective instead of
pathogenic signaling, suggesting that TLR3 is a potential therapeutic target for neurodegeneration
where oxidative stress is a significant contributor.
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Introduction

A major challenge for designing new therapeutic targets for neuronal diseases is identifying
the critical cellular receptors and pathways that regulate neuronal responses to injury.
Recently, abnormal innate immune activity and oxidative damage have become recognized
as key contributors to neuronal death and diseases (Moreira et al., 2005; Drouin-Ouellet and
Cicchetti, 2012). Toll-like receptors (TLRs) are a branch of innate immune signaling that
protects against invading pathogens by inducing pro-inflammatory pathways and
inflammatory cell migration (Owens, 2009). There are ten members of the TLR family of
innate immune receptors in humans. With the exception of TLR3, all TLRs signal through
the MyD88 mediated pathway, resulting in NF-kB activation and cytokine secretion
(Anderson, 2000). TLR3 signals through the TRIF adaptor mediated pathway and results in
interferon production, in addition to cytokine release (Alexopoulou et al., 2001).

Recent evidence implicates multiple TLRs in the initiation and progression of non-pathogen
(sterile) tissue injury, including experimental stroke and ischemia, by acting in non-immune
regulatory cell types such as neurons and glia, in addition to immune cells (Shichita et al.,
2012; Lu et al., 2014). Levels of various TLRs increase in neurons and glia following
damage or injury to the brain and spinal cord (Walter et al., 2007; Letiembre et al., 2009),
and genetic knockdown of TLR2 and TLR4 resulted in increased neuronal survival in the
brain and retina in mouse models of CNS disease (Walter et al., 2007; Kilic et al., 2008; Yi
et al., 2012). Paradoxically, activation of several TLRs has been shown to be necessary for
cell survival in some situations, and TLR2 and TLR4 signaling following peripheral nerve
injury promoted axonal regeneration (Boivin et al., 2007; Kigerl et al., 2007). Therefore, the
complex roles of TLRs during neurodegeneration lead to the important question of what are
the conditions that promote TLR signaling to be either pathogenic or protective.

While there are many studies that have examined the MyD88-mediated TLR pathways
during neuronal degeneration, the role of TLR3 signaling, a viral sentinel, during neuronal
disease remains to be fully explored. There is increasing evidence that TLR3 has essential
activities in the absence of viral stimulation. TLR3 activation in the retina led to loss of
retinal pigmented epithelium (RPE) and photoreceptors (Shiose et al., 2011; Kleinman et al.,
2012), while activation in astrocytes during brain injury led to the secretion of
neuroprotective molecules (Bsibsi et al., 2006). Identifying mechanisms through which
TLR3 regulates cell survival will reveal new points of cross-talk between innate immunity
and survival pathways. We previously demonstrated that TLR3 signaling was protective to
cultured RPE during oxidative injury (Patel and Hackam, 2012), but how this translates to
neuronal cells in an in vivo model is unclear. In this study, we examined how TLR3
activation regulates oxidative stress induced neurodegeneration. We demonstrated that
TLR3 has a novel neuroprotective role in the retina during injury, and that it acts through the
Stat3 pathway. Therefore, these results suggest that TLR3 is a novel therapeutic target for
neuronal degenerative diseases in which oxidative stress is a major contributor.
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Materials and Methods

Animal Studies

All procedures involving mice were performed according to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care
and Use Committee at the University of Miami. The wild type mice are strain B6;129SF2/J
and TLR3 knockout mice are strain B6;129S1-TIr3tm1FIv/J, which have a targeted mutation
resulting in a non-functional TLR3 (Jackson Labs, Bar Harbor, ME).

Subretinal injection

Adult mice (age 8 weeks, both sexes) were anaesthetized using a ketamine/xylazine cocktail
delivered through intraperitoneal injection. Eyes were locally anesthetized using 1 drop of
Proparacaine Hydrochloride Ophthalmic Solution (0.5%, Akorn, Lake Forest, IL). A small
incision was made in the conjunctiva and sclera of the eye exposing the subretinal space and
a 1.5 cm 33-gauge Hamilton needle (Hamilton Company, Reno, NV) was inserted between
the RPE and retina. The mice were subretinally injected in one eye with two microliters of
PBS, polyinosinic:polycytidylic acid (Poly (I:C), 0.5ug/pl, InvivoGen, San Diego, CA),
and/or paraquat (1mM, Sigma-Aldrich, St. Louis, MO). Stat3 was knocked down in the
retina using subretinal injections of lentiviral Stat3 shRNA (2x108 IFU) (Haghikia et al.,
2011). Successful subretinal injections were indicated by bleb formation and detachment,
both of which resolved rapidly, as verified in each animal by OCT imaging. Mice with
unresolved retinal detachments or bleeding were excluded from further analysis.
Investigators were masked to the identity of the injected compound for all analyses.

Immunohistochemistry and molecular analysis

Immunohistochemistry was performed as in Yi et al. using rabbit anti-TLR3 (1:100 dilution,
Abcam, Cambridge, MA), mouse anti-rhodopsin (1:300 dilution, Millipore, Billerica, MA),
goat anti-rabbit Alexa 488 (1:600, Santa Cruz, Dallas, TX), and goat anti-mouse Alexa 546
(1:600, Santa Cruz, Dallas, TX) antibodies (Yi et al., 2012). QPCR analysis was performed
using primers for IRF3, IL-6, Stat3, and TLR3 (Table 1). Western blotting was performed
using the following antibodies: phosphorylated Stat3 (1:200 dilution, Cell Signaling,
Danvers, MA), total Stat3 (1:200 dilution, Cell Signaling), and p-actin (1:8000 dilution,
Sigma, St. Louis, MO) as in Yietal (Yietal., 2012).

OCT analysis

In vivo imaging of the mouse retina was conducted using an SD-OCT system (Bioptigen,
Research Triangle Park, NC) optimized for small animals. Mice were anesthetized and
placed on a stage with the body of the animal wrapped in a heating blanket. Eyes were
dilated with topical phenylephrine (Akorn, Lake Forest, IL) and kept moist with the
application of artificial tears (Systane, Alcon, TX). Scans were centered on optic disk and
consisted of 100 x 100 (horizontal x vertical) depth scans covering a volume of 1.3 x 1.3 x
1.56 mm? of the mouse retina. Average photoreceptor layer thicknesses across retinas were
obtained through segmentation of the OCT images using MATLAB software and programs
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developed by the Ophthalmic Biophysics Center at the University of Miami (Ruggeri et al.,
2007).

ERG analysis

Mice were dark adapted and then anesthetized, and were wrapped in a heating blanket with
an attached water bath to maintain a constant body temperature. The eyes were dilated and
kept moist, as described above. The ground electrode was placed in the tail of the mouse and
the reference electrode was placed under the skin between the eyes. Silver wire electrodes
were placed on the corneas of mice and the mice were placed into a Ganzfeld light emitting
chamber (Li et al., 2010). Mice were exposed to flashes of white light ranging from 0.01 to
10 cd-s/m2. For photopic recordings, green flashes were used in the presence of a green low
background light intensity. Both eyes were recorded simultaneously and an average of ten
250 ps flashes per intensity was recorded with an interstimulus time of 5 sec, which was
conducted using the UTAS system controlled by EM for Windows software (LKC
Technologies, Gaithersburg, MD).

Optokinetic exam

Statistics

Results

Mice were placed on a raised platform in the center of a chamber surrounded by four
monitors with an optokinetic display of rotating sinusoidal gratings of alternating white and
black colored stripes, following the method of Prusky et al. (Prusky et al., 2004). The
rotation direction was changed every 30 seconds for a total of 6 changes per stripe thickness.
Stripe thickness of the gratings was decreased stepwise by a factor of 2 until the animal
could no longer track the direction of movement of the gratings. Vision was scored based on
whether the mice tracked the direction of stripe movement with their head and upper body.
Two observers monitored the movement of the animals, and the observers were masked to
the identity of the treatment. Visual acuity was defined as the highest spatial frequency
yielding a response from the mouse, which was derived from the angular frequency of the
stripe rotation.

Statistical analysis was performed using one-way analysis of variance (ANOVA) with
appropriate post-hoc analysis or Student’s t-test using GraphPad Prism software. P values
<0.05 were considered significant.

TLR3 activation in the retina protects photoreceptors from oxidative stress-induced death

To verify that TLR3 was expressed in photoreceptors in the retina, we identified the cellular
localization of TLR3 using immunohistochemical analysis in wild-type mice. As shown in
Figure 1A, immunodetection of TLR3 was observed throughout the retinal cell layers, with
significant localization in photoreceptors (shown by codetection with rhodopsin). Antibody
specificity was indicated by lack of immunostaining in the control sections that omitted the
primary antibody or that were obtained from TLR3-deficient (TLR3 KO) mice (Figure 1B).
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To determine the level of TLR3 signaling induction in the retina, we subretinally injected
Poly (I:C), a prototypic double-stranded RNA and measured downstream signaling
molecules of TLR3, the IRF3 and IL6 genes (Shiose et al., 2011). Subretinal injections
deliver molecules to RPE and photoreceptors that are adjacent to the subretinal space. Poly
(I:C) increased IRF3 and IL6 expression compared with control injections, as measured by
QPCR (Figure 1C). In contrast, Poly (1:C) did not induce IL6 or IRF3 expression in TLR3
KO mice (Figure 1C), demonstrating specificity of Poly (I:C) to the TLR3 pathway.
Therefore, TLR3 is expressed and active in the retina.

