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Abstract
Toll-like receptors (TLRs) are essential receptors of the innate immune system and are first
responders for protection against bacterial and viral pathogens. Recently, several TLRs have also
been implicated in regulating cell death and survival in non-pathogen injuries such as stroke and
oxidative stress. Investigating the role of TLRs during central nervous system damage is an
important focus of research that may reveal new mechanisms underlying the cellular response to
injury and survival. Retinal pigmented epithelium (RPE) cells form an epithelial layer underneath
the neural retina that maintains the function of photoreceptors and are the primary cell type
affected in the retinal disease age-related macular degeneration (AMD). Predicted loss of function
polymorphisms in the TLR3 gene are associated with protection from AMD but the role of TLR3
in regulating RPE survival during AMD-like injury, such as high oxidative stress, is not known.
Therefore the purpose of this study is to evaluate the effect of TLR3 signaling on RPE viability
during oxidative stress. We demonstrated that TLR3 activation in the presence of oxidative stress
injury significantly increased RPE cell viability, in contrast to TLR3 reducing cell viability in the
absence of cellular injury. Furthermore, we show signal transducer and activator of transcription 3
(STAT3) signaling as an essential mediator of TLR3-regulated protection of RPE cells. STAT3
signaling was increased by TLR3 activation and knockdown of STAT3 transcripts using siRNA
abolished the protective effect of TLR3 during oxidative stress. Together, these results
demonstrate a novel pro-survival role for TLR3 signaling within the RPE during injury. These
findings support the concept that dysregulation of TLR3 activity may contribute to the
development of AMD, suggesting that precise regulation of the TLR3 pathway during AMD-
associated injury could be of therapeutic interest.
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1. Introduction
The toll-like receptor (TLR) family of innate immune system receptors respond to multiple
pathogen-associated molecular patterns, resulting in activation of nuclear factor kappa B
(NF-κB) signaling and release of cytokines that trigger inflammatory responses (Chen et al.,
2008b; Takeda and Akira, 2004). TLRs also regulate both cellular degeneration and survival
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during non-pathogen injury. The expression of TLRs such as TLR2 and TLR4 are increased
in neurodegenerative brains (Walter et al., 2007) and chronic release of inflammatory
cytokines induces neurodegeneration (Campbell et al., 1993; Drouin-Ouellet and Cicchetti,
2012). Furthermore, a pathoregulatory role of TLRs in neurodegeneration is supported by
findings of increased neuronal survival in the retina and brain in TLR4 null mice (Caso et
al., 2007; Dvoriantchikova et al., 2010; Kilic et al., 2008). Interestingly, an opposite role of
TLR signaling during injury has also been reported, most likely due to the variability of
injury and activation sites as well as the kinetics of TLR signaling (Bsibsi et al., 2006, 2010;
van Noort and Bsibsi, 2009). TLR3 activation within astrocytes may play a neuroprotective
role rather than a pro-inflammatory response (Bsibsi et al., 2006, 2010). TLR3 induction in
astrocytes lead to enhanced neuronal survival and attenuation of astrocytic gliosis in human
organotypic cortical brain slices (Bsibsi et al., 2006, 2010). TLR3 also protected cells within
the arterial wall during vascular disease (Cole et al., 2011). Therefore, the precise activity of
TLR3 in regulating cell death and survival pathways in various cell types and in different
injury conditions remains to be understood.

TLRs are expressed throughout in the retina, with TLR3 having the highest expression
within the retinal pigmented epithelium (RPE) (Kumar et al., 2004). The RPE is a
monolayer of tightly packed, interconnected epithelial cells between the photoreceptors of
the retina and the choroidal blood supply. The RPE provides essential cellular support and
maintenance of photoreceptor functions including phagocytosis of photoreceptor outer
segments, nutrient supply to the retina, maintaining the visual cycle, and removal of reactive
oxygen species (Strauss, 1995). As a result of this close interaction, RPE dystrophy leads to
photoreceptor death and contributes to several degenerative diseases of the retina such as
age-related macular degeneration (AMD) (Kinnunen et al., 2012; Marmorstein et al., 1998).
Several cellular signaling pathways, including oxidative stress and dysregulated immune
system activation, are known to contribute to RPE atrophy and subsequent photoreceptor
loss in AMD. Furthermore, predicted loss of function polymorphisms of the TLR3 gene
were implicated in reduced AMD progression (Edwards et al., 2008; Yang et al., 2008).
However, the effect of TLR3 on RPE survival during AMD-like injury needs to be directly
investigated at the cellular and molecular levels.

In this study, we examined the role of TLR3 during oxidative stress injury in RPE cells. Our
experimental data demonstrate that TLR3 activation protects RPE cells from oxidative stress
induced death, in contrast to a pro-death effect of TLR3 when activated in the absence of
oxidative stress. Our results also implicate STAT3 as a downstream mediator of TLR3-
induced protection during oxidative stress. Therefore, the effect of TLR3 activation on
cellular viability depends on the presence of injury, suggesting that TLR3 is an important
factor in cell survival and death during retinal disease.

2. Methods
2.1. Cell culture

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. Primary mouse RPE cultures were
generated from wild type and TLR3 knockout mice obtained from Jackson Laboratory (Bar
Harbor, Maine) using a protocol modified from Chen et al. (2008a). The wild type control
mice are strain B6;129SF2/J and the TLR3 knockout mice are strain B6;129S1-Tlr3tm1Flv/J
which have a targeted mutation resulting in a truncated non-functional TLR3 (Alexopoulou
et al., 2001). Mice were genotyped by PCR using primers specific for the TLR3 wild type
allele (341 bp) and mutant allele (208 bp) (Table 1). Briefly, eyes were enucleated at
postnatal day 21 and anterior chamber, lens, and retina were removed (Chen et al., 2008a).
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The remaining eyecup was treated with 0.25% trypsin for 1 h and the RPE was removed
with gentle shaking. Cells were plated at a density of 15,000 cells/ml in 96-well plates and
maintained in DMEM/F12 media supplemented with 1× essential amino acids, 10% fetal
bovine serum (FBS), 100 U/ml of penicillin and 100 μg/ml of streptomycin, and 1×
fungizone. The cultures were passaged once before use and assayed at 80% density. The
purity of the cultures was verified by morphology and QPCR analysis of RPE, neuronal and
glial cell marker genes (Table 1).

The ARPE-19 cell line is a non-transformed cell line derived from adult human RPE cells
that shares many properties with RPE in vivo, including polarization, tight junction
formation, phagocytosis of rod outer segments and immunologic responses (Dunn et al.,
1996). The cells were purchased from ATCC (Manassas, VA) and experiments were
conducted using early passages at sub-confluent densities. The cell cultures were maintained
in 5% CO2 at 37 °C in Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12) (Invitrogen
Carlsbad, CA) and supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin
and 100 μg/ml of streptomycin, and passaged every 3 days.

2.2. Viability assays
Primary RPE cultures and ARPE-19 cells were plated at a density of 10,000–15,000 cells/ml
into 96-well plates. Cells at approximately 90% density were incubated with normal growth
media only (“untreated”), or growth media supplemented with 100 μg/ml poly(I:C) (to
induce TLR3 signaling) (Invivogen, San Diego, CA), 0.8–1.6 mM paraquat (to induce
oxidative stress), or a combination of poly(I:C) and paraquat. These concentrations are
within the range used by other studies (Fragoso et al., 2012; Kumar et al., 2004; Shiose et
al., 2011). Cell viability was measured after 24 h of treatment using the Cell Titer Blue assay
(Promega, Madison, WI) by adding the Cell Titer Blue reagent to the wells for 2 h followed
by quantification using an ELISA plate reader (excitation 530 nm, emission 590 nm). Cell
viability was compared among treatments and normalized to untreated cells.

2.3. Immunohistochemistry
ARPE-19 cells were grown on glass coverslips coated with 2% gelatin or in a precoated
multiwell chamber slide. The cells were incubated in normal growth media with or without
100 μg/ml poly(I:C) for 24 h to induce TLR3 signaling. The cells were then fixed in 4%
paraformaldehyde in PBS for 20 min at room temperature and permeabilized in 50%
methanol/50% acetone solution at −20 °C. Slides were incubated in rabbit anti-
phosphorylated STAT3 antibody and mouse anti-p65 antibody (Cell Signaling Technology,
Beverly, MA) overnight at 4 °C. The slides were washed three times in PBS and labeled
with goat anti-rabbit HRP-conjugated and goat anti-mouse Alexa 488 secondary antibodies,
respectively, followed by incubation with the Tyramide signal amplification kit (Invitrogen,
Carlsbad, CA). The slides were viewed using a Zeiss Axiovert 200 fluorescent microscope
and the percent of cells with active STAT3 signaling was calculated by counting the number
of nuclear phospho-STAT3 positive cells and dividing by the total number of DAPI-positive
cells (Fragoso et al., 2012). Microscopic settings, including exposure times, were kept
constant for comparisons between antibody and control staining. Negative controls included
secondary antibodies only and isotype control antibody.

2.4. siRNA knockdown
TLR3, RIG-1, and STAT3 transcripts were knocked-down in ARPE-19 cells using the
Silencer siRNA Kit AM1640 (Ambion, Carlsbad, CA). A scrambled siRNA was used as a
control. Sequences for TLR3 and STAT3 siRNA are listed in Table 1. RIG-1 was
specifically knocked down using ON-TARGETplus SMARTpool siRNA (Dharmacon,
Lafayette, CO). Cells were plated in a 96-well plate at 10,000 cells/ml and transfected with

Patel and Hackam Page 3

Mol Immunol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



siRNA using siPORT (Ambion Carlsbad, CA) following the manufacturer’s protocol as
described in Silva et al. (2010). Knock-down efficiency was assessed by QPCR and Western
blotting from lysates of siRNA transfected cells 24 h post transfection.

2.5. Quantitative PCR analysis
Total RNA was isolated from siRNA transfected APRE-19 cell cultures using TRIzol
(Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions, and cDNA was
synthesized from 1 μg of total RNA using Thermoscript (Invitrogen, Carlsbad, CA).
Quantitative PCR analysis was performed using SYBR green (Bio-Rad, Hercules, CA) with
the Mastercycler Real-time PCR system (Eppendorf, Hauppauge, NY). Relative transcript
levels of each gene were calculated using the delta-delta Ct method (Nolan et al., 2006). The
housekeeping gene acidic ribosomal phospho-protein (ARP) was used as a normalization
control (Hackam et al., 2004).

2.6. Western blot
Cell lysates were prepared in buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40, 0.05%
SDS) containing proteinase and phosphatase inhibitors. Twenty microliters of lysate were
resolved in 4–12% SDS–PAGE gels using Tris–glycine buffer and the proteins were then
transferred onto polyvinylidene fluoride membranes and probed using the antibodies that
detect total TLR3 (Abcam, Cambridge, MA), phosphorylated STAT3 (Cell Signaling
Technology, Beverly, MA), total STAT3 (Cell Signaling Technology, Beverly, MA), and β-
actin (Sigma, St. Louis, MO), as described by Nakamura and Hackam (2010). Bands were
quantified using NIH Image J and the values were normalized to β-actin to correct for
loading differences.

2.7. Statistical analysis
Statistical analysis of the data was conducted by Student’s t-test and ANOVA. A p-value
less than 0.05 was considered to be significant. Mean ± standard deviation are shown.

3. Results
3.1. TLR3 activation protects primary RPE cell cultures from oxidative stress

TLR3 signaling has different consequences on cell survival in the presence or absence of
injury in various cell types (Bsibsi et al., 2006, 2010; Cole et al., 2011; Estornes et al., 2012;
Shiose et al., 2011). To determine the effects of TLR3 activation on RPE cell viability
during oxidative stress, we employed a reductionist approach using mouse primary RPE
cultures. TLR3 signaling was induced in RPE cells using the prototypic ligand
polyinosinic:polycytidylic acid (poly(I:C), 100 μg/ml) a synthetic double stranded RNA that
is commonly used as a TLR3 activator (Kumar et al., 2004; Shiose et al., 2011). Oxidative
stress was induced using paraquat, which indirectly generates oxygen radicals through
metabolization in the mitochondria and is often used to model oxidative stress injury in the
retina (Cingolani et al., 2006).

Primary mouse RPE cultures were established from wild type mice and the purity of the
cultures was confirmed by morphology (Fig. 1A) and PCR amplification of RPE-specific
genes (Fig. 1B). As shown in Fig. 1C, treatment of the RPE cultures with 1.6 mM paraquat
to induce oxidative stress led to a 40% reduction in viability (n = 3, p < 0.01) compared with
untreated cells. In contrast, activation of TLR3 signaling by poly(I:C) in the presence of
paraquat significantly increased cellular viability (n = 3, p < 0.01). Notably, poly(I:C)
treatment of RPE obtained from TLR3 knock-out (KO) mice did not rescue cellular viability
in the presence of oxidative stress (Fig. 1D), indicating the requirement of TLR3 signaling
for cellular protection under these conditions.
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3.2. TLR3 activation rescues ARPE-19 cells from oxidative stress
In order to better understand the mechanisms by which TLR3 signaling regulates cellular
viability in the presence of injury, we moved to an RPE cell line model. The ARPE-19 cell
line shares many properties with RPE cells in vivo, and offers the advantages of lower
variability and ease of transfection compared with primary cultures. Similar to the primary
RPE cultures above, we observed that TLR3 activation in the presence of oxidative stress
injury rescued ARPE-19 cells by 50% (n = 5, p < 0.05) (Fig. 1E). Interestingly, TLR3
activation in the absence of injury lead to approximately 25% reduction in cell viability (n =
5, p < 0.05), which is consistent with reported findings (Shiose et al., 2011). Because of the
similarities between primary mouse RPE cultures and the ARPE-19 cells in response to
poly(I:C) and oxidative stress, we continued to use the ARPE-19 to further identify the
molecular basis for the protective effects of TLR3 activation during oxidative stress.

3.3. TLR3 signaling is required for RPE cell rescue during oxidative stress
Poly(I:C) is known to activate receptors other than TLR3, such as RIG-1 (Kleinman et al.,
2012; Slater et al., 2010). Therefore, to confirm that poly(I:C)-dependent survival in
ARPE-19 cells occurred though the TLR3 signaling pathway, we knocked down TLR3
signaling using TLR3 specific siRNA. TLR3 siRNA reduced TLR3 transcript levels by
84%, as measured by QPCR (n = 3, p < 0.01) (Fig. 2A), and protein levels by 46%, as
measured by Western blotting (n = 3, p < 0.05) (Fig. 2B and C), compared with cells
transfected with scrambled siRNA control 24 h after transfection. Furthermore, poly(I:C)
treatment did not increase the viability of TLR3 siRNA transfected cells exposed to
oxidative stress, in contrast to poly(I:C) treatment of control siRNA transfected cells (Fig.
2D). These results confirm the requirement for TLR3 in cell rescue. Additionally, to test the
specificity of the TLR3 siRNA, we examined the expression of TLR4 in TLR3 siRNA
transfected cells. TLR4, which can also protect cells from oxidative stress, was unchanged
by TLR3 siRNA transfection, as measured by QPCR (Fig. 2E) (Komori et al., 2012; Yi et
al., 2012).

To identify whether the RIG-1 pathway contributes to poly(I:C)-dependent protection of
RPE, we knocked down RIG-1 transcripts using specific siRNA. RIG-1 siRNA reduced
RIG-1 expression by 80% (n = 3, p < 0.01) compared with cells transfected with scrambled
siRNA, measured by QPCR 24 h post transfection (Fig. 3A). RIG-1 was not detectable by
Western blotting. As shown in Fig. 3B, RIG-1 siRNA transfected cells showed
approximately 20% cell death when exposed to poly(I:C) (Fig. 3B). In the presence of
oxidative stress and poly(I:C), RIG-1 siRNA transfected cells increased cell survival by 50%
compared with oxidative stress only treated cells (Fig. 3B). These results confirm that RIG-1
signaling is not responsible for protecting RPE cells from oxidative stress.

3.4. TLR3 signaling activates the STAT3 pathway
STAT3 is a transcription factor that is activated by multiple cytokines and serves various
functions in the cell, including regulating proliferation and survival (Aaronson and Horvath,
2002; Fragoso et al., 2012; Zhang et al., 2003). Because STAT3 activation regulates several
anti-apoptotic pathways (Liu et al., 2010; Luo et al., 2011; Sharma et al., 2011) and has been
associated with protection of retinal cells during injury, including oxidative stress (Fragoso
et al., 2012; Zhang et al., 2003), it is a compelling candidate regulator of TLR3-induced
protection. To investigate whether the STAT3 pathway is a potential mechanism of TLR3-
induced protection during oxidative stress, we first tested whether TLR3 activates STAT3
signaling in RPE cells. When the STAT3 signaling pathway is activated, STAT3 is
phosphorylated and is translocated into the nucleus. A commonly used marker of STAT3
activation is detection of nuclear phospho-STAT3. Immunocytochemistry was used to
examine STAT3 activation in ARPE-19 cells incubated with poly(I:C), using antibodies
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against phospho-STAT3. Co-detection of nuclear p65 was used as a marker for NF-κB
signaling and TLR3 activation.

As shown in Fig. 4, 78% of cells in the poly(I:C)-treated cultures had nuclear phospho-
STAT3 staining, indicating that TLR3 activation increased STAT3 activation 24 h after
treatment (Fig. 4A and B, n = 3, p < 0.05). Further, phospho-STAT3 and total STAT3 levels
were increased in cells treated with poly(I:C) compared with untreated cells by 41% and
31% respectively, measured by Western blotting (Fig. 4C–F, n = 3, p < 0.05), which
confirms the IHC findings. Interestingly, cells treated with both poly(I:C) and paraquat
showed an increase of total STAT3 levels by approximately 2.5-fold compared with
paraquat only treated cells (Fig. 4D, n = 3, p < 0.05), suggesting that the total amount of
STAT3 that is available for activation is important for promoting survival during injury.

A time-course analysis was conducted to determine the dynamics of TLR3-dependent
regulation of STAT3. TLR3 activation resulted in a time dependent increase in total STAT3
between 0 and 8 h of treatment (Fig. 5A and C), similar to previous work in other cell types
(Dai et al., 2006). The increase in phosphorylated STAT3 by TLR3 was not apparent in the
immediate time-points but reached significance by 5 and 8 h and then dropped slightly at 24
h (Figs. 4 and 5). These results indicate that while TLR3 signaling increases STAT3
transcription and translation, phosphorylation of STAT3 may be an indirect effect of TLR3
activation, for example, through production of cytokines and activation of the JAK/STAT
pathway.

3.5. STAT3 is required for TLR3 rescue of RPE cells from oxidative stress
To identify whether STAT3 mediates TLR3 dependent protection of RPE cells during
oxidative stress, we knocked down STAT3 expression in the presence of TLR3 activation
and measured RPE cell viability. The siRNA approach was used instead of chemical
inhibitors because STAT3 siRNA is more specific to the STAT3 molecule than most
available inhibitor compounds. STAT3 siRNA decreased STAT3 expression by 79%
measured by QPCR (n = 3) (Fig. 6A) and by 34% (n = 3) measured by Western blotting
when compared with cells transfected with scrambled siRNA (Fig. 6B and C) 24 h after
transfection. Furthermore, poly(I:C) did not induce protection of STAT3 siRNA transfected
ARPE-19 cells exposed to oxidative stress, in contrast to control siRNA transfected cells
(Fig. 6D, n = 3, p < 0.05). This finding is equivalent to the results with TLR3 siRNA (Fig.
2), and indicates that STAT3 is required for TLR3 induced protection. Additionally,
transfection of STAT3 siRNA only resulted in a decrease in the amount total STAT3 present
in cells, and did not cause a significant reduction in the proportion of phosphorylated
STAT3, compared with control siRNA (Fig. 7), indicating that downregulation of STAT3 by
siRNA does not affect its phosphorylation.

4. Discussion
Under pathogen and infectious conditions, TLR3 serves as an innate immunity sensor that
induces inflammation and promotes cell death. In this study, we examined the role of TLR3
on RPE cell survival during non-pathogen-mediated oxidative stress injury. We
demonstrated that TLR3 serves as a mediator of cellular protection in an oxidative stress
injury model, and that it requires STAT3 signaling. Therefore, this study suggests a novel
protective role for TLR3 signaling during disease-like injury in the RPE.

Several studies have demonstrated that TLR3 signaling induced cellular apoptosis and
retinal inflammation and degeneration. Kleinman et al. (2012) showed that intravitreal
injections of dsRNA in wild type mice lead to disruption of RPE structure and retinal cell
loss through activation of TLR3 signaling, and that surface TLR3 activation on RPE
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triggered caspase-3 mediated cell death under non-injury conditions. Shiose et al. (2011)
showed that TLR3 ablation protected mice from cone-rod dystrophies and activation of
TLR3 lead to retinal degeneration in wild type mice. Our study showed a similar result in
that ARPE-19 cells treated with poly(I:C) without paraquat had increased death (Fig. 1E).
However, when poly(I:C) and paraquat treatments were combined, there was a significant
increase in cell viability compared with cells in oxidative stress conditions alone (Fig. 1C
and E). This finding indicates that TLR3 signaling may have protective properties in the
presence of an injury paradigm such as oxidative stress, contrary to its role as an initiator of
cell death under non-injury conditions.

Our findings in RPE are supported by other studies that also showed a dual role for TLR3 as
a pathogenic or protective pathway in other cell types. Jin et al. (2011) showed contrasting
activities of TLR3 as a pathogenic or protective pathway in response to Theiler’s virus-
induced demyelinating disease. TLR3-mediating signaling during viral infection protected
axons of the brain and spinal cord against demyelinating disease, whereas TLR3 signaling
prior to viral infection increased pathogenesis (Jin et al., 2011). Additionally, Bsibsi et al.
(2006) showed that activation of TLR3 signaling in astrocytes triggers secretion of
neuroprotective mediators leading to neuronal protection of the brain. Other TLRs show
similar properties: TLR4 activation can lead to both photoreceptor protection from oxidative
stress or increased cell death during oxidative injury depending on the timing of TLR4
signaling (Yi et al., 2012). TLR9 has also been shown to have opposing roles in the
development of lupus in that it can both activate autoimmune responses as well as induce
tolerance (Ehlers and Ravetch, 2007).

The TLR family has the ability to induce tolerance to subsequent insults and injury after
initial exposure to a ligand, in a phenomenon known as preconditioning. TLR
preconditioning has been shown to promote neuroprotection of the brain after ischemic
injury through TLR3 or TLR7 activation prior to injury (Leung et al., 2012; Stevens et al.,
2011). In the retina, preconditioning of Muller glia-photoreceptor cultures with TLR4
activation protected against oxidative stress damage (Yi et al., 2012). In this study, we used
paraquat, which induces oxidative stress over time through free radicals produced during
processing in the mitochondria (Bus and Gibson, 1984). It is possible that a preconditioning
paradigm occurred in this study due to the rapid activation of TLR3 by poly(I:C) and the
slower initiation of oxidative stress. TLR3 activation may have promoted cellular tolerance
to oxidative stress, leading to cellular protection. Future studies will identify if a
preconditioning effect occurs in this model.

In this study, we identified a link between STAT3 and TLR3 mediated protection in the
RPE. We demonstrated that TLR3 activation induced STAT3 signaling and that knockdown
of STAT3 using siRNA blocked the protective effects of TLR3 during oxidative stress.
These findings further support STAT3 as a cellular survival pathway in the RPE (Fragoso et
al., 2012; Zhang et al., 2003). Studies conducted by Barry et al. (2009), showed that STAT3
activation protected primary neonatal rat ventricular myocytes from oxidative stress damage
and Sarafian et al. (2010) showed that disruption of STAT3 signaling leads to decreased
protection from oxidative stress in astrocytes. Additionally, we demonstrated that oxidative
stress decreased STAT3 levels in the RPE, whereas TLR3 activation was able to increase
STAT3 levels during oxidative stress, possibly resulting in enough activation to promote
resistance to injury. Although this study identified STAT3 as an important element in TLR3-
dependent protection from oxidative stress, the mechanism by which TLR3 interacts with
the STAT3 pathway is not yet known. From the dynamics of the time course in Fig. 5, it is
possible that TLR3 activation directly upregulates STAT3 expression, while STAT3
phosphorylation may be indirectly increased from cytokine secretion and activation of the
Jak/STAT pathway following TLR3 stimulation. Future experiments will focus on the
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mechanism of TLR3/STAT3 interaction, and how TLR3/STAT3 promotes RPE cell survival
in this context.

A leading cause of visual impairment in the age group of 65 and older in the western world
is AMD. AMD results from RPE atrophy, leading to death of photoreceptors in the macula
region of eye and subsequent progressive loss of central vision (Cai et al., 2000). The initial
pathogenesis involves degeneration of the RPE (Green et al., 1985). AMD is a disease that
has multiple genetic and environmental factors (Chen et al., 2010). Oxidative stress and,
more recently, innate immunity, have been proposed as major contributors to AMD
(Cingolani et al., 2006; Lu et al., 2006). Both of these factors have been studied
independently (Detrick and Hooks, 2010; Usui et al., 2009); to our knowledge, our work is
the first to examine them simultaneously within the RPE. In this study, we showed that
activation of the innate immunity receptor TLR3 in the presence of oxidative stress leads to
RPE cell protection in culture. In contrast, TLR3 activation alone leads to RPE cell loss.

Although this study is limited to in vitro experiments, it suggests that TLR3 may be an
important target for therapeutic intervention for patients with AMD and other diseases in
which high oxidative stress is a key factor. It is important to note that TLR3 may have a
differential response in vivo in the presence or absence of the many environmental and
genetic factors that contribute to disease, which would lead to either further progression or
attenuation of AMD. Indeed, a pathogenic role for TLR3 is supported by evidence showing
accumulation of Alu-repeat derived dsRNA, which is a ligand for TLR3, in RPE from AMD
eyes (Kaneko et al., 2011; Kleinman et al., 2012). It is possible that the timing (acute vs
chronic) of TLR3 activation, presence of injury, or type of activator (endogenous or viral
ligands) influences the effect on the RPE. It is currently unclear how TLR3 could be
activated in vivo: Potential sources of TLR3 activation are dsRNA released from dying
necrotic cells (Bernard et al., 2012; Cavassani et al., 2008) following injury or from non-
injury conditions such as build-up of endogenous dsRNA (Kaneko et al., 2011), mRNA
(Kariko et al., 2004) or other endogenous activators, such as stathmin (Bsibsi et al., 2010).
TLR3 is also activated by UV light (Bernard et al., 2012), which is an injury relevant to the
RPE. Future experiments will examine the role of TLR3 activation during oxidative stress
using animal models of AMD.
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Abbreviations

TLR3 toll-like receptor 3

RPE retinal pigmented epithelium

Poly(I:C) polyinosinic:polycytidylic acid

AMD age-related macular degeneration

STAT3 signal transducer and activator of transcription 3
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Fig. 1.
TLR3 activation protects primary mouse RPE cultures and ARPE-19 cells from oxidative
stress. (A) Representative image of wild type mouse RPE primary cells after 5 days in
culture showing pigmented cells with typical RPE preconfluent morphology (20×
magnification, scale bar represents 100 μm). (B) PCR amplification of RPE cell markers
RPE65 (112 bp) and Tyrosinase (276 bp) and the photoreceptor marker rhodopsin (315 bp).
RPE primary cultures are enriched for RPE markers and do not express other retinal cell
markers. (C) Poly(I:C) significantly increased cell survival of primary RPE cultures
obtained from wild type mice in the presence of paraquat compared with oxidative stress
alone or poly(I:C) treatment alone (n = 3, *p < 0.05). (D) Poly(I:C) did not increase cell
survival of primary mouse RPE cultures obtained from TLR3 KO mice in the presence of
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paraquat compared with oxidative stress alone or poly(I:C) treatment alone (n = 3, *p <
0.05). (E) Poly(I:C) significantly increased survival of ARPE-19 cells in the presence of
paraquat compared with oxidative stress alone or poly(I:C) treatment alone. Poly(I:C) alone
decreased cell viability compared with untreated cells. Viability was measured using Cell
Titer Blue assay. UT, untreated (growth media only); PQ, paraquat.
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Fig. 2.
Poly(I:C) protection of APRE-19 cells during oxidative stress is TLR3-dependent. (A)
TLR3 specific siRNA decreased TLR3 RNA expression by 84%, measured by QPCR at 24
h post-transfection (n = 3, *p < 0.05). (B and C) Protein expression of TLR3 was reduced by
46%, measured by Western blotting using an anti-TLR3 antibody. Detection of β-actin was
used as a loading control for normalization. (D) Poly(I:C) did not rescue cells from paraquat
treatment when TLR3 was knocked down by siRNA. Control siRNA transfection still
resulted in rescue of cell viability when treated with poly(I:C) and oxidative stress, similar to
untransfected cells in Fig. 2 (*p < 0.05, n = 5). (E) To examine specificity of TLR3 siRNA,
TLR4 expression was measured in cells transfected with TLR3 siRNA. TLR4 expression
was not reduced by TLR3 siRNA compared with control siRNA as measured by QPCR (n =
3).
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Fig. 3.
Poly(I:C) induced protection of ARPE-19 cells is independent of the RIG-1 pathway. (A)
RIG-1 specific siRNA decreased RIG-1 RNA expression measured by QPCR compared
with control siRNA (n = 3). (B) RIG-1 siRNA transfected cells show no difference in cell
viability compared with control siRNA transfected cells in each treatment. Knockdown of
RIG-1 results in a modest increase in cell death from poly(I:C) by 20% compared to
untreated cells, similar to control transfected cells. Both control siRNA and RIG-1
transfections resulted in rescue of cell viability when treated with poly(I:C) and oxidative
stress similar to untransfected cells in Fig. 2 (*p < 0.05, n = 5) indicating that RIG-1 does
not play a role in poly(I:C) induced protection. ARPE-19 cell cultures were treated with
poly(I:C) and/or 0.8 mM paraquat for 24 h and viability was measured using Cell Titer Blue
assay. UT, untreated (growth media only); PQ, paraquat.
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Fig. 4.
TLR3 activation increases STAT3 expression and signaling. (A and B) Activation of STAT3
in ARPE-19 cells was performed by immunodetection using anti phospho-STAT3 antibody.
TLR3 activation was confirmed using an anti-p65 antibody. Poly(I:C) induces STAT3
phosphorylation in approximately 70% of cells and p65 in approximately 50% of cells after
24 h of treatment indicating that TLR3 activation leads to increased STAT3 signaling.
Arrows show nuclear localization; inset shows higher magnification; 20× magnification,
scale bar represents 50 μm. (C–F) Poly(I:C) treatment increased both total and phospho-
specific STAT3 compared with untreated cells after 24 h. Paraquat treatment decreased both
total and phospho-STAT3 levels compared with untreated cells. Treatment of cells with both
poly(I:C) and paraquat increased both total STAT3 and phospho-STAT3 expression
compared with untreated cells. Detection of β-actin was used as a loading control for
normalization (n = 3, *p < 0.05).
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Fig. 5.
Total and phosphorylated STAT3 increases with poly(I:C) stimulation in a time dependent
manner. (A–C) Protein expression of phosphorylated and total STAT3 levels 0–8 h after
TLR3 activation by poly(I:C), measured by Western blotting. Both phosphorylated and total
STAT3 were significantly increased at 5 h and 8 h post stimulation compared to 0 h
treatment (n = 3, *p < 0.05). β-Actin levels were measured as a loading control.
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Fig. 6.
TLR3 induced protection of ARPE-19 cells during oxidative stress is STAT3 dependent. (A)
STAT3 specific siRNA decreased STAT3 RNA expression by 79% measured by QPCR
compared with control siRNA transfected cells 24 h after transfection (n = 3, *p < 0.05). (B
and C) Protein expression of STAT3 was reduced measured by Western blotting. β-Actin
levels were measured as a loading control. (D) Knocking down STAT3 using siRNA
resulted in no rescue in poly(I:C) and oxidative stress conditions compared with oxidative
stress only treated cells. Control siRNA resulted in 50% rescue of cell when treated with
poly(I:C) and oxidative stress (n = 5, *p < 0.05). ARPE-19 cell cultures were treated with
poly(I:C) and/or 0.8 mM paraquat for 24 h and viability was measured using Cell Titer Blue
assay. UT, untreated (growth media only); PQ, paraquat.
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Fig. 7.
Effect of STAT3 knock-down on STAT3 activation. STAT3 siRNA did not significantly
alter phosphorylation of STAT3. (A and B) Protein expression of phosphorylated STAT3 in
STAT3 siRNA treated cells did not significantly decrease compared with control siRNA
treated cells, as measured by Western blotting. (C) Total STAT3 levels in STAT3 siRNA
treated cells were significantly decreased compared with control siRNA treated cells (n = 3,
*p < 0.05). β-Actin levels were measured as a loading control.
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Table 1

Primer sequences used in this study.

Gene Sequence

ARP Forward 5′-ATCTGCTGCATCTGCTTG-3′

Reverse 5′-CGACCTGGAAGTCCAACTAC-3′

Rig-1 Forward 5′-ACCAGAGCACTTGTGGACGCTT-3′

Reverse 5′-ACTTCTGTGCCGGGAGGGTCA-3′

STAT3 Forward 5′-ACAGATTGCCTGCATTG-3′

Reverse 5′-CTGCTAATGACGTTATCCAGT-3′

TLR3 Mutant 5′-GCCAGAGGCCACTTGTGTAG-3′

Wildtype 5′-GCAACCCTTTCAAAAACCAG-3′

Common 5′-AATTCATCAGTGCCATGAGTTT-3′

Glutamate synthetase Forward 5′-CTTGGCTCTTAGGGGAACTG-3′

Reverse 5′-GAGTCATCGTGGCAAGAGAA-3′

RPE65 Forward 5′-TGGATCTCTGTTGCTGGAAAGGGT-3′

Reverse 5′-AGGCTGAGGAGCCTTCATAGCATT-3′

Tyrosinase Forward 5′-ATGAAGCACCAGGGTTTCTG-3′

Reverse 5′-TCAGGTGTTCCATCGCATAA-3′

Rhodopsin Forward 5′-GTCAGCCACCACACAGAAGG-3′

Reverse 5′-CTGGCTCGTCTCCGTCTTG-3′

TLR3 siRNA Forward 5′-GGAUAGGUGCCUUUCGA-3′

Reverse 5′-UGACGAAAGGCACCUAUGC-3′

STAT3 Forward 5′-GAGUUGAAUUAUCAGCUUA-3′

siRNA Reverse 5′-UAAGCUGAUAAUUCAACUC-3′
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