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Summary
Age-related macular degeneration (AMD) and Retinitis Pigmentosa (RP) are the most
common cause of progressive vision loss in the developed world. AMD is a multifactorial
disease with both genetic and environmental risk factors and has a worldwide prevalence
of 196 million. RP is a group of inherited retinal degenerations caused by up to 60
mutations which effect the function of photoreceptors. RP affects 1:4000 people
worldwide.
Aberrant immune activation, complement deposition and oxidative stress have all been
linked to AMD pathogenesis, however, the mechanisms initiating AMD progression are
still unknown. Pathological hallmarks of AMD include marked deposition of
complement factor 3 (C3) sub-retinal pigment epithelium (RPE) and increased deposition
of the oxidative protein modification 2-(w-carboxyethyl) pyrrole (CEP). It is now widely
accepted that inappropriate activation of the alternative complement cascade is involved
in AMD progression, however, the cause of C3 deposition and the outcome remains
elusive. Recently, CEP has been identified as an endogenous ligand for TLR2. TLR2
activation has been previously linked to complement deposition in a mouse model of
ischemia/reperfusion injury, where blocking TLR2 significantly reduced C3 deposition.
Given the evidence of crosstalk between TLRs and complement we hypothesised that
TLR2 ligation is responsible for C3 deposition in AMD.
We observed positive staining of TLR2 and its adaptors Mal and MyD88 in normal and
AMD donor eyes and have demonstrated TLR2 ligation induces alternative complement
factor expression in monocytes, macrophages and the RPE. Interestingly, C3d is released
basolateraly from polarised RPE cells corresponding with C3d staining observed subRPE in AMD donor eyes. Stimulation with CEP-HSA induced robust secretion of C3 and
CFB from the RPE. CFB is an initiating member of the alternative complement pathway
and C3 is a central molecule which once activated can further amplify complement
activation. In the presence of normal human serum CEP-HSA promoted the alternative
complement pathway to completion resulting in terminal sub-lytic Membrane attack
complex (MAC) formation and monocyte chemoattractant protein-1 (MCP-1) secretion.
Furthermore, we demonstrated that the anaphylatoxins C3a and C5a produced during
proteolytic activation of complement can synergize with TLR2 ligands to induce robust
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pro-inflammatory cytokine secretion from mononuclear cells.
We found that TLR2 induced complement activation was dependent on the presence of
its adaptor proteins Mal and MyD88. Furthermore, MAC formation was inhibited using
anti-TLR2 blocking antibody and a Mal peptide inhibitor. Demonstrating for the first
time that CEP can induce proteolytic complement activation and MAC formation via
TLR2 activation. To assess whether blocking TLR2 would be effective in preventing RD
we used two mouse models of oxidative retinal degeneration. Both models mimic some
aspects of AMD including RPE atrophy, photoreceptor loss and C3 deposition. We have
demonstrated that intravitreal injection of anti-TLR2 blocking antibody protects against
RD in both models.
A second TLR ligand dsRNA has previously been reported in AMD donor eyes and is
known to induce RD by initiating photoreceptor apoptosis and necrosis. We have
demonstrated that dsRNA can also induce complement factor expression and secretion
from RPE and photoreceptor cells. Moreover, dsRNA in the presence of NHS induced
proteolytic complement activation resulting in MAC formation. dsRNA is released from
dying cells and is therefore conceivably present in multiple forms of RD including RP.
We hypothesised that complement deposition may occur in inherited forms of RD. We
studied complement expression in Rho-/- mice, a model of RP. We observed upregulated
expression of C3 in the retina and RPE/choroid of Rho-/- mice and increased C3d
deposition on the photoreceptor nuclei and surrounding the RPE. In addition, we
observed C1q deposition on photoreceptor synapses which co localised with CD68 a
marker of activated microglia. C1q, C3 and C4 deposition on synapses has been reported
to activate a process of synaptic pruning to target unwanted connections for engulfment
by microglia. This process has recently been suggested to play a role in a mouse model
of glaucoma. Interestingly, we also observed increased C4 expression in the RPE/choroid
and retina of Rho-/- mice. Given our observation of increased C3 expression and specific
localisation of C1q to photoreceptor synapses we hypothesise that aberrant reactivation
of synaptic pruning plays an important role in RD.
In conclusion, TLR activation by endogenous ligands in the retina can promote
complement pathway activation and contribute to the pathogenesis of AMD and RP, two
forms of retinal degeneration.
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Chapter 1
Main Introduction
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1.1 The Retina
The retina is a specialised multi-layered neuronal tissue located at the back of the eye that
is responsible for vision. Visual signals are processed by a complex network of retinal
neurons and transmitted via the optic nerve to the visual cortex in the brain for
interpretation (for a more detailed description refer to section 3.1). As such the retina is
often referred to as the neural retina which is part of the central nervous system (CNS).
The choroid provides an oxygenated blood supply to the neural retina, and is separated
by layers of collagen and elastin fibres, called Bruch’s membrane (BM), from a
monolayer of pigmented cells, termed the retinal pigment epithelium (RPE) (Figure 1.).
The RPE is a highly specialised monolayer of pigmented cells which plays multiple
important roles in the maintenance of retinal health. The RPE forms part of the outer
blood retina barrier (BRB). RPE cells form tight junctions with adjacent RPE cells
providing a physical barrier preventing the entry of blood borne toxins. Therefore, the
retina is considered an immune privileged tissue. The main organelles present in the RPE
are melanosomes, which produce melanin the pigment responsible for the brown
appearance of the RPE. Melanin attracts light to the back of the eye which activates
photoreceptor cells, and absorbs excess light preventing light reflection (Sparrrow et al.,
2010). Photoreceptor cells are specialised neurons responsible for our vision. Two types
of photoreceptor cells exist rods and cones which are responsible for our day and night
time vision respectively (Figure 1.). Due to the high absorption of light photoreceptors
shed their outer segments on a daily basis. The RPE phagocytosis these shed segments
recycling vital nutrients required by the photoreceptors and degrading waste products
(Sparrrow et al., 2010).
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Rod
Cone
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Figure 1. Schematic cross section of the RPE monolayer and photoreceptors. The choroid the retinal
blood supply is separated from a pigmented monolayer of cells the retinal pigment epithelium (RPE) by
Bruch’s Membrane (BM). The RPE provides support to rod and cone photoreceptor cells which are
responsible for our vision (Servier Medical Art).

1.2 Retinal Degeneration
Retinal degenerative disease affects the function of either the photoreceptors or RPE
resulting in impaired vision, and most cases progress to complete vision loss. Age-related
macular degeneration (AMD) is the most prevalent form of retinal degeneration (RD) in
the developed world. 170 million people worldwide suffer with AMD with numbers
predicted to increase to 196 million by 2020 and 288 million by 2040 (Wong et al., 2014).
AMD is a multifactorial disease, environmental, lifestyle and genetic factors are
associated with AMD risk. AMD affects the central region of the retina, termed the
macula. RPE atrophy in the macula is followed by death of the overlying photoreceptors
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which results in central vision loss, with 10%-20% of cases progressing to complete
blindness. Another important class of RD is Retinitis Pigmentosa (RP) which effects 1.6
million people world-wide. RP is an inherited form of retinal degeneration that has been
linked to over 60 genes (Xu et al., 2014). Such mutations lead to rod photoreceptor
degeneration and subsequent cone photoreceptor death in the peripheral retina resulting
in night blindness, tunnel vision and in some cases complete blindness (Hartong et al.,
2006).

1.3Age-Related Macular degeneration
1.3.1 Clinical features of AMD
The first clinical sign of AMD is the accumulation of deposits known as drusen between
the RPE and BM, which are visible at eye examination by fundus photography. It is
normal for some drusen to accumulate in the periphery of healthy aged eyes. In contrast
AMD patients develop drusen deposits which display an altered morphology in the
central retina. Drusen can be classified as “Hard” or “Soft”. Hard drusen are small,
distinct, punctate yellow spots whereas soft drusen are much larger, paler in colour and
have an undefined blurry border (Hageman et al., 2001). The presence of soft drusen in
the macula is considered a major risk factor for the development of AMD (Anderson et
al., 2002).

The precise mechanism of drusen deposition remains unknown. Proteome analysis of
drusen isolated from 18 normal and 5 AMD donor eyes identified 129 proteins common
to both healthy and AMD donors. 33% of the proteins identified were unique to AMD
donor drusen (Crabb et al., 2002). Multiple proteins have since be identified in drusen
deposits by immunohistochemistry including; vitronectin, amyloid, apolipoprotein E,

5

fibrinogen, complement components C3, C5, C9, CFH, C1Q, and components of the
membrane attack complex (MAC): C5b, C6, C7, C8 and C9 (Mullins et al., 2000,
Anderson et al., 2010). The theory which best encompass much of the pathology
associated with AMD is the “Inflammation hypothesis of Drusen Biogenesis” (Hageman
et al., 2001). Abnormal RPE with reduced pigmentation and increased cell volume are
often found in close contact with drusen deposits. These RPE cells are believed to be
compromised but not fatally injured. It is proposed that debris from injured RPE cells
accumulate between the RPE and BM in a “seeding event”. Nucleic acid, mitochondria,
membrane proteins, modified lipids and cholesterol all have the potential to elicit a local
immune response increasing cytokine and chemokine production and activating
complement (Anderson et al., 2002). The RPE itself may act as a local source of
complement production supported by the finding of upregulation of protective factors to
evade complement mediated cell death in response to terminal MAC formation.
Accumulation of inflammatory mediators is believed to be the “maturation” stage of
drusen deposition (Anderson et al., 2002). This unchecked local inflammatory response
could culminate in RPE death which precedes photoreceptor cell death resulting in vision
loss.