Elevated oxidative stress is a major risk factor for numerous neurodegenerative diseases
(Moreira et al., 2005). A commonly used molecule to mimic the effects of oxidative stress in
the CNS is paraquat, 1,1’-Dimethyl-4,4’-bipyridinium dichloride, which generates oxygen
free radicals through redox cycling and NADPH oxidase regulation (Corasaniti et al., 1998;
McCormack et al., 2005; Cingolani et al., 2006; Chen et al., 2013). In this study, we used
paraquat (PQ) to induce acute oxidative stress in the retina. Subretinal injection of 1 mM PQ
resulted in 45% loss of photoreceptor cell nuclei in the retina compared with eyes injected
with PBS (Figure 2), similar to previously reported studies (Cingolani et al., 2006). Co-
application of PQ and Poly (I:C) allowed us to identify the role of TLR3 during neuronal
oxidative stress injury in the retina. The mice were injected subretinally with either PBS,
Poly (I:C), PQ, or a combination of Poly (1:C) and PQ and, two weeks following injection,
we quantified changes in photoreceptor structure, survival, retinal function, and visual
behavior. As shown in Figure 3, TLR3 activation during oxidative stress injury significantly
increased photoreceptor survival, as measured by optical coherence tomography (OCT).
Eyes injected with a combination of Poly (I:C) + PQ had 21% thicker outer nuclear/inner
and outer segment layers than eyes injected with PQ alone (Figure 3A, B). Oxidative stress
alone significantly decreased photoreceptor layer thickness by 28% compared with control
eyes (PBS injected) (Figure 3A, B). TLR3 activation in the absence of oxidative stress
induced photoreceptor death, resulting in a 14% reduction of photoreceptor layer thickness
compared with control eyes (Figure 3A, B), which is consistent with previous studies that
showed toxicity of TLR3 in the absence of concurrent injury (Shiose et al., 2011; Kleinman
et al., 2012). These results demonstrate the requirement of an oxidative stress stimulus for
TLR3 to promote neuronal survival while TLR3 activation alone is harmful to the retina.

Because there are a number of dsSRNA-detecting receptors in mammalian cells in addition to
TLR3, we wanted to specifically confirm the role of TLR3 in Poly (I:C)-induced protection.
We used TLR3 knockout (KO) mice to verify that the protective effects of Poly (I:C) on
photoreceptors are due to TLR3 signaling and not to other dsRNA receptors. In contrast to
the significant Poly (I:C)-induced toxicity and protection observed in wild type mice,
injection of Poly (I:C) into TLR3 KO mice did not significantly change photoreceptor layer
thickness compared with mice injected with PBS, and did not protect photoreceptors from
oxidative stress induced death. Injection of PQ resulted in an equivalent amount of
photoreceptor loss as the wild type mice, indicating that loss of TLR3 signaling does not
alter oxidative stress induced death (Figure 3B). Therefore, the PQ and Poly (1:C)
experiment in the wild type and TLR3 KO mice lead to the conclusion that Poly (1:C)-
induced protection during oxidative stress in the retina is primarily driven via TLR3.
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TLR3 rescues photoreceptor function and vision behavior during oxidative stress

It has been established that neurons lose functions such as electrical signaling well before
cell death occurs (Porciatti and Ventura, 2012). Therefore, we next investigated whether
TLR3 signaling also protects against loss of photoreceptor function. Electroretinography
(ERG) was used to quantify the electrical signaling activity of photoreceptors. Wild-type
mice injected with PBS, Poly (I:C), and/or PQ were dark adapted and then stimulated with
light-flashes at increasing intensities from 0.01 to 10 cd-s/m2. Mice injected with PQ had a
significant loss of photoreceptor function with a maximum reduction of 56% and 58% in a-
wave and b-wave amplitude, respectively (Figure 4B), compared with mice injected with
PBS. Poly (I:C) significantly protected against oxidative stress-induced loss of scotopic rod
photoreceptor function at all intensities of light, with a maximum increase of 230% and
210% in a-wave and b-wave amplitudes, respectively, compared with animals injected with
PQ alone (Figure 4B). Furthermore, TLR3 activation on its own lead to a modest loss of
photoreceptors compared with PBS injected animals, with a maximum decrease of 36% and
22% in a-wave and b-wave amplitudes respectively (Figure 4B). There was no significant
change in photopic cone photoreceptor responses, likely due to the low number of cone
photoreceptors in the mouse retina relative to the injection site. These results indicate that
TLR3 signaling protects against functional loss of photoreceptor neurons during oxidative
injury.

To further confirm that Poly (I:C)-mediated functional protection is a TLR3 dependent
mechanism, we repeated the ERG measurements on TLR3 KO mice following injections.
As expected, we found that Poly (I:C) did not reduce ERG amplitudes on its own, nor did it
protect against photoreceptor functional loss during oxidative stress (Figure 4C), consistent
with the retina thickness analyses shown in Figure 3. These results indicate that TLR3
signaling is responsible for rescue of both function and morphological survival.

The injected mice were next analyzed for improvements in vision at the behavioral level in
order to determine whether the structural and functional protective effects of TLR3 signaling
during oxidative stress translated to overall better vision. The visual acuity of the mice was
assessed using the optokinetic tracking reflex, in which the ability of the mouse to track a
moving stimulus, in this case a series of rotating sinusoidal stripes of decreasing thickness
(see Methods), is recorded (Tabata et al., 2010; Pearson et al., 2012). To determine the
threshold of visual acuity, the stripe thickness was decreased step-wise until the animal
could no longer track the column rotation. As shown in Figure 5, mice injected with PBS
maintained a normal visual acuity of greater than 0.49 cycles/deg (Figure 5B), similar to
reported previously (Pearson et al., 2012). Mice injected with PQ had reduced visual
acuities, averaging at 0.10 cycles/deg (Figure 5B), whereas mice injected with a
combination of Poly (I:C) + PQ had significantly higher visual acuities compared with PQ-
injected mice, averaging at 0.38 cycles/deg vs 0.1 cycles/deg (Figure 5B). TLR3 KO mice
injected with PBS and Poly (I:C) did not have statistically different visual acuities, nor were
eyes injected with Poly (I:C) + PQ statistically different from eyes injected with PQ alone
(Figure 5C). Therefore, TLR3 activation prevents visual degradation during oxidative insult,
in addition to protecting against photoreceptor loss.
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Stat3 signaling is required for TLR3-dependent photoreceptor protection

The Stat3 pathway is a key signaling pathway in neuronal survival and regeneration that
protects photoreceptors from various neuronal insults, including oxidative stress (Aaronson
and Horvath, 2002). While the Stat3 signaling pathway is activated by multiple cytokines
and growth factors (Taga and Kishimoto, 1997; Zhang et al., 2008; Patel and Hackam,
2012), the relationship between TLR3 and Stat3 has not been examined in the context of
neuronal protection. We have previously demonstrated that TLR3-induced protection of
cultured RPE during oxidative stress requires Stat3 signaling (Patel and Hackam, 2012).
Therefore, we tested the hypothesis that TLR3 mediates photoreceptor protection during
oxidative stress by acting through the Stat3 pathway.

QPCR analysis of cDNA from retinas injected with Poly (I:C) + PQ showed a 23-fold
increase in Stat3 mMRNA compared with retinas injected with PBS (Figure 6A), whereas
Stat3 amounts after injections of Poly (I:C) or PQ alone were not significantly different from
retinas injected with PBS injected. Similarly, protein analysis of retinas injected with Poly
(I:C) + PQ showed significantly increased Stat3 activation, by 175% compared with PBS,
whereas Poly (I:C) alone or PQ alone did not significantly change Stat3 activation levels
(Figure 6B). In TLR3 KO mice retinas, mice injected with Poly (1:C), PQ, or a combination
of Poly (I:C) and PQ did not have significantly different levels of Stat3 activation compared
with mice injected with PBS (Figure 6C). These results demonstrate that increased Stat3
activity is associated with TLR3-dependent neuroprotection.

To test whether the Stat3 pathway is a necessary component of TLR3-mediated protection,
we knocked down Stat3 in the mouse retina using subretinally injected Stat3-specific
shRNA delivered by lentiviral vector. Mice injected with control scrambled sShRNA in
lentivirus were used as to control for the effects of viral and ShRNA delivery. Mice injected
with the control shRNA and co-injected with Poly (I:C) + PQ showed a significant increase
in photoreceptor layer thickness, visual acuity, and photoreceptor function compared with
eyes injected with control ShRNA and PQ (Figure 7 C-E), equivalent to our results without
lentivirus (Figures 3-6). This finding indicates that potential TLR3 activation from the
lentivirus itself does not confound our results. In contrast, knockdown of Stat3 abolished
TLR3-induced photoreceptor protection during oxidative stress. Photoreceptor layer
thickness, function, and overall visual acuity decreased by up to 64% following TLR3
activation during oxidative stress in the presence of Stat3 shRNA. Efficiency of Stat3
knockdown by Stat3 shRNA was verified by Western blotting and showed that total Stat3
protein was reduced by 90% in eyes injected with LV-Stat3 shRNA compared with control
eyes (Figure 7B). Interestingly, the control shRNA increased total Stat3 in the retina by 4
fold compared with retinas injected with PBS. Together, these results demonstrate that Stat3
is a necessary mediator of TLR3 induced protection of photoreceptors during oxidative
stress.

Discussion

Interactions between the various contributors of neuronal degeneration diseases remain
largely unknown. In this study, we demonstrated that activation of the TLR3 innate immune
receptor leads to neuronal degeneration in the retina, but that activation of TLR3 during
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oxidative stress is protective to photoreceptor survival and visual function. We identified
STAT3 as a necessary component in TLR3 induced protection during injury. To our
knowledge, this is the first study to link Stat3 protection to an immune mediated protective
response in neurons, and is supported by a vast literature on the protective role of Stat3
signaling in neurodegeneration and retinal health (Zhang et al., 2008; Fragoso et al., 2012;
Patel and Hackam, 2012). We observed that neither TLR3 activation nor oxidative stress
induced significant increases in Stat3 activation; however, the combination of these two
pathways triggers increased Stat3 signaling. Although we have previously shown in culture
that TLR3 stimulation increases Stat3 activity, it does not seem to be the case in vivo. One
reason for the lack of increase of Stat3 following TLR3 stimulation may be due to the two
week timepoint at which the retinas were examined. Poly (I:C) may have increased Stat3
initially, but the increase may have subsided over the time period. It is plausible that only
the combination of TLR3 and oxidative stress induced pathways synergistically triggered a
specific set of target genes that promote increased long term Stat3 phosphorylation. Future
studies will examine the target genes that are activated by TLR3 and oxidative stress and
how those targets interact to induce Stat3 signaling and neuroprotection.

The localization of TLR3 within the retina indicates that the cellular mediators of protective
TLR3 signaling could be RPE, acting in a paracrine manner, or photoreceptors themselves,
via autocrine signaling. Unfortunately, identifying the cellular mediator through the
detection of activated Stat3 in the retina, as a marker of TLR3 signaling, is complicated by
Stat3 expression throughout the retina during injury (Peterson et al., 2000; Fasler-Kan et al.,
2005; Zhang et al., 2008). In addition to TLR3 protecting photoreceptors directly, TLR3
mediated signaling between RPE and photoreceptors may also increase the level of neural
protection. We have previously shown that TLR3 protects RPE from oxidative stress
induced death (Patel and Hackam, 2012) suggesting that TLR3 activation may maintain RPE
homeostasis in vivo during oxidative injury. Ongoing studies are focusing on identifying the
roles of TLR3 activation in photoreceptors and RPE.

Elevated oxidative stress and innate immune activity have both been implicated as major
risk factors for development of AMD and other retinal degenerations (Cai et al., 2000; Liang
and Godley, 2003; Hollyfield et al., 2008; Kinnunen et al., 2012). There is increasing
evidence for TLR3 involvement in AMD. Endogenous activators of TLR3, including
dsRNA, are released during cell death in AMD (Hanus et al., 2013; Murakami et al., 2013).
It has been previously shown that TLR3 activation on its own is detrimental to retinal health,
similar to the findings in this study. Subretinal injection of dSRNA induced disruption of the
outer retina and RPE, indicating degeneration of photoreceptors (Kleinman et al., 2012).
Furthermore, it has been shown that ablation of TLR3 protects against retinal cell loss,
including photoreceptors (Shiose et al., 2011). However, in contrast to the previous findings,
we found that TLR3 was protective during injury conditions. The difference between our
study and others is that we tested concurrent TLR3 activation and injury, which is more
significant to a disease condition where both oxidative stress and inflammatory components
are present. It is plausible that Poly (1:C) injection alone is toxic to the retina due to its
stimulation of pro-apoptotic molecules via NFkB and pro-inflammatory cytokines but that
the combination of Poly (I:C) and oxidative injury induced large increases in Stat3 levels
that suppressed these apoptotic pathways. In the retina, mMRNA or dsRNA released from
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dying necrotic cells may be a potential source of endogenous activators for TLR3 (Kariko et
al., 2004; Cavassani et al., 2008; Bernard et al., 2012). Additionally, dsSRNA has been
identified as a component in drusen in AMD affected eyes (Murakami et al., 2013).
However, it is likely that other agonists for TLR3 are present in injured tissue. Shiose et al.
found that TLR3 signaling increased when the endogenous products of dying cells were
applied to healthy cells (Shiose et al., 2011). Therefore, identifying endogenous activators of
TLR3 will be important for determining the conditions that direct the TLR3 pathway to
being pro-survival.

There is precedence for innate immunity having a protective role during disease. A recent
study demonstrated that inflammatory cytokines protect against oxidative stress induced
degeneration of the RPE (Chen et al., 2013; Juel et al., 2013). TLR3 signaling within
astrocytes leads to secretion of neuroprotective mediators and promotes tissue repair
responses (Bsibsi et al., 2006). The dual pathogenic/protective role of TLR3 that we found
in this study is supported by a study conducted by Jin et al, who showed that TLR3
activation has a dual role during Theiler’s virus-induced demyelinating disease (Jin et al.,
2011). Similar to our findings where TLR3 signaling is pathogenic on its own, but protective
during injury, Jin et at showed that TLR3 activation prior to viral infection enhances disease
development in the brain and spinal cord, while TLR3 activation during disease decreased
progression of demyelination.

In this study, we examined the effects of acute TLR3 activation on retinal health. While
acute TLR3 activation is protective during injury, chronic TLR3 activation may not be
(Galimberti and Scarpini, 2011). It has been shown that acute or low levels of inflammation
can have beneficial effects following injury, such as during optic nerve regeneration
(Benowitz and Popovich, 2011). However, chronic inflammation has been shown to
exacerbate neurodegenerative diseases, through increased secondary degeneration. There is
evidence of over-activated innate immunity in several neurodegenerative diseases, including
polymorphisms in innate immune regulators, leading to chronic inflammation (Klein et al.,
2005; Edwards et al., 2008; Galimberti and Scarpini, 2011; Drouin-Ouellet and Cicchetti,
2012). Therefore, it is likely that precise control of innate immune activity is essential for
controlling progression of disease. We have shown that activation of TLR3 during oxidative
stress leads to increased retinal cell survival, neuronal function, and overall better vision,
which indicates that some level of innate immune activity is important for cellular survival
during injury.

TLR3 induced protection of photoreceptors during oxidative stress may be occurring
through a preconditioning paradigm. TLRs have the ability to induce tolerance to injury and
insults following an initial exposure (Tasaki et al., 1997; Leung et al., 2012; Yi et al., 2012).
Because TLR3 is activated rapidly by Poly (I:C) while oxidative stress is induced over time
through metabolization of paraquat in the mitochondria into free radicals, it is possible that
the kinetics of these two pathways are sufficiently different that TLR3 activation itself is a
preconditioning stimulus for the oxidative stress injury (Bus and Gibson, 1984; Field et al.,
2010).
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Overall, the findings of this study indicate that TLR3 activation in the context of injury is
protective via Stat3 signaling, suggesting that combining inflammatory pathways and
oxidative stress triggers protective instead of pathogenic signaling. These results identify the
TLR3 and Stat3 pathways as novel therapeutic targets for age-related macular degeneration,
retinal degenerations, and diseases of the central nervous system.
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Figure 1. TLR3 is expressed in the retina
(A) TLR3 (green) showed prominent localization in photoreceptors and retinal pigmented

epithelium (RPE) in wild-type mice retinal sections by immunohistochemistry. TLR3
colocalized with the photoreceptor marker rhodopsin (red) indicating that TLR3 is expressed
in photoreceptors. (B) The specificity of the antibody was verified using TLR3 knockout
mouse retinal sections (top) and wild-type sections incubated with only 2° antibody
(bottom). 4’,6-diamidino-2-phenylindole (DAPI) staining (blue) was used as a marker for
cell nuclei. (Scale Bar: 50 um, RPE: retinal pigmented epithelium, ONL: outer nuclear layer,
INL: inner nuclear layer, GCL: ganglion cell layer) (C) Confirmation of TLR3 activation in
wild-type retinas following subretinal injection of Poly (1:C) was verified using QPCR
analysis of TLR3 induced molecules IRF3 (*p<0.05, n=3) and IL6 (n=3). Poly (I:C) did not
alter either IRF3 or IL6 expression in TLR3 KO mice (n=3). Expression of the housekeeping
gene ARP was used as a normalization control.
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Figure 2. Paraquat induces toxicity in photoreceptors
Retinal sections obtained from mouse eyes subretinally injected with PQ (B) had significant

photoreceptor loss compared with eyes injected with PBS (A). (C-D) Retinal sections from
mice injected with PQ show significant degeneration of rod photoreceptors, measured by
loss of rhodopsin from the outer segments of the photoreceptors (boxed) compared with
mice injected with PQ. (C’-D’) Magnified outer segment layer stained with rhodopsin
antibodies. (G) Photoreceptor survival was quantified following PQ injection by counting
the number of DAPI positive cells in the columns of the outer nuclear layer (ONL). Scale
bar = 100 pm (A-F) and 40 pm (C’-D’), n=3, p<0.05.
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Figure 3. TLR3 rescued photoreceptors from oxidative stress
(A) In vivo imaging of retinal cell layers using optical coherence tomography (OCT)

showed that co-injection of Poly (I:C) + PQ resulted in significantly larger photoreceptor
layer thickness compared with retinas of mice injected with PQ alone. Representative heat
maps generated by segmentation analysis software are shown. Colors that approach red
indicate thicker areas of the retina while blue indicates thinning of the retina. (B)
Quantification of average thickness across the retinas of injected wild-type mice shows that
Poly (I:C) co-injected with PQ significantly protected against PQ induced loss of
photoreceptors (left, n=7). Poly (I:C) co-injected with PQ did not protect photoreceptors in
TLR3 KO retinas, indicating that protection by Poly (1:C) during oxidative stress is TLR3
dependent (right, n=5). Photoreceptor cell layer thickness was quantified by measuring the
outer nuclear layer (ONL) and inner/outer segment layer (IS/OS) thickness using MATLAB
software. OCT quantification was conducted by outlining 70-80 cross-sectional images
approximately 0.5-0.6 mm from the optic disc. A statistical significance of p<0.05 is
marked as * PBS vs Poly (I:C), # PBS vs PQ, * PBS vs Poly (I:C)+PQ, ** Poly (I:C) vs PQ,
and M Poly (1:C) vs Poly (I:C)+PQ and ## PQ vs Poly (1:C)+PQ.
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Figure 4. TLR3 activation protected against the loss of scotopic photoreceptor function during

oxidative stress in wild type mice

(A) Representative scotopic ERG waves of wild type mice injected with PBS, Poly (1:C),
PQ, and Poly (I:C)+PQ stimulated at 1 cd-s/m2. (B) Average ERG amplitudes of wild type
mice at increasing flash intensities. Eyes subretinally injected with Poly (I:C) + PQ had
significantly higher a-wave (right) and b-wave (left) scotopic amplitudes compared with
eyes injected with PQ alone across different flash intensities (n=7 mice injected with PBS,
Poly (I:C), and Poly (I:C) + PQ; n=6, mice injected with PQ). (C) Average ERG amplitudes
of TLR3 KO mice at increasing flash intensities are shown. TLR3 KO mice injected with
Poly (I:C) + PQ did not have significantly different a-wave or b-wave amplitudes compared
with eyes injected with PQ alone (n=5). ERG recordings were conducted two weeks post-
injection and flash intensities ranged from 0.01 to 10 cd-s/m2. A statistical significance of
p<0.05 is marked as * PBS vs Poly (I:C), # PBS vs PQ, ~ PBS vs Poly (I:C)+PQ, ** Poly

(I:C) vs PQ, and ™ Paly (I:C) vs Poly (I:C)+PQ and ## PQ vs Poly (I:C)+PQ.
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Figure 5. TLR3 protected against oxidative stress-induced loss of visual acuity
(A) Picture of the optokinetic tracking apparatus. Mice were placed on a stage in the center

of the optokinetic chamber and surrounded by computer monitors, which displayed a
rotating sinusoidal grating of black and white stripes. (B) Wild type mice subretinally
injected with Poly (I:C) and PQ had significantly increased visual acuities compared with
mice injected with PQ alone (n=5). (C) TLR3 KO mice injected with Poly (1:C)+PQ did not
show rescued visual acuity compared with mice with oxidative injury alone, indicating
TLR3 signaling is a necessary pathway for Poly (1:C) mediated protection (n=5). Visual
acuity is quantified in terms of spatial frequency, a measurement of how well an animal can
detect the different grating thicknesses. A statistical significance of p<0.05 is marked as *
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PBS vs Poly (I:C), # PBS vs PQ, ~ PBS vs Poly (I:C)+PQ, ** Poly (I:C) vs PQ, and " Poly
(I:C) vs Poly (I1:C)+PQ and ## PQ vs Poly (I:C)+PQ.
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Figure 6. TLR3 increased Stat3 signaling during oxidative stress
(A) QPCR of cDNA from mice injected with Poly (I:C) revealed a 23-fold increase in Stat3

mMRNA expression compared with mice injected with PBS (n=3). (B) Retinal lysates from
wild type mice injected with either PBS, Poly (1:C), or PQ were examined using Western
blotting. Phosphorylated Stat3 to total Stat3 ratio was increased in mice injected with Poly
(I:C)+PQ injected compared with injections of PBS, Poly (I:C), or PQ (n=4, normalized to
PBS injections). (C) There was no increase in Stat3 activation when Poly (1:C)+PQ was
injected in TLR3 KO mice compared with injection of PBS (n=4), indicating that the
increase of Stat3 activation during concurrent Poly (I:C) and oxidative stress stimulation is
TLR3 dependent. Stat3 activation was determined by measuring the ratio of phosphorylated
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Stat3 protein to total Stat3 protein and both phosphorylated and total Stat3 were normalized
with B-actin levels. A statistical significance of p<0.05 is marked as * PBS vs Poly (I:C), #
PBS vs PQ, A PBS vs Poly (I:C)+PQ, ** Poly (I:C) vs PQ, and ™ Poly (1:C) vs Poly (I:C)
+PQ and ## PQ vs Poly (I:C)+PQ.
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Figure 7. Stat3 signaling is required for TLR3 induced protection during oxidative stress
(A) Wild type mouse eyes were subretinally injected with lentiviral Stat3 shRNA co-

expressing GFP. Widespread distribution of GFP expression was detected throughout the
retina, with significant localization with the photoreceptors and RPE. A representative image
of a retinal section with lentiviral GFP expression is displayed. No GFP expression is seen

in the retinas injected with PBS as a vehicle control. Scale bar: 100 um. (B) Wild type mice
subretinally injected with lentiviral Stat3 shRNA had significantly reduced amount of total
Stat3 (87% reduction) compared with eyes injected with PBS, measured by Western
blotting. p-Actin levels were measured as a loading control (n=4). (C, E) In mice injected
with lentiviral scrambled control shRNA, Poly (I:C) + PQ significantly increased
photoreceptor layer thickness (C) and visual acuity (E) compared with mice injected with
PQ alone (n=6), similar to mice injected in the absence of sShRNA (Figure 3-4). (D) Mice
injected with Poly (I:C)+PQ and the control shRNA had increased a-wave and b-wave
amplitudes compared with injections of PQ alone (n=6, PQ and Poly (I:C) + PQ injections;
n=5, PBS and Poly (I:C) injections; p=.071). (C-E) Mice injected with lentiviral Stat3
SiRNA (shStat3) and co-injected with Poly (1:C) + PQ did not result in significantly different
photoreceptor thickness, visual acuity, or a-wave and b-wave amplitudes compared with
shStat3 and PQ injected animals (n=6). A statistical significance of p<0.05 is marked as *
PBS vs Poly (I:C), # PBS vs PQ, ~ PBS vs Poly (I:C)+PQ, ** Poly (I:C) vs PQ, and " Poly
(1:C) vs Poly (1:C)+PQ and ## PQ vs Poly (I:C)+PQ.
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List of primer sequences

Table 1

Gene Sequence
Forward 5-ATCTGCTGCATCTGCTTG-3’
ARP Reverse 5-CGACCTGGAAGTCCAACTAC-3
Mutant 5-GCCAGAGGCCACTTGTGTAG-3
Wild-type 5-GCAACCCTTTCAAAAACCAG-3
TLR3 Common 5-AATTCATCAGTGCCATGAGTTT-3
Forward 5-AATGGAAATTGCCCGGATCG-¥
Stat3  Reverse 5-TCCTGAAGATGCTGCTCCAA-3
Forward 5-ACGTGTCAACCTGGAAGAGG-3’
IRF3  Reverse 5-AGGCACCCAGATGTACGAAG-3
Forward 5-CCAATTTCCAATGCTCTCCT-3
IL6 Reverse 5-ACCACAGTGAGGAATGTCCA-3
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