AMD can be characterized as either “dry” or “wet”. The presence of large, soft or
confluent drusen are considered the first signs of “dry” AMD. “Dry” AMD can progress
to late stage “geographic atrophy” (GA) where RPE degeneration and death of the
overlying photoreceptors in the macula leads to central vision loss. There are currently
no effective forms of treatment for this stage of disease. Dietary antioxidant
supplementation (Vitamin C, Vitamin E, b-carotene, zinc oxide, cupric oxide) has been
recommended by the Age-related eye disease study (AREDS) to reduce the risk of
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progressing to advanced AMD by 25% (2001). Approximately 10-20% of individuals
with “dry” AMD will progress to the “wet” (exudative) form. “Wet” AMD is
characterized by choroidal neovascularization (CNV) (Crabb et al., 2002) whereby,
unwanted blood vessels break through BM, leak plasma exudate, disrupt the RPE and
hemorrhage causing almost immediate blindness. Current therapy for CNV involves
monthly intraocular injection of anti-VEGF agents. Although this has revolutionized the
treatment of “wet” AMD, it employs monthly high-risk intraocular injections that
primarily arrest current disease state preventing further vision loss. Increased visual
acuity is common in the first two years of treatment, however, this is not maintained long
term (Maguire et al., 2016). With some patients never showing signs of visual
improvement.

a

Retina
RPE
Choroid

b

Un-affected

Dry AMD

Wet AMD

Macula
Lens

Optic Nerve

Figure 2. Fundus Photographs from clinical examination of AMD. a) Schematic cross section of the
eye highlighting the central region of the retina the macula. b) Fundus images of the retina from an unaffected, dry or wet AMD patient. The macula is highlighted by a black circle in the un-affected eye. Small
yellow punctate drusen (blue arrow) are visible surrounding the macula in the dry AMD patient while
larger blurry drusen (green arrows) and sub-retinal hemorrhage (black arrow) as a result of CNV formation
are apparent in the wet AMD case (Courtesy of Dr. Paul Kenna).
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1.3.2 Risk factors for developing AMD
1.3.2.1 Environmental risk factors
A greater understanding of the molecular mechanisms underpinning AMD, primarily at
the early stages of disease, are required in order to assist in the development of novel
therapeutic targets. The initiating events leading to AMD pathology remain unclear. This
is due to the complex nature of AMD, multiple factors namely genetics, age, diet and
smoking contribute to this multifactorial disease. The greatest risk factor for developing
AMD is increased age, patients are typically diagnosed over the age of 55 with the
majority of cases aged over 75 (Klein et al., 2004). However, individuals with a high fat
diet or smokers have an increased risk of developing AMD. Interestingly, the risk
imposed by a high fat diet has been linked with oxidative stress and can benefit from
omega-3 dietary substitution (Seddon et al., 2003, Seddon et al., 2006). Further evidence
that oxidative stress plays a role in the pathobiology of AMD is the stark fact that smoking
alone increases the risk of developing AMD 2-3 fold (Thornton et al., 2005). Smoking is
well established to result in heightened oxidative stress (Seddon et al., 2006). The macula
requires high levels of oxygen and is continually exposed to light. As a result, the macula
is under high oxidative stress even under homeostatic conditions, making it an optimal
environment for the generation of oxidative protein modifications. RPE cells are
professional phagocytes involved in daily clearance of harmful oxidised by-products. As
we age, or put pressure on this system through life-style choices, this process may slow
down and be less effective resulting in the accumulation of reactive oxygen species
(ROS). Excessive ROS damage lipids through a mechanism called lipid peroxidation,
and a number of proteins and lipids found in drusen contain such modifications (Crabb
et al., 2002). Of note, CEP-adducted proteins are abundant in the eyes and serum of
patients with AMD compared with age-matched controls (Crabb et al., 2002, Gu et al.,
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2003, Gu et al., 2009). CEP modifications are generated by the oxidation of
docosahexaenoate (DHA) containing lipids, which are found at high levels in the outer
segments of photoreceptor cells (Gu et al., 2003).

1.3.2.2 Genetic risk factors
In terms of genetics, familial studies have shown that individuals within the same family
are more likely to have AMD than families who have no history of AMD (Seddon et al.,
1997). This is further supported by twin studies whereby genetics accounted for a
substantial proportion of AMD risk independent of environmental factors (Seddon et al.,
2005a). Multiple single nucleotide polymorphisms (SNPs) have been associated with
AMD risk. The common Y402H (rs1061170) variant in the Complement Factor H (CFH)
gene (1q31) is strongly associated with influencing susceptibility to AMD (Klein et al.,
2005) and increasing severity of GA, with individuals heterozygotes or homozygotes
having a 2.5 or 6 fold increased risk of developing AMD. CFH is the key fluid phase
regulator of the alternative complement pathway, a system that mediates host defence
against pathogens, eliminates immune complexes and apoptotic cells and facilitates
immune responses. Variation in the CFH gene alters production and activity of CFH,
affecting the regulation of inflammatory responses. Further variants associated with
AMD risk have been identified in a number of complement related genes, namely C3,
CFI and C9 (Yates et al., 2007, Berkley, Despriet et al., 2009, van de Ven et al., 2013,
Seddon et al., 2013) all of which result in aberrant activation of complement. Another
locus highly associated with AMD risk was identified at 10q26 which encompasses two
genes; ARMS2 (age-related maculopathy susceptibility 2) and HTRA-1 (hightemperature requirement family of serine proteases) (Rivera et al., 2005). Until recently
the role of the ARMS2 protein was unknown. Micklisch et al. have reported that
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recombinant ARMS2 protein can bind to cells undergoing apoptosis or necrosis. Upon
binding ARMS2 recruits the complement activator properdin and initiates complement
activation resulting in C3b opsonisation (Micklisch et al., 2017).

1.4 Evidence for an aberrant inflammatory response in AMD
AMD is a multifactorial disease with a number of insults, genetic and environmental,
contributing to disease onset. AMD pathogenesis is progressive and is associated with
the accumulation of extracellular deposits comprised of lipids, oxidised proteins and
complement components. The aberrant accumulation of extracellular material acts as a
danger signal which is detected by cells of the innate immune system. Monocytes and
macrophages are key immune sentinels which get recruited to sites of tissue injury, where
they become activated mounting a pro-inflammatory response to clear cellular damage.
The eye is an immune privileged site and under homeostatic conditions the BRB prevents
mononuclear cells from entering the retina. Mononuclear cells have been reported to
accumulate in the outer retina, sub-retinal space and sub-RPE in AMD donor eyes with
GA and CNV (Lad et al., 2015). Whether this infiltration is directly involved in disease
pathogenesis or occurs as a consequence of disease remains unknown. Macrophages can
be either pro-inflammatory (M1) or anti-inflammatory and proangiogenic (M2).
Interestingly M1 macrophages have been reported in AMD donors with GA whereas M2
macrophages predominate in neovascular AMD (Cao et al., 2011). This apparent switch
in macrophage phenotype with disease stage supports a role for immune cells in disease
pathogenesis. Mononuclear cells are recruited to areas of tissue damage by
chemoattractants and one such chemokine monocyte chemoattractant protein (MCP-1) is
upregulated in GA and wet AMD (Jonas et al., 2010, Sennlaub et al., 2013). Interestingly,
blocking MCP-1 from interacting with its receptor in a mouse model of sub-retinal
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inflammation and photoreceptor loss rescued photoreceptor loss (Sennlaub et al., 2013),
suggesting mononuclear cell recruitment is contributing to photoreceptor cell death.
Microglia are the resident mononuclear cell within the retina. Inactive microglia have a
small ramified shape and are normally found in the inner retina. Upon activation
microglia change morphology becoming enlarged and amoeboid in shape. Activated
microglia have been identified in the macular of AMD donor eyes in regions of
photoreceptor cell death (Gupta et al., 2003). Microglia appeared to be removing rod cell
debris, and rod inclusions were observed in the cytoplasm of activated microglia. It has
also been reported that microglia accumulate in the sub-retinal space in AMD donors.
Furthermore, in mice sub-retinal accumulation of microglia lead to drusen formation,
photoreceptor degeneration and exacerbated CNV (Combadière, 2007).

In addition to an infiltration of immune cells AMD patients have increased levels of proinflammatory cytokines both systemically and intraocularly. Patients with dry AMD have
increased plasma levels of IL-6 and IL-18 which was found to correlate with CFH risk
genotype (Cao et al., 2013). Increased IL-6 and TNF-R2 levels have been reported to
associate with the development of early AMD and systemic IL-6 levels correlated with
AMD progression (Seddon et al., 2005b, Klein et al., 2014). In addition to systemic
levels, IL-6 and IL-8 are increased in aqueous humor samples of wet AMD patients(Miao
et al., 2012). Therefore, it appears that activated mononuclear cells play a role disease
pathogenesis and are not just a consequence of disease.

1.5 The complement system
The complement system is an evolutionarily conserved proteolytic cleavage cascade
providing first line innate protection from bacterial insults. The complement system
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consists of over 30 circulating plasma and membrane bound proteins. Initiation occurs
via the Classical, Lectin or Alternative pathway (Figure 3). The Classical pathway is
initiated by C1q binding to antigen-antibody complexes leading to the activation of C1r
and C1s. C1s in turn cleaves C4 and C2 to form the classical pathway convertase
(C4bC2a). Mannose binding lectin (MBL) recognise conserved carbohydrates on the
surface of pathogens leading to auto activation of the MBL-associated protein MASP2
which cleaves C4 and C2 to form the lectin pathway convertase (C4bC2a). The
Alternative pathway is spontaneously activated by low level hydrolysis of C3 to C3b.
Circulating C3b recognises and binds to the surface of bacteria recruiting CFB and CFD
to form the alternative pathway convertase (C3bBb). All three pathways converge at the
point of convertase formation leading to activation of the central component of
complement factor 3 (C3) to produce C3a an anaphylatoxin and C3b which is involved
in amplification of complement pathways and also combines with the C3 convertase to
form the C5 convertase (C3bBbC3b or C4bC2aC3b). C5 is cleaved to produce C5a an
anaphylatoxin and C5b. C5b combines with C6, C7, C8 and multiple molecules of C9 to
form the terminal Membrane attack complex (MAC) (Sarma and Ward, 2011).

The spontaneous hydrolysis or “tick-over” of C3 to C3b occurs continuously at low levels
in our plasma. C3b can then bind to pathogens or host cell surfaces and initiate alternative
pathway activation. Complement pathway activation is controlled by complement
regulatory proteins which prevents inappropriate activation on host cells. Complement
regulators are found circulating in our plasma or bound to cell membranes. CFH and CFI
circulate in serum and cleave and inactivate C3b. CD46 is a membrane bound protein and
a cofactor for CFH and CFI enhancing C3b degradation. Additional membrane bound
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regulators include CD55 and CD59 which prevent activation of the C3 convertase and
MAC complex formation respectively.

Anaphylatoxins C3a and C5a play roles in homeostasis through tissue regeneration, brain
development, vasodilation and smooth muscle contraction. In response to tissue damage
or injury C5a acts as a chemoattractant recruiting mononuclear cells to amplify a local
immune response (Klos et al., 2009). C3a and C5a act as pro-inflammatory molecules
mediating their effects through binding to G-protein coupled receptors C3aR, C5aR and
C5L2. C3aR and C5aR are expressed on a wide variety of cells including monocytes,
macrophages, dendritic cells, microglia and non-immune cells such as endothelial and
epithelial cells (Klos et al., 2009). Activation of anaphylatoxins is regulated by
carboxypeptidases which cleave arginine from the c terminus. C5a-desArg has a 1-10%
reduction in pro-inflammatory signalling and C3a-desArg is completely inactive (Klos et
al., 2009).

The terminal complement component MAC inserts into lipid membranes forming
channels of tetra molecular C5b-8 and tubular poly C9 triggering cell lysis of bacteria or
damaged cells. Nucleated cells express CD59 which inhibits pore formation (Farkas et
al., 2002) and evade lysis by rapidly shedding MAC from their cell surface, via
endocytosis (Morgan et al., 1987). Sub-lytic MAC occurs when pores insert into cell
membranes but do not induce lysis. Sub-lytic MAC has been shown to act as a proinflammatory and pro-angiogenic signal releasing cytokines and chemokines such as IL6, IL-8, MCP-1 and VEGF all factors known to be upregulated in AMD (Lueck et al.,
2011, Kunchithapautham and Rohrer, 2011, Georgiannakis et al., 2015). The RPE
expresses CD59 on the apical surface and under conditions of complement activation
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accelerates recycling of CD59 to the RPE surface aiding in the elimination of MAC.
Increased lysosome exocytosis has also been reported in response to complement
activation preventing lytic pore formation on the RPE (Tan et al., 2016). Furthermore,
recombinant MAC formation is rapidly cleared within 48 hours from RPE cells in culture
by endocytosis (Georgiannakis et al., 2015). Therefore, multiple mechanisms exist to
ensure complement activation does not lead to RPE lysis instead sub lytic MAC has been
reported to lead to transient increases in intracellular calcium which is associated with
increased VEGF secretion and pro-inflammatory cytokine production.
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Figure 3. Complement Pathway Activation. The complement cascade can be activated by three distinct
pathways which all converge at the point of activation of the central component C3. The classical pathway
is activated when circulating C1q recognises and binds to antigen-antibody complexes. The lectin pathway
is initiated by mannose binding lectin (MBL) binding to conserved carbohydrates on bacterial surfaces.
The alternative pathway undergoes continuous low level self-activation. The end product of complement
activation is production of anaphylatoxins C3a and C5a and formation of the terminal membrane attack
complex (MAC). Inappropriate activation of the complement cascade is inhibited by complement
regulatory proteins (purple) including CFH, CFI, CD46, CD55 and CD59.
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1.6 Complement expression patterns in the retina
The retina is protected from the circulation by the blood retinal barrier (BRB) preventing
the entry of pathogens or immune cells and as such is considered an immune privileged
site. The retina has a local immune system in the form of microglia, perivascular
macrophages, dendritic cells and the complement system. The liver is the primary source
of complement production however; certain cell types can produce complement locally.
Anderson and colleagues examined constitutive expression of complement factors in
human retinal tissue and found high expression of C1q, to a level comparable to that in
liver tissue. Additional classical pathway components C1s, C1r, C4, C2 as well as
alternative factors CFB, CFD and central components C3 and C5 were expressed
predominately by the choroid (Anderson et al., 2010). Similar expression patterns were
observed in mouse RPE/choroid, primary RPE and microglia cultures (Luo et al., 2011).
The complement system is believed to play a role in retinal homeostasis though the
precise mechanisms remain unknown. In neural development, the classical pathway
molecule C1q is upregulated in postnatal mice during a period of synaptic remodeling in
the developing retina (Stevens et al., 2007) and is subsequently downregulated. Agerelated changes in complement expression have been reported for C1q, CFB and C3,
which are more abundant in the RPE/Choroid of aged mice (Chen et al., 2008b, Chen et
al., 2008a), and MAC formation has been shown to accumulate in the BM and choroid
with age in human donor eyes (Mullins et al., 2014). In addition to complement factors,
the retina expresses a number of complement regulators to ensure non-pathological
immune activation. The RPE and choroid act as a local source of CFH production(Chen
et al., 2007). Expression of CD46 has been reported on the basolateral RPE whereas
CD55 and CD59 localise to the inner retina (Vogt et al., 2006, Fett et al., 2012). When

16

these protective mechanisms are compromised or overwhelmed aberrant complement
activation is believed to contribute to retinal degeneration.

1.7 Complement in Retinal Degeneration
There is strong genetic and immunohistochemical (Anderson et al., 2002, Hageman et
al., 2001) evidence for the role of complement activation in the pathogenesis of AMD.
Variants in a number of complement genes (CFH, CFB and C3) confer altered risk of
disease implicating, in particular, the alternative complement pathway. Positive
immunoreactivity has been reported for multiple complement components including the
central molecule C3 and the terminal MAC complex in the choroid and surrounding
drusen deposits (Anderson et al., 2010). Increased complement is also detected
systemically in AMD patients (Scholl et al., 2008). Complement may play a role in drusen
formation and disease progression as excessive complement has been shown to
exacerbate CNV (Nozaki et al., 2006, Bora et al., 2010, Kim et al., 2013). The Y402H
variant in CFH is strongly associated with AMD risk. CFH normally acts as an inhibitor
of complement activation. The CFH risk variant (402H) produces a protein which has a
reduced affinity for binding to BM leading to over activation of complement (Clark et
al., 2010). Excessive complement activation in mice heterozygous for CFH has been
linked to basal deposit formation, RPE atrophy and vision loss suggesting that defects in
CFH can lead to AMD like pathology (Toomey et al., 2015). In addition, defects in CFH
may initiate or amplify a pro-inflammatory response. CFH can normally bind to apoptotic
cells, via an interaction with the oxidative protein MDA, aiding in their clearance. The
CFH variant has decreased binding affinity for MDA allowing the accumulation of
cellular debris which could activate a pro-inflammatory response (Weismann et al.,
2011). Furthermore, in a chronic age related model of retinal degeneration the mutant
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form of CFH was associated with increased accumulation of sub-retinal mononuclear
phagocytes which contributed to increased sub-retinal inflammation (Calippe et al.,
2017). Therefore, over activation of complement pathway activation likely contributes to
retinal degeneration both directly and through upregulation of a pro-inflammatory
response.

Both genetic (i.e. RP) and acquired (i.e. AMD) defects cause retinal cell death and
ultimately retinal degeneration. Only a small number of pathways can drive cell death
and therefore, common pathways are likely activated in retinal degeneration. The fact
that dysfunction of the complement system appears to play such an important role in the
pathogenesis of AMD raises the possibility that dysregulated activation of complement
might also contribute to advancing the retinal degeneration observed in rare inherited
retinopathies. RP, is the leading cause of inherited RD, and has recently been linked to
complement activation in a case study of a human donor with late stage RP. Increased
CFB and C2 was reported in the RPE/choroid of the deceased donor and decreased MAC
staining was found at sites of RP dystrophy suggesting the RPE may play a role in
complement activation in RP (Mullins et al., 2012). RNA sequencing revealed further
associations with complement in the RD10 mouse model of RP and in 2 naturally
occurring forms of canine photoreceptor degeneration (Uren et al., 2014, Sudharsan et
al., 2017). The central complement component C3 was significantly upregulated in the
canine models and the MAC component C9 localised to the photoreceptor cells indicating
a possible role for complement in photoreceptor loss.

1.8 Toll like Receptors
Toll-like receptors (TLRs) are a family of evolutionary conserved membrane bound
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Pattern Recognition Receptors (PRRs) located either on the cell surface or intracellularly
on endosomes. TLRs recognise and respond to conserved motifs on foreign organisms
termed pathogen-associated molecular patterns (PAMPs). 10 human TLRs have been
identified, five of which are located on the cell surface (TLR1, 2, 4, 5, 6) and four (TLR3,
7, 8, 9) which are located within endosomes. TLR2 heterodimerises with either TLR1 or
TLR6 on the cell surface in response to bacterial triacylated or diacylated lipopetides
respectively (Takeuchi et al., 2001, Takeuchi et al., 2002). TLR4 is the most diverse
receptor responding to a wide range of ligands including lipopolysaccharide (LPS) on
gram negative bacteria, while TLR5 senses bacterial flagellin. Endosomal TLRs sense
intracellular nucleic acids of viral or bacterial origin. TLR3 can be expressed on the cell
surface or on endosomes within the cell cytoplasm and recognising extracellular or
intracellular dsRNA. TLR7 and 8 recognise ssRNA and TLR9 recognises unmethylated
CpG-rich DNA motifs which are found in bacterial and viral DNA.

In addition to recognising PAMPs it is now widely excepted TLRs recognise modified
host derived elements termed damage-associated molecular patterns (DAMPs). Cells
undergoing necrosis due to injury release their intracellular components into the
extracellular space. When intracellular components such as high mobility box-1 protein
(HMGB-1), heat shock proteins, DNA and dsRNA are released from cells they act as
DAMPs (Chen and Nuñez, 2010). Most DAMPs activate TLR 2 or 4 due to the broad
range specificity of these receptors. In addition, TLR3 and 9 recognise endogenous or
exogenous dsRNA or DNA respectively. Damaged cells which have not yet undergone
necrosis can produce danger signals by altering their extracellular matrix (ECM). Cleaved
ECM glycoproteins such as fibronectin and fibrinogen act at DAMPs altering the immune
system to damage (Kono and Rock, 2008).
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TLR ligation leads to homo- or hetero-dimerization and the recruitment of adaptors via
their Toll-interleukin-1 receptor (TIR) binding domain, to activate a multitude of
signalling pathways and transcription factors that determine the type and duration of the
inflammatory response. Four TIR adaptors are utilised to fine tune the response required;
Myeloid differentiation primary response 88 (MyD88), TIR domain containing adaptor
protein (Mal/TIRAP), TIR domain-containing adaptor inducing IFN-b (TRIF) and TRIFrelated adaptor molecule (TRAM) (Akira et al., 2001, Kawai and Akira, 2010, Underhill
and Ozinsky, 2002). MyD88 is the primary TIR adaptor recruited to all TLRs with the
exception of TLR3. MyD88 interacts with TLR 5, 7, 8 and 9 directly, whereas the
bridging adaptor Mal is required for MyD88 recruitment to TLR2/-4 (Yamamoto et al.,
2002). MyD88 signaling via cell surface TLRs activates MAPK and NF-κB to upregulate
the expression of pro-inflammatory cytokines such as tumor necrosis factor (TNF) a
powerful broad range inflammatory mediator. In contrast, MyD88 signals via IRF7
downstream of TLR 7, 8 and 9 to activate an interferon (IFN) antiviral response. TLR3
uniquely utilizes a sole adaptor protein TRIF by direct binding via its TIR domain to
activate IRF3 and induce IFNb expression, which can in turn lead to IRF7 activation and
IFNa production (Doyle et al., 2002). In addition to recruiting Mal and MyD88 TLR4
can signal via TRIF which is recruited by the bridging adaptor TRAM to induce IRF3
dependent upregulation of IFNb (Figure 4).

TLR2 uniquely forms heterodimers with either TLR1 or 6 allowing recognition of a broad
range of ligands. TLR2 is expressed on immune cells, endothelial cells and epithelial
cells. Lipoproteins which are highly expressed on gram positive bacteria are well
characterized TLR2 ligands. Lipoproteins have either two (di) or three (tri) lipid chains.
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Diacyl lipoproteins bind to TLR 2/6 heterodimers whereas triacyl lipoproteins bind to
TLR 2/1. TLR2 has been reported to bind additional molecules including proteins and
polysaccharides (Oliveira-Nascimento et al., 2012). The specificity of TLR2 is enhanced
by the co-receptor CD36 which binds to circulating ligands and delivers them to TLR2
heterodimers through an interaction with the CD14 accessory protein (JimenezDalmaroni et al., 2009). Activation of TLR2 leads to recruitment of the TIR adaptor
proteins Mal and MyD88 resulting in MAPK kinase and NF-κB activation and proinflammatory cytokine release. Following activation TLR2 can also be internalized and
transported to endosomal compartments where it signals via Tram and MyD88 to activate
a type 1 interferon response (Stack et al., 2014).
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Figure 4. TLR signalling. TLR1/2, 2/6 and 4 dimerization on the cell surface recruits the TIR adaptor
protein Mal via its TIR domain, which in turn recruits the adaptor protein MyD88. Binding of MyD88
recruit’s interleukin-1 receptor-associated kinase (IRAKs) (1/2/4). IRAK4 phosphorylates IRAK1 which
dissociates and activates tumour necrosis factor receptor-associated factor 6 (TRAF6). TRAF6 activates
the NF-κB kinase (IKK) complex which phosphorylates IκB leading to its degradation and release of the
transcription factor NF-κB. TRAF6 also activates MAPK leading to activation of transcription factors
CREB and AP1 leading to the upregulation of pro-inflammatory cytokine production. Following activation
TLR4 can be endocytosed and signal from the endosomal membrane via TRIF and TRAM activating
TRAF3 and interferon-regulatory factor 3 (IRF3). TLR 3, 7/8 and 9 sense intracellular nucleic acids. TLR3
signals via TRIF and TLR7/8 and 9 signal via TRAM activating IRAKs, TRAF3 and finally IRF7 inducing
a type I interferon response.
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1.9 TLR involvement in sterile chronic inflammatory disease
The activation of TLRs by DAMPs leads to inflammatory signalling in an effort to repair
tissue damage, however these noxious agents are often difficult to clear and lead to
chronic low level inflammation. Sepsis, rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), inflammatory bowel disease, type I diabetes, multiple sclerosis
(MS) and ischemia/reperfusion (I/R) injury are all sterile inflammatory diseases
characterised by extensive tissue damage and the accumulation of DAMPs (Piccinini and
Midwood, 2010). Patients with RA have increased HMGB-1 in their synovial fluid and
chronic joint inflammation leads to bone destruction. HMGB-1 is also detected in the
serum of patients with septic shock, in patients with type I diabetes and in multiple mouse
models of I/R injury. Both TLR2 and 4 activation have been linked to mouse models I/R.
Inhibition of TLR2 reduced tissue damage in renal I/R injury (Farrar et al., 2012) and
TLR4-/- mice had decreased inflammation and tissue damage in a mouse model of
intestinal I/R injury (Pope et al., 2010).

1.10 TLRs in Retinal Degeneration
1.10.1 TLR expression in the Retina
TLRs are primarily expressed on innate immune cells such as mononuclear cells or
macrophages and locally on epithelial or endothelial cells. RPE cells are specialised
epithelial cells which form part of the BRB providing protection to the neural retina.
Human RPE cells express TLRs 1-7, 9 and 10 and TLR3 expression was reported to be
the most abundant (Kumar et al., 2004). Therefore, the RPE acts as a first line of defence
protecting photoreceptor cells against circulating insults from the choroid. More recently
photoreceptors themselves have been reported to express and respond to TLR3 and 4
activation stimulating cytokine and chemokine secretion (Tu et al., 2011, Gao et al.,
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2017). Microglia are the resident immune cell in the retina silently surveying the local
environment for signs of infection or damage. Activation of TLR 1, 2, 4 and 6 on primary
retinal microglia leads to the production of pro-inflammatory cytokines in a classical
NFkB and p38 dependent manner (Kochan et al., 2012).

1.10.2 TLR3 in RD
TLR3 in the most abundant TLR in the eye expressed on RPE and photoreceptor cells.
TLR3 is activated in response to viral or extracellular endogenous dsRNA. TLR3
activation has been implicated in RD. RD is characterized by extensive cell death and
therefore it is likely that DAMPs including dsRNA are released by dying cells.
Interestingly, endogenous factors released from the degenerating retina have been
reported to activate NFkB and IRF3 in an analogous manner to synthetic dsRNA
activation of TLR3 (Shiose et al., 2011). dsRNA has been identified in drusen deposits
in AMD donor eyes and is likely present in other forms of RD, however, no direct
evidence has been published to support this (Kaneko et al., 2011). TLR3 activation has
been suggested to play a role in photoreceptor cell death. Sub-retinal injection of a
synthetic dsRNA Poly (I:C) in wildtype mice induces RPE and photoreceptor cell death,
infiltration of immune cells and pro-inflammatory cytokine production culminating in
retinal degeneration. TLR3 activation induced RPE cell death via necrosis in contrast
photoreceptor cell death occurred in a controlled manner through a combination of
programed necrosis (necroptosis) and apoptosis (Murakami et al., 2014). Furthermore,
in a mouse model of Cone-Rod dystrophy (Rdh8-/- Abca4-/-) which primarily effects
photoreceptor cell function TLR3 knockout mice were protected against rod and cone
photoreceptor cell loss (Shiose et al., 2011). Together this data demonstrates that TLR3
activation via endogenous or synthetic dsRNA can trigger RD by inducing photoreceptor
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cell death. This is particularly relevant in RP an inherited form of RD which is
characterized by rod photoreceptor death. In contrast dsRNA has been shown to have an
anti-angiogenic effect in mice administered a targeted laser burn to disrupt the RPE, BM
and choroid mimicking human CNV (Kleinman et al., 2008).

1.10.3 TLR2 in RD
TLR2 activation has recently been implicated in the pathogenesis of AMD following the
identification of an endogenous TLR2 ligand which is generated in the retina of AMD
patients. Photoreceptor outer segments are made up of poly unsaturated fatty acids such
as docosahexaenoate (DHA). Under conditions of oxidative stress DHA is oxidised
through lipid peroxidation to generate intermediates which produce 2-(wcarboxyethyl)pyrrole (CEP) adducted proteins or lipids through primary amino groups of
protein lysyl residues (Gu et al., 2003). CEP-adducted proteins are found in abundance
in the retina and serum of AMD patients compared to controls (Crabb et al., 2002, Gu et
al., 2003). Multiple CEP-adducted proteins were identified in the RPE-Choroid of an
AMD donor eye including CEP adducted to albumin (Crabb et al., 2002). In vitro
generation of CEP-adducts is challenging. CEP has high affinity for adduction to human
serum albumin (HSA) and therefore CEP-HSA is commonly used for in vitro assays.

CEP-adducts have been reported to act as TLR2 ligands inducing angiogenesis on
endothelial cells and inducing NFkB-dependent cytokine production in macrophages
(West et al., 2010, Doyle et al., 2012). CEP-adducts have been reported to transiently
accumulate at sites of wound healing and clearance of CEP-adducts has been shown to
occur via direct binding to TLR2 or its co-receptor CD36 on macrophages. CEP binding
lead to macrophage uptake of CEP-modified proteins in cell culture (Kim et al., 2015).
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CEP-adducts may play a role in initiating AMD as mice immunized with CEP-MSA
develop progressive retinal degeneration over a 2-3 month period with evidence of drusen
formation, RPE atrophy and complement deposition all features observed in human GA
donors (Hollyfield et al., 2008). Furthermore, CEP induced TLR2 activation may be
involved in late stage wet AMD. Chlamydia pneumoniae a ligand for TLR2 which has
been detected in a small number human CNV samples has been shown to enhance the
development of laser-induced CNV(Fujimoto et al., 2010) moreover, blocking TLR2 has
been shown to reduced CNV lesion size in two mouse models of choroidal
neovascularization (CNV), spontaneous and laser-induced (Marneros, 2016, Feng et al.,
2017b).

1.11 Crosstalk between TLRs and complement
The complement system and TLRs are both arms of the innate immune system which are
activated in response to a broad range of exogenous danger signals. Both pathways
activate cytokine production recruiting immune cells to fight the insult. Given their
resemblance and overlapping function it is not surprising that crosstalk exists between
these innate mechanisms.

1.11.1 Complement and TLR synergy increases pro-inflammatory cytokine
production.
A synergistic relationship between the complement and TLR signalling pathways was
first demonstrated in mice deficient in the complement inhibitor decay accelerating factor
(DAF). DAF knockout mice have an overly active complement cascade due to the
deficiency in a key complement inhibitor which normally acts to block C3 convertase

26

formation. Wild-type mice or DAF-/- mice were treated intraperitoneally with ligands to
TLR 2/6, 4 and 9. DAF-/- mice produced increased levels of pro-inflammatory cytokines
IL-6, TNF-α and IL-1β in response to TLR ligation (Zhang et al., 2007). TLR activation
upregulates pro-inflammatory cytokine production by downstream activation of MAPK
similarly anaphylatoxins C3a and C5a activate MAPK by binding to their respective
receptors C3aR and C5aR (Figure 5). TLR4 was reported to synergise with C5aR
whereas, TLR9 acted with C3aR to promote pro-inflammatory cytokine production.
Synergy between TLR and anaphylatoxin receptors have since been reported in multiple
cell types. Co-stimulation of TLR4 and C5aR has been shown to increase inflammatory
cytokine production in epithelial cells, endothelial cells and neutrophils (Riedemann et
al., 2002, Riedemann et al., 2004, Laudes et al., 2002). Moreover, TLR2 has been shown
to synergise with C5aR contributing to the oral inflammatory disease Periodontitis (Abe
et al., 2012).

1.11.2 Complement negatively regulates TLR induced IL-12
Conversely to the synergistic effect on pro-inflammatory cytokine production
complement activation suppresses TLR4 induced IL-12 production (Zhang et al., 2007).
C5aR receptor activation has been reported to inhibit TLR4s induction of the IL-12
family of cytokines in inflammatory macrophages via a mechanism involving ERK and
PI3kinase (Figure 5) (Hawlisch et al., 2005).

1.12. TLR regulation of complement production
In addition, TLR activation has been shown to directly regulate complement production,
to strengthen the innate response. LPS and modified low density lipoprotein (mLDL)
induced TLR4 activation can up regulate the expression of complement factor CFB and
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C3 respectively in macrophages. Activation of CFB was shown to depend on the adaptor
protein TRIF in murine macrophages (Kaczorowski et al., 2010, Mogilenko et al., 2012).
The synthetic TLR2 ligand Pam3Cys4 was reported to upregulate the expression of CFB
in macrophages and cardiac cells (Zou et al., 2013) and TLR3 activation in response to
dsRNA can upregulate CFB expression in macrophages and epithelial cells (Ostvik et al.,
2014).

Both complement and TLRs have been reported to play a role in sterile inflammatory
diseases including sepsis and ischemia/reperfusion injury (I/R). A direct link between
TLR signalling and complement activation has recently been linked to the pathogenesis
of (I/R) injury and sepsis. C3 deposition is observed in the intestine and kidney following
(I/R) injury. C3 deposition was markedly decreased in mice deficient in TLR4 postischemia in the intestine (Pope et al., 2010). Furthermore, in a renal transplant injury
model inhibition of TLR2 by monoclonal antibody led to a decrease in C3d deposition
(Farrar et al., 2012). In a mouse model of sepsis increased CFB and alternative pathway
activation resulted in increased C3 deposition in the kidney MyD88 knockout blocked
the upregulation of both CFB and C3 (Zou et al., 2013).
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Figure 5. TLR and complement crosstalk. TLR4, C3aR and C5aR ligation activate MAPK which
subsequently activates transcription factors AP1 and NF-κB which translocate into the nucleus and drive
transcription of pro-inflammatory cytokines TNF, IL-1b and IL-6. Resulting in amplified cytokine
production. C5aR signalling via ERK and PI3K can block TLR4 mediated upregulation of IL-12 through
inhibition of IRF1/8. TLR activation can also directly upregulated the expression of complement factors
C3 and CFB, which are secreted from the cell.

1.13 Overall hypothesis
Given that complement has been implicated in AMD, a form of RD, we believe that
elucidating the mechanism of complement deposition and activation would advance our
understanding of the pathogenesis of RD and allow for the discovery of novel therapeutic
approaches.
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Materials and Methods
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2.1 Cell Culture
2.1.1 ARPE-19 cells
The human retinal pigment epithelium cell line, ARPE-19 cells (ATCC® CRL 2302)
were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM)/
nutrient mixture F-12 Ham with L-glutamine, 15mM HEPES, sodium bicarbonate
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich) and
1% Penicillin-Streptomycin (P/S) (Sigma-Aldrich). Cells were passaged at 90%
confluency (every 3-5 days), culture medium was aspirated and the cell monolayer was
washed with PBS (Sigma-Aldrich). PBS was removed and 3mL of Trypsin-EDTA
(Biosciences) was added to dissociate adherent cells for 5-10 minutes at 37 °C. Medium
containing FBS was added to the cell suspension to deactivate the trypsin and cells were
pelleted by centrifugation at 250xg for 5 minutes. Cells were split 1:3 or counted and
plated at a density of 1.5-2x105 cells/ml. Cells were maintained at 37 °C and 5% CO2.

2.1.2 Polarised ARPE-19 cells
0.4µM polyester transwell inserts (VWR Corning® Costar) were coated with 100µg/ml
of collagen IV (Sigma-Aldrich C5533) for 4 hours. ARPE-19 cells were counted and
seeded at a density of 1.7x105 cells per cm2 in DMEM F-12 Ham containing 10% FBS.
Two days later medium was replaced with complete medium containing 1% FBS and
replenished twice weekly for 4 weeks. To test for polarity, we stained for the tight
junction protein ZO-1 which forms an apical cobblelock pattern indicative of a polarised
monolayer. Transepithelial electrical resistance (TEER) was also measured with an
average reading of 34.8 ohms.cm2 which is lower compared to native tissues, but
sufficient to detect polarized signalling patterns.
5% CO2.
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Cells were maintained at 37 °C and

2.1.3 661w Cells
The mouse photoreceptor cell line 661w were generously provided by Prof. Muayyad AlUbaidi (Department of Cell Biology, University of Oklahoma, Health Science Centre,
Oklahoma City, OK, USA). 661w cells were cultured in DMEM supplemented with 10%
FBS (Sigma-Aldrich) and 1% P/S (Sigma-Aldrich). Cells were split 1:4 every 2 days
when 95% confluent and cells were seeded at 6300cells per cm2. Cells were maintained
at 37 °C and 5% CO2.

2.1.4 THP1 cells
The human monocytic cell line THP1s (ATCCⓇTIB-202) were cultured in RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich) and 1% P/S
(Sigma-Aldrich). THP-1 cells suspended in culture medium were aspirated and split 1:3
every 2-3 days or plated at a density of 5 x 105 cells/ml. Cells were maintained at 37 °C
and 5% CO2.

2.1.5 Immortalized bone marrow derived macrophages (BMDMs)
Immortalized BMDMs from wild-type, Mal-/- mice (Kind gift from Dr. Frederick Sheedy
TCD) and MyD88-/- mice (Kind gift from Prof. Luke O’Neill TCD) were culture in
DMEM supplemented with 10% FBS (Sigma-Aldrich) and 1% P/S (Sigma-Aldrich).
Cells were passaged at 95% confluency and split 1:5. Cells were plated at a density of 5
x 105 cells/ml and maintained at 37 °C and 5% CO2.

2.1.6 L929 cells
The mouse adipose tissue derived cell line L929 were seeded at 2 x 107 cells/40ml in a
T175. After 7 days the medium was transferred to a sterile falcon tube and centrifuged at
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250xg for 10 minutes. The supernatant was then filtered through a 0.2 µM filter and the
medium containing M-CSF was stored at -80°C. L929 cells were detached with trypsin,
centrifuged at 250xg for 5 minutes, counted and plated in 40ml of RMPI. Cells were
maintained at 37 °C and 5% CO2.

2.2 Cell counting
Cells were counted using a Kova® Glasstic® 10 slide cell counter (Fisher Scientific).
Cells were re-suspended in medium and 10µL of the cell suspension was added to 10µL
of trypan blue solution and mixed well by pipetting. 10µL of each cell suspension was
added to the counting chamber and the number of viable cells in three square grids were
counted. The number of cells per millilitre was calculated using the following equation:

((N/3) x 10,000). 2 (dilution factor) = Total cells/mL

1 square grid =
0.1μL

Where,
N = Total number of cells in three square grids
3 = Number of grids counted
10,000 = Kova® Glasstic® 10 Slide constant
2 = Trypan Blue dilution factor
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2.3 Cryopreservation of cells
To maintain cell lines frozen stocks were prepared from cell lines growing in the
exponential growth phase at 90% confluency. Cells were harvested as described above.
Cell pellets were re-suspended in 1ml of FBS containing 10% dimethylsulfoxide
(DMSO) and transferred to cryovials. Cryovials were transferred to a pre-chilled Nalgene
freezing container (Termo Fisher) to allow optimal cooling. Cryovials were transferred
to liquid nitrogen for long term storage.

2.4 Primary Bone Marrow Derived Macrophage isolation
The femurs and tibia were removed from wild-type C57BL/6J mice. Using a tweezers
and scissors as much fat as possible was removed to expose the bones. The bone marrow
was flushed out with serum free DMEM in a 20ml syringe with a 25 gauge needle into a
sterile 50ml falcon tube. The needle was inserted into the top on the bone and flushed out
until the bone turned white. To break up any aggregates the bone marrow was pipetted
up and down and centrifuged at 300xg for 5 minutes. The cell pellet was resuspended in
3ml of red cell lysis buffer and centrifuged. The cell pellet was resuspended in DMEM
with 10% FBS, 1% P/S and 10-15 % M-CSF and split into 5 10cm dishes with 10ml of
medium in each dish. After 3 days 10ml of medium was added to each dish, 2 days later
cells were counted and seeded at 6 x 105 cell/ml. Cells were maintained at 37 °C and 5%
CO2.

2.5 Peripheral blood mononuclear cell (PBMC) isolation
Blood was donated by healthy volunteers and collected into EDTA-coated vacutubes.
Isolated blood was diluted 1 in 2 with PBS. Lymphoprep (Biosciences) was added to a
50ml tube at a ratio of 1:2.5 lymphoprep to blood. Diluted blood was gently layered on
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top of the lymphoprep using a Pasteur pipette. 50ml tubes were centrifuged at 300xg for
30 minutes with the acceleration and break set to 0. Following centrifugation 4 distinct
layers were visible the bottom layer contains the red blood cells followed by a clear layer
of lymphoprep. A white cloudy layer of mononuclear cells lies on top on the lymphoprep
and below the top layer of plasma. The white mononuclear layer was removed and
transferred to a new 50ml tube using a Pasteur pipette starting at the edges and then
moving into the center of the lawn of cells. 50mls of PBS was added to wash off excess
lymphoprep and cells were pelleted by centrifugation at 300xg for 8 minutes with the
acceleration and brake set to 9. The cell pellet was resuspended in 25mls of Red Blood
Cell Lysis Buffer and the 8 minute centrifugation was repeated. Cells were resuspended
in RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich) and 1%
P/S (Sigma-Aldrich), counted and plated at 2x106 cells/ml. Cells were maintained at 37
°C and 5% CO2.

2.6 Primary human fetal RPE (hfRPE) culture
hfRPE cells, were kindly provided by Dr. Arvydas Maminishkis (National Eye Institute
(NEI), Bethesda, USA). Cells were isolated from human donor eyes as previously
described (Maminishkis et al., 2006) and were received in a T25 as a confluent monolayer
of P-0 cells, assays were conducted using cells at P-1. To passage, cells were washed 2
times with 50ml of PBS. 5ml of trypsin-EDTA (Biosciences) was added to the flask and
incubated for 15 minutes at 37 °C. The cell monolayer was washed with trypsin using an
18g needle and a 3ml syringe to remove attached cells. Cells were resuspended in MEMα (Lonza) containing 15% FBS counted and seeded at 100 thousand cells per cm2, 2 days
later medium was replaced with MEM-α supplemented with 5% FBS (Sigma-Aldrich)
and 1% P/S (Sigma-Aldrich). Medium was replenished every Monday, Wednesday and
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Friday for 4 weeks until the cells formed a confluent monolayer and regained pigment.
Cells were maintained at 37 °C and 5% CO2.
2.7 Measurement of Transepithelial electrical resistance (TEER)
TEER values were recorded for ARPE-19 and hfRPE cells grown on 0.4µM polyester
transwell inserts (VWR-CorningⓇCostar). TEER measurements were recorded using an
EVOM resistance meter with ‘chopstick’ electrodes. Plates were stabilised at room
temperature prior to recording TEER values and were normalised to a well containing no
cells. TEER values were calculated at ohm per cm2.
2.8 Stimulation of cells
Cells were stimulated with synthetic TLR2 ligands; 20nM Pam3Cys4 a triacylated
lipopeptide (InvivoGen) or 20nM Malp-2 (Enzo Life Sciences) a diacylated lipoprotein.
10µM, 17.7µM or 35µM of the newly characterized TLR2 ligand CEP which was
adducted to human serum albumin (HSA) a kind gift from Professor Robert G Salomon
(Case Western Reserve University, Cleveland Ohio). CEP-HSA was tested for endotoxin
using an LAL assay kit. Recombinant anaphylatoxin C5a 1, 5, 25, 50, 100ng/ml and C3a
receptor agonist 5, 25, 50, 100, 250ng/ml (Sigma-Aldrich). TLR3 agonists Polyadenylicpolyuridylic acid (Poly (A:U)) and Polyinosinic-polycytidylic acid (Poly (I:C)) 20µg/ml
synthetic dsRNA molecules (InvivoGen). 1µM CpG-ODN (InvivoGen) a synthetic single
stranded DNA molecule which activates TLR9. 2.5µg/ml CLO75 (InvivoGen) a
thiazoloquinolone derivative and a ligand for human TLR7/8 and mouse TLR7. 1mg/ml
Lipopolysaccharide (LPS) which activates TLR4 (Enzo Life Sciences).
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2.9 Quantitative RT-PCR
2.9.1 RNA extraction from Cell lines
Total RNA was extracted from BMDMs, THP1s or ARPE-19 cells using the Isolate II
RNA extraction kit (Bioline). Culture medium was removed and 350µl of RLY lysis
buffer (Bioline) was added directly onto the cell monolayer. Lysis buffer was pipetted up
and down to ensure effective lysis, transferred to an ISOLATE II filter and centrifuged
for 1 minute at 11000xg. 70% ethanol was added to the homogenized lysate and
transferred to the ISOLATE II RNA mini column. Samples were centrifuged for 30
seconds at 11000xg. The column was washed using a series of wash buffers as per
manufacturer’s instructions. RNA was eluted in RNAse free H20 and RNA concentration
was measured on a NanoDrop 1000 (Thermo Scientific).

2.9.2 RNA extraction from mouse tissue.
Mice were euthanatized, eyes were enucleated, washed in PBS and dissected under a
dissection microscope. The eye was cut along the circumference to remove the cornea
and lens and the neural retinal was gently peeled off from the RPE/choroid. The retina
and RPE/Choroid were placed in separate Eppendorf tubes. Tissue was lysed in RLY
lysis buffer (Bioline) and RNA was extracted as per above section 2.9.1.

2.9.3 RNA extraction from PBMC’s
Total RNA was extracted and from PBMCs by Trizol extraction. Cells were transferred
to Eppendorf tubes and pelleted by centrifugation at 250xg for 5 minutes. 1ml of Trizol
reagent was added to each cell pellet followed by 200µl of chloroform. Eppendorf’s were
mixed by shaking for 15 seconds and incubated at room temperature for 3 minutes.
Samples were centrifuged @ 4°C for 15 minutes at 12000xg. The upper aqueous layer
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was transferred to a new tube and 500µl of isopropanol was added and left to incubate at
room temperature for 10 minutes. Samples were centrifuged @ 4°C for 10 minutes at
12000xg. The supernatant was discarded and pellets were washed with 1ml of 75%
ethanol and centrifuged @ 4°C for 5 minutes at 7500xg. The ethanol was discarded and
pellets were left to air dry for 5-10 minutes. Pellets were resuspended in RNAse free H20
and RNA concentration was measured on a NanoDrop 1000 (Thermo Scientific).

2.9.4 cDNA synthesis
RNA was reverse transcribed using M-MLV Reverse transcriptase enzyme (Promega).
The final reaction volume was 10µl containing; 2µl 5x MMLV buffer (Promega), 2µl
dNTP’s (New England Biolabs), 0.5µl Random Hexamer (IDT), 0.25µl RNase out
(Invitrogen), 0.25µl M-MLV Reverse transcriptase enzyme (Promega) and 5µl of RNA
at 100ng/µl. Incubation conditions were 20°C for 10 minutes, 42°C for 40 minutes and
95°C for 3 minutes. Following synthesis cDNA was diluted 1 in 4 in RNAse free H20
and stored at 4°C.

2.9.5 Real time PCR
All samples and controls were run in triplicate. A master mix containing 0.5µl of forward
primer, 0.5µl of reverse primer (Table 2.1), 4µl SensiFast SYBR Green (Bioline) and 3µl
RNAse free H20 was prepared for each gene tested, with housekeeping’ gene b-Actin
used as the endogenous control. qPCR was performed on a 7900HT Fast Real-time PCR
Light-Cycler System (Applied Biosystems CA, USA). Each reaction was performed with
2ng/µL of cDNA. Cycling conditions were 95°C for 20 seconds and 40 cycles of 95°C
for 1 second and 60°C for 20 seconds. Data was analysed utilising the 2-ΔΔCt method.
First, cycle threshold (Ct) values were set to Ct 0.02 in order to be proportional to the
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amount of transcripts in all samples. Next, 2-ΔCt values were calculated by normalising
the test data to the endogenous control (bActin), where ΔCt = Ct (test gene) – Ct
(housekeeping gene). Finally, the 2-ΔΔCt value was calculated by normalising the ΔCt of
the text genes to the ΔCt of the calibrator (untreated control), for example; 2-ΔΔCt = 2- (ΔCt
(test gene) – ΔCt (calibrator gene))

. 2-ΔΔCt values signify the relative fold change (also named

Relative Quantification; RQ) in gene expression between the test and calibrator.
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Table 2.1. Primer Sequences
Gene name

Primer sequences
Forward; 5’ - 3’

Reverse; 5’ - 3’

Human C3

TGCCCAGTTTCGAGGTCAT

CAATCGGAATGCGCTTGAGG

Human CFB

CAGGAAGGTGGCTCTTGGAG

CCCATCCTCAGCATCGACTC

Human C4

TGGGGACACTCTGAACCTGA

TGGTCCACAAACACCGAGAC

Human C1q

GTGGTCATCTTCGACACGGT

GTAGTAGCCGGGTACAGTGC-

Human C1r

TACCTGCAAGCAAGGCTACC-

ACCATTAGGCAGGTTTCGGG

Human C1s

TCTTATGAACAGAACCAGGACAGG

GGGCTCAGTGTCACCTTCAGA

Human C5

GCCAAGAAGAACGCTGCAAA

TCGCTGCTCACAGGTTTCAT

Human CFH

CTCCACCTCAGTGTGAAGGC

TGCAGGCCCATCAATTCCAA-

Human CD55

AACTTCCAAGGTCCCACCAA

AACACGTGTGCCCAGATAGA

Human CD59

CTGGAAGAGGATCTTGGGCG

CAGAAGACAGCCAGGACGAG

b-Actin

CGCGAGAAGATGACCCAGATC

GAGGCGTACAGGGATAGCAC

Mouse C3

AAGCATCAACACACCCAACA

CTTGAGCTCCATTCGTGACA

Mouse CFB

ATAGGCCCATCTGTCTCCCC

CAGGTGGCTGTCTGAGGAA

Mouse C4

ATATGCATGGAGCGCCTACG

CAAGGGAACGCTGGGATCAT

Mouse C1q

TCTCAGCCATTCGGCAGAAC

TAACACCTGGAAGAGCCCCTT

Mouse C5

CCTCTGGCTTGGAAACCTA

ACCAACACCCCTGACTGCTA
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2.10 Luciferase
HEK293-TLR2 cells were seeded in 96 well plates at 3x105 cell/ml and grown for 2 days.
Cells were transfected with 220ng of plasmid DNA per well in triplicate. C3 promoterluciferase (100ng), Renilla-luciferase (40ng) and empty vector (EV) or plasmid
expressing Mal or MyD88 in increasing doses (10, 50 and 80ng). DNA was prepared in
96 well v bottom plates in total 770ng of DNA enough for 3.5 triplicate wells. Plasmid
DNA was always made up to 770ng using empty vector control pcDNA3.1. 74µl of
Transit 2x was added to 1120µl of serum free medium 35µl was added per well and left
for 20 minutes to allow complex formation. 10µl was then added to the HEK293-TLR2
cells. After 24 hours medium was removed and cells were lysed in in 1x Passive Lysis
Buffer. 20µl of lysate was transferred to two white plates 40µl of luciferase assay mix or
40µl of a 1:1000 dilution of coelentrazine was added per well to access firefly luciferase
and renilla luciferase activity. Results are normalised for Renilla luciferase activity and
represented as relative stimulation over the non-stimulated EV control and are expressed
as mean +/- SD for triplicate measurements.

2.11 Western Blot
2.11.1 Protein Isolation from cell lysates
Cell culture supernatant was aspirated and cells were washed in ice cold PBS. Cells were
lysed on ice in RIPA buffer (PBS, 1% NP40, 0.5% sodium deoxycholate and 0.1% SDS)
containing protease and phosphatase inhibitors. Wells were scraped and lysates were
transferred to Eppendorf tubes kept on ice. Lysates were centrifuged for 15 minutes at
21000xg and transferred to new Eppendorf tubes containing 5x sample buffer (250mM
Tris pH6.8, 10% w/v SDS, 50% Glycerol, 0.5% Bromo Blue and 50mM DTT).
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2.11.2 Protein Isolation for cell culture supernatants
Cell supernatants were transferred to Eppendorf tubes and condensed by adding Strata
Clean resin (1:100). Supernatants were vortexed and centrifuged at 1000xg for 1 minute.
The supernatant was discarded and protein pellet was resuspended in 5x sample buffer.

2.11.3 Protein Isolation from tissue
Mice were euthanatized and eyes were enucleated. Eyes were washed in PBS and
dissected under a dissection microscope. The eye was cut along the circumference to
remove the cornea and lens and the neural retinal was gently peeled off from the
RPE/choroid. The retina and RPE/Choroid were placed in separate Eppendorf tubes.
Tissue was lysed in RIPA buffer and homogenised by hand using a pellet pestle (Fisher
Scientific). Lysed tissue was centrifuged for 15 minutes at 21000xg and lysates were
transferred to new Eppendorf tubes. Protein was quantified using a BCA assay (Thermo
Fisher Scientific) as per manufacturer’s guidelines. Briefly, BSA standards (Bovine
Serum Albumin; range 0 – 2000µg/mL) and samples were added in duplicate to wells of
a 96-well plate (Corning). BCA working reagent was prepared by mixing 50 parts of
BCA reagent A with 1 part BCA reagent B. Working reagent was added to each well and
the plate was incubated at 37 °C for 30 minutes protected from the light. Absorbance was
measured at 562 nm on a plate reader (Biotek, Gen5TM). 10µg of protein was suspended
in 5x sample buffer.
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2.11.4 SDS-PAGE and Western blot
Protein samples were boiled for 5 minutes at 95°C followed by a brief centrifugation.
Protein was loaded into the wells of an 8, 10 or 12% acrylamide gel (Table 2.2) alongside
a pre-stained protein ladder (MSC). Gels were run at 120 volts for 1-1.5 hours until the
dye front reached the bottom of the gel. Proteins were transferred to polyvinylidene
fluoride (PVDF) (Millipore) membranes for 1 hour at 100V using the Bio-Rad Mini
Trans-blot Cell System. Membranes were blocked for 1 hour at room temperature using
5% non-fat milk in Tris-buffered saline with 0.05% tween (TBST). Antibodies for P-p38
1:1000 (Cell Signalling), IκB 1:2000 a kind gift from Prof. Ron Hay (University of
Dundee, UK), CFB 1:250 (Atlas Antibodies Sigma), C3 1:500 (MP Biomedicals855444), C3d 1:1000 (Dako), and beta-actin 1:2000 (Abcam) were incubated overnight
at 4°C. PVDF membranes were washed 3 times with TBS-T and incubated with
horseradish peroxidase conjugated anti-rabbit or anti-goat 1:5000 (Sigma-Aldrich) for 1
hour at room temperature. Washing was repeated and membranes were developed using
enhanced chemiluminescence (ECL) and detected using X-ray film (Fujifilm).

45

Table 2.2. Composition of resolving and stacking SDS-PAGE gels
Running Gel
6%

8%

10%

12%

15%

11.85 ml

10.35 ml

8.85 ml

7.35 ml

5.1 ml

5.7 ml

5.7 ml

5.7 ml

5.7 ml

5.7 ml

4.5 ml

6 ml

7.5 ml

9 ml

11.25 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

0.225 ml

9 µl

9 µl

9 µl

9 µl

9 µl

H2 0
1.5 M Tris-HCl (pH 8.8)
Acrylamide: Bisacrylamide
10% SDS
10% APS
TEMED

Stacking Gel
H2 O

5 ml

1 M Tris-HCl (pH 6.8)

0.9 ml

Acrylamide: Bisacrylamide

1.21 ml

10% SDS

72.5 µl

10% APS

72.5 µl

TEMED

7.25 µl
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2.12. Measurement of Cytokines by ELISA
ELISAs were used to quantify protein secretion into cell culture supernatants. IL-6, MCP1 (TebuBio), TNF and IL-1b (R&D systems) were detected by sandwich ELISA as per
the manufacturer’s instructions. Capture antibody was diluted in PBS to the
recommended working concentration. 50µl of antibody was added per well to a 96-well
ELISA microplate (Greiner). Plates were sealed and left to incubate overnight at room
temperature. Plates were washed 3 times with PBS-Tween 20 (0.05%). Plates were
blocked in 1% (Bovine serum albumin) BSA for 1 hour at room temperature followed by
3 washes with PBS-Tween 20 (0.05%). 50µl of sample or diluted standard was added in
triplicate to wells of the microplate. Samples were left to incubate at room temperature
for 2 hours. Plates were washed 3 times and 50µl of detection antibody was added per
well. Plates were incubated for 1 hour at room temperature and washes were repeated.
50µl of Streptavidin-HRP was added per well, plates were covered with tin foil and
incubated for 20 minutes at room temperature. Plates were washed 3 times and 50µl of
TMB substrate (Thermo Fisher Scientific) solution was added per well. Plates were
monitored and when the desired colour change was observed the reaction was stopped
using 50µl of stop solution (1/12 dilution HCL). Absorbance values were read at 450 nM
on a 96 well plate spectrophotometer (Biotek, Gen5TM).

2.13 Human C3 ELISA on Plasma genotyped for Mal S180L SNP.
2.13.1 Mal/TIRAP SNP Genotyping
Blood was collected from participants of TILDA and from healthy volunteers from TCD,
into EDTA coated tubes. In our lab genomic DNA was extracted from buffy coats using
QIAcube HT System (Qiagen, Hilden, Germany). Genotyping was performed using
KASP Genotyping Assay at LGC Genomics with a successful call rate of >95% for
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Mal/TIRAP (rs 8177374). For quality assurance, 4 ‘no template’ controls and 2 sample
duplications were included per plate and 1 sample was duplicated across all plates
showing accuracy of 100%. Ethical approval was received from Trinity College Research
Ethics Committee and all participants provided written informed consent.

2.13.2 C3 Elisa on plasma
Blood was collected from 265 healthy participants of The Irish longitudinal study on
aging (TILDA) into EDTA coated tubes, plasma was isolated and stored at -80 (Whelan
and Savva, 2013). Ethical approval was received from Trinity College Research Ethics
Committee and all participants provided written informed consent. C3 plasma levels were
detected using C3 ELISA according to the manufacturer’s instructions (Genway Biotech
inc). Capture antibody was diluted 1:1000 in 0.05M Carbonate-bicarbonate buffer and
50µl was added to each well of a 96 well microplate (Greiner). Capture antibody was
incubated for 1 hour at room temperature. Plates were washed 3 times in PBS-Tween 20
(0.05%). Plates were blocked in blocking solution (50mM Tris, 0.14M NaCl, 1% BSA)
for 1 hour at room temperature. Plates were washed 3 times. Human plasma samples were
diluted 1:100 in sample diluent (50mM Tris, 0.14M NaCl, 1% BSA, 0.05% Tween 20).
50ul of protein standards or plasma were added in duplicate to the 96 well plate and left
to incubate for 1 hour at room temperature. Plates were washed 3 times and 50ul of HRPConjugated detection antibody was added per well. Detection antibody was left to
incubate for 1 hour at room temperature protected from the light. Plates were washed 3
times and 50µl of TMB substrate solution (Thermo Fisher Scientific) was added to each
well. After 20 minutes the reaction was stopped using 50µl of stop solution and plates
were read on a 96 well microplate reader at 450nm (Biotek, Gen5TM).
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2.14 Immunohistochemistry Transwells
RPE cells on transwell inserts were fixed with 4% Paraformaldehyde for 10 minutes
followed by permeabilization with 0.05% Triton-X100 for 10 minutes at room
temperature. Cells were blocked with 5% normal goat serum (NGS) for 1 hour at room
temperature and 100µl of ZO-1 antibody 1:100 (Invitrogen) was added to the apical side
of the transwell filter. 100µl of antibody was pipetted into the bottom of an empty 6 well
plate and the transwell inserts was placed to sit directly on the antibody. Inserts was
incubated overnight at 4°C. Transwells were washed 3 times in PBS and incubated with
goat anti-rabbit 594 1:500 (Invitrogen) for 2 hours at room temperature. Washes were
repeated and cells were counted stained with hoechst (Sigma-Aldrich). Transwells inserts
were carefully cut with a sterile blade and mounted on to polylysine coated slides
(Thermo Scientific) using Mowiolâ 4-88. Staining was analysed using a confocal laser
scanning microscope Axio Observer Z1 inverted microscope equipped with a Zeiss LSM
700 T-PMT scanning unit and a 40x plan apochromat objective. Image analysis was
carried out using LSM ImageBrowser and Image J.
2.15 Membrane attack complex formation assay
2.15.1 Polarised RPE
Polarised RPE cells grown on transwell filters were maintained in serum free DMEM F12 Ham for 48 hours. Cells were stimulated with 10% Normal human serum or heat
inactivated normal human serum (Hi) (56°C 30 minutes) either alone or with human
serum albumin (HSA) or CEP-HSA for 24 hours. Where indicated cells were pre-treated
for 1 hour with 0.1µg anti-TLR2 blocking antibody (T2.5 Invivogen) or IGG control
(0.1ug/ml) or 40µm Mal peptide inhibitor (Calbiochem). Transwell inserts were fixed
with 4% paraformaldehyde for 10 minutes at room temperature. Inserts were washed 3
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times with PBS and blocked with 5% bovine serum albumin (BSA) for 1 hour at room
temperature. RPE cells were incubated with anti-mouse-C5b-9 1:25 (Santa cruz)
overnight at 4°C. Transwell inserts were washed 3 times in PBS and incubated with goat
anti-mouse 647 1:500 (Invitrogen) and Phallodin 1:500 (Invitrogen) for 2 hours at room
temperature. Cells were washed 3 times and counted stained with hoechst (SigmaAldrich). Transwells inserts were carefully cut with a sterile blade and mounted on to
polylysine coated slides (Thermo Scientific) using Mowiolâ 4-88. Staining was analysed
using a confocal laser scanning microscope Axio Observer Z1 inverted microscope
equipped with a Zeiss LSM 700 T-PMT scanning unit and a 40x plan apochromat
objective. Image analysis was carried out using LSM ImageBrowser and Image J.
2.16 661w photoreceptors
661w photoreceptor cells were plated on 8 well chamber slides. The following day
medium was removed and replaced with serum free media and 24 hours later cells were
stimulated with Poly (I:C) for a further 24 hours. 2 hours prior to fixation cells were
treated with 10% NHS or 10% HiNHS either alone or in addition to the Poly (I:C)
stimulation. Cells were fixed with 4% paraformaldehyde for 10 minutes at room
temperature. Cells were washed and blocked in 5% BSA for 1 hour. Cells were incubated
with anti-mouse-C5b-9 1:25 (Santa Cruz) overnight at 4°C. Excess antibody was
removed by washing cells 3 times in PBS followed by incubation with goat anti-mouse
647 1:500 (Invitrogen) for 2 hours at room temperature. Cells were washed and counter
stained with hoechst (Sigma-Aldrich). Slides were mounted using Mowiolâ 4-88.
Staining was analysed using a confocal laser scanning microscope Axio Observer Z1
inverted microscope equipped with a Zeiss LSM 700 T-PMT scanning unit and a 40x
plan apochromat objective. Image analysis was carried out using LSM ImageBrowser
and Image J.
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2.17 LDH Viability assay
An LDH cytotoxicity kit (Pierce) was used to detect cell death following MAC formation
as per manufacturer’s instructions. Briefly, 50µl of cell culture supernatant was
transferred into a clean 96 well plate. Cells treated with 10x lysis buffer served as the
maximum LDH release control. 50µl of reaction mixture was added to each well and the
plate was incubated at room temperature for 30 minutes. 50µl of stop solution was added
per well and the absorbance was read at 490nm and background absorbance at 680nm on
a microplate reader (Biotek, Gen5TM).

2.18 NaIO3 model
All experiments were assessed and approved by an internal ethics committee in Trinity
College Dublin. All studies carried out in the Ocular Genetics Unit in TCD adhere to the
Association for Research in Vision and Ophthalmology (ARVO) statement for the use of
animals in ophthalmic and vision research.

C57BL/6J mice (8-12week old) were administered a single intravenous injection via the
tail of NaIO3 (50 mg/kg) in NaCl. Control mice received NaCl. In tandem mice were
given a muscle relaxant domitor and an anesthetic ketamine followed by a single
intravitreal injection of 3µl (3µg) of anti-TLR2 blocking (Invivogen) antibody or IGG
control per eye. Mice then received an injection of anti-sedan and were placed in a heated
chamber to recover. Mice were euthanized 3 days’ post injection and eyes were fixed in
Davidson’s fixative overnight prior to paraffin embedding.
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2.19 Paraffin-Embedding
Following fixation eyes were washed 3 times in PBS. Eyes were placed in tissue
embedding cassettes (Sigma-Aldrich) and submerged in 70% ethanol. Tissue was
dehydrated in a tissue processor (Leica) as follows; 70% ethanol for 1 hour, 80% ethanol
for 1 hour, 95% ethanol for 1 hour, 100% ethanol for 1 hour (x2), 50% ethanol/xylene
1hour, xylene 1hr (x2) and paraffin at 60°C for 1 hour all under gentle agitation. Eyes
were then removed from tissue cassettes, carefully orientated in plastic molds and
embedded in paraffin wax (paraffin embedding system Leica). Paraffin embedded
sections were left to cool and harder overnight. 5µm sections were cut with a microtome
(Leica) and gently transferred to a water bath (50°C) to flatten out and prevent curling.
Sections were collected on to polylysine coated slides (Fisher Scientific) and left to dry
at room temperature overnight.

2.20 Haematoxylin and Eosin staining of Paraffin-Embedded Tissue.
Slides were subject to xylene deparaffinising and ethanol rehydration as follows; 20 dips
in xylene, 10 dips in 100% ethanol, 10 dips in 90% ethanol, 10 dips in 70% ethanol.
Slides were then stained with haemotoxylin (Sigma Aldrich) for 6 minutes, washed in tap
water, and stained with eosin (Sigma Aldrich) for 3 minutes. Slides were washed in tap
water to remove excess stain and dehydrated by dipping 10 times in 70%, 90% and 100%
ethanol followed by 20 dips in xylene. Slides were mounted using Sub-X mounting
medium (Leica Biosystems) and imaged using the Leica DMLB light microscope.

2.21 Immunofluorescence C3d
Paraffin embedded sections were stained for C3d. Sections were rehydrated as above and
antigen retrieval was performed by boiling slides in sodium citrate buffer (10mM sodium
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citrate, 0.05% Tween 20, pH 6.0) for 5 minutes followed by 5 minutes of cooling (x2).
Sections were washed 3 times for 5 minutes in PBS and were blocked in 5% BSA for 1
hour at room temperature. A pap pen (Dako) was used to draw around the tissue sections
which were incubated with C3d 1:500 (R&D systems) overnight at 4°C. Sections were
washed 3 times with PBS and incubated with rabbit anti-goat 647 1:500 (Invitrogen) for
2 hours at room temperature. Sections were washed with PBS and counterstained with
hoechst (Sigma-Aldrich). Slides were mounted using Mowiolâ 4-88. Staining was
analysed using a confocal laser scanning microscope Axio Observer Z1 inverted
microscope equipped with a Zeiss LSM 700 T-PMT scanning unit and a 40x plan
apochromat objective. Image analysis was carried out using LSM ImageBrowser and
Image J.

2.22 TUNEL staining
To detect cell death sections were stained using the in situ Cell Death Detection kit, TMR
red (Roche) following the manufacturer’s protocol. Paraffin sections were rehydrated as
per section 2.20. Tissue sections were permeabilised (0.1% Trition X, 0.1% sodium
citrate) for 8 minutes at room temperature. Slides were washed 3 times with PBS and
50µl of TUNEL reaction mix was added per slide. Slides were incubated in a humidified
chamber for 1 hour at 37°C. Slides were washed 3 times with PBS and mounted using
Mowiolâ 4-88. Staining was analysed using a confocal laser scanning microscope Axio
Observer Z1 inverted microscope equipped with a Zeiss LSM 700 T-PMT scanning unit
and a 40x plan apochromat objective. Image analysis was carried out using LSM
ImageBrowser and Image J.
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2.23 Rho-/- tissue collection
Rho-/- and wild-type C57BL/6J mice were euthanized at 6, 9 or 12 weeks. Eyes were
enucleated and fixed in Davidson’s fixative for 24 hours or 4% Paraformaldehyde for 1.5
hours. Eyes were embedded in paraffin as per section 2.19 or prepared for cryosection.
2.24 Cryosectioning of Mouse eyes
Following fixation in paraformaldehyde eyes were washed 3 times for 5 minutes in PBS.
Eyes were placed in a 20% sucrose solution for 1 hour followed by a 30% sucrose
solution overnight at 4°C. Eyes were then embedded in optimal cutting temperature
(OCT) (Fisher Scientific) compound in plastic moulds. These moulds were then frozen
using liquid nitrogen and isopropanol to ensure slow cooling. 12µm sections were cut
using a Leica CM1900 cryostat. Sections were collected on polylysine coated slides and
left to dry at room temperature overnight. Cryosections were subsequently stored at 4°C.

2.25 Immunofluorescence Cryosections (C1q and Cd68)
Slides were removed from storage at 4°C and left at room temperature for 30 minutes.
Tissue sections were rehydrated in PBS for 10 minutes followed by blocking in 5% NGS
for 1 hour at room temperature. Sections were incubated with anti-C1q antibody 1:200
(Abcam) or anti-C1q antibody and anti-CD68 antibody 1:200 (Invitrogen). Slides were
incubated with primary antibody overnight at 4°C. Sections were washed 3 times with
PBS and incubated anti-rabbit 647 1:500 (Invitrogen) for C1q alone or with anti-rabbit
488 1:500 and anti-mouse 647 1:500 for C1q and CD68 costain. Slides were incubated
with secondary antibodies for 2 hours at room temperature. Slides were washed and
counterstained with hoechst (Sigma-Aldrich) and mounted using Mowiolâ 4-88.
Staining was analysed using a confocal laser scanning microscope Axio Observer Z1
inverted microscope equipped with a Zeiss LSM 700 T-PMT scanning unit and a 40x
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plan apochromat objective. Image analysis was carried out using LSM ImageBrowser
and Image J.

2.26 Photo-oxidative stress model of retinal degeneration (Collaboration-Australian
National University)
C57BL/6J mice (8 weeks old) received a single intravitreal injection of either an antiTLR2 antibody or IGG control (3µg per eye). Animals were then exposed to 100Klux
light for 7 days to induce photo-oxidative damage, as described previously (Natoli et al.,
2016). Following photo-oxidative damage, animals were euthanized and eyes collected
for histological analysis. Retinal cryosections were stained with TUNEL (Roche) to
detect photoreceptor cell death. C3 immunohistochemistry was performed using anti-C3
antibody 1:100 (Abcam), and C3 positive cells/deposits in the outer retina (between the
ONL and RPE) were counted per retinal section.

2.27 Immunohistochemistry human Tissue
Human donor eyes were obtained from the Iowa Lions Eye Bank (Iowa City, IA, USA).
Eyes were preserved within 8 hours of death and an 8-mm punch of the neural retina,
RPE, choroid and sclera was taken from the macula. Eye punches were fixed in 4%
paraformaldehyde and cryopreserved through a series of sucrose gradients. Punches were
embedded in 20% sucrose in OCT. 7 micron sections were cut on a cryostat and sections
were stored at 4°C, or -80°C for long term storage. Donor tissue was stained using
antibodies for TLR2 1:100 (Abcam), MyD88 1:50 (Genetex), Mal 1:50 (Abcam) or C3d
1:2000 (Dako). Tissue sections were brought to room temperature for 30 minutes prior
to staining. Sections were blocked in 1% normal horse serum for 20 minutes at room
temperature. Sections were incubated with primary antibodies diluted in blocking
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solution for 30 minutes at room temperature. Sections were washed 3 times for 5 minutes
with PBS and incubated with biotinylated anti-rabbit secondary antibody (Vector
Laboratories) for 30 minutes. Sections were again washed 3 times for 5 minutes in PBS
and incubated with VECTASTAINⓇ ABC reagent for 30 minutes. Excess reagent was
washed off and sections were developed using the VIP developer Kit (Vector
Laboratories) for 30 seconds-2 minutes depending on the antibody used. Sections were
dehydrated in ethanol and mounted using permount (Fisher Scientific). Images were
captured using a BA-41 Olympus microscope at 20x or 40x magnification.

2.28 Statistical analysis
Data was analysed using Graph Pad Prism software (Graph Pad Prism, San Diego, CA).
Two-tailed student’s t test was used to access differences between wildtype or
treated/knockout mice. One-way ANOVA was used to investigate differences in gene
expression values. Post-hoc analysis; Tukey post-test, where p-values of P<0.05 were
considered statistically significant.
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Chapter 3
Localisation of TLR2, it’s adaptors and C3 in
healthy and AMD donor eyes.
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3.1 Introduction
3.1.1 Structure of retina
The retina is located at the back of the eye and is responsible for vision. The choroid acts
as the blood supply to the retina and is separated by Bruch’s membrane from the RPE.
The RPE is in direct contact with the Photoreceptors. Rod and cone photoreceptors are
specialised neurons and contain opsins which respond to dim or bright light respectively
for day or night time vision. Rods outnumber cones 20:1 and the majority of cones are
present within the centre of the macula, an area called the fovea (Curcio, 2001).
Photoreceptors have outer and inner segments, a cell body and an axon. The outer
segments are unique; rod shaped segments contain stacks of membrane bound disks of
rhodopsin whereas, cone shaped outer segments contain discs of photo-opsins which
respond to different wavelengths of coloured light. The inner segments contain
mitochondria and other cell organelles while the cell body contains the nucleus.
Photoreceptors are one of six different neurons comprising the neural retina. Neurons are
arranged into 7 defined horizontal layers. The first layer is in direct contact with the RPE
and contains the photoreceptor outer and inner segments. The outer nuclear layer (ONL)
contains the photoreceptor cell body. The outer plexiform layer (OPL) is the first of two
synaptic layers where rods and cones form synapses with horizontal and bipolar cells.
The inner nuclear layer (INL) contains the cell bodies of horizontal, bipolar and amacrine
cells. The second synaptic layer the inner plexiform layer (IPL) contains synapses
between bipolar or amacrine cells and ganglion cells. Ganglion cell bodies are located
within the ganglion cell layer (GCL). It is the ganglion cell axons, in the nerve fibre layer
(NFL), that transmit signals directly to the optic nerve. Light entering the eye passes
through this complex network of neurons and is absorbed by the photoreceptor outer
segment discs. Opsin binds to 11-cisretinal inducing a structural change to form all-trans
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retinal and initiating photo-transduction. Neurotransmitters are released from the axon of
the photoreceptor and a light signal is transmitted via this network of neurons to the brain
via the optic nerve (Sung and Chuang, 2010). Homeostasis is maintained in the neural
retina by glial cells; Muller glia, microglia and astrocytes.

NFL

NFL

Ganglion cell

GCL

GCL

IPL
Amacrine cell

IPL

INL

Bipolar cell
Horizontal cell

INL

OPL

Rod

OPL

Cone

ONL

ONL

OS

OS

RPE
BM

RPE

Choroid

Choroid

Figure 3.1 Structure of the neural retina. The Choroid is separated by Bruch’s Membrane (BM) from
the retinal pigment epithelium (RPE). The RPE is a layer of pigmented cells supporting the photoreceptor
outer segments (OS). Photoreceptor cell bodies are located within the outer nuclear layer (ONL) and form
synapses with horizontal and bipolar cells in the outer plexiform layer (OPL). Cell bodies of horizontal,
bipolar and amacrine cells are located within the inner nuclear layer (INL). Amacrine and bipolar cells
form synapses with ganglion cells in the inner plexiform layer (IPL). Ganglion cell bodies are located
within the ganglion cell layer (GCL). Axons from ganglion cells in the nerve fibre layer (NFL) transmit
visual signals to the optic nerve. H&E image demonstrating the layers of the neural retina in a wildtype
mouse.
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3.1.2 Structural changes in AMD.
Pathological hallmarks of early AMD include accumulation of lipofuscin in the RPE,
thickening of BM, drusen deposition and basal deposit accumulation. Many of these
structural changes occur in the retina as a natural consequence of aging, however are
often more exaggerated in AMD. The RPE contains two types of pigment, lipofuscin and
melanin. Lipofuscin is thought to be produced as a result of inefficient clearance of
photoreceptor outer segments and accumulates in the RPE with age. BM is composed of
5 layers: the RPE basement membrane, the inner collagenous layer, the elastic layer, the
outer collagenous layer and the choriocapillary endothelial cell basement membrane
(Feeney-Burns and Ellersieck, 1985). The collagen and elastin layers of BM become less
defined and thicken with age. Extracellular deposits accumulate between BM and the
RPE with age. Small “hard” circular drusen deposits accumulate as a normal consequence
of aging whereas large “soft drusen” precedes early AMD. Basal laminar deposits
(BlamD) composed of extracellular matrix components accumulate between the RPE and
the basal membrane of BM. Basal linear deposits (BlinL) composed of lipid debris
accumulate between the RPE and inner collagen layer of BM and are a specific marker
for AMD. As AMD progresses, atrophy of the RPE and photoreceptor cell death lead to
central vision loss. Selective rod photoreceptor loss occurs in the macula with age very
slowly at a rate of 2rods/mm2 of retina per year (Curcio, 2001). Rod photoreceptor cell
death in AMD occurs secondary to RPE cell atrophy. Choroidal thickness decreases with
increasing age (Wakatsuki et al., 2015). Eyes with GA have significantly thinner choroids
than aged matched controls and early AMD eyes (Sohn et al., 2014). Mast cells and
macrophages are the most abundant leukocytes within the healthy choroid. In early stage
AMD increased mast cells and macrophages are observed directly below BM. AMD
progression is associated with increased leukocyte number in aberrant locations. The
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highest number of macrophages are found within CNV lesions and mast cells have been
identified crossing breaks in BM.

3.1.3 Complement deposition patterns in AMD.
Proteomic and immunohistochemical analysis have identified an abundance of
complement proteins in drusen deposits (Crabb et al., 2002, Anderson et al., 2010,
Anderson et al., 2002). Genetic studies support a role for aberrant complement activity
in AMD pathology. A variant in CFH has been reported to increase risk of AMD 2.5-6
fold (Seddon et al., 2007). Additional variants in a number of complement-related genes
have been associated with AMD risk, including CFB, C2, C3, CFI and C9 (Yates et al.,
2007, Berkley, Despriet et al., 2009, van de Ven et al., 2013, Seddon et al., 2013, Gold
et al., 2006). SNPs in complement factors CFB, CFH/C2 account for ~75% of genetic
risk of developing AMD. Accordingly, over activation of complement and in particular
the alternative pathway is believed to be involved in AMD pathogenesis. Congruent with
this, the deposition of C3 and C5 (Hageman et al., 2001, Anderson et al., 2010, Nozaki
et al., 2006), as well as the presence of the membrane attack complex (MAC) (Chirco et
al., 2016), have been demonstrated in donor eyes with AMD. Individuals with high risk
CFH genotype had 68% more MAC (Mullins et al., 2011a). Thus, providing evidence
that genetic risk factors can drive complement activation and associate with AMD
pathology.

3.1.4 Source of complement in AMD.
The molecular triggers that initiate complement fixation in individuals with no apparent
genetic risk remain unknown. The liver is the primary site of complement factor
production. Complement proteins produced by the liver circulate in the plasma surveying
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for damage. Complement can be produced locally at lower levels by selective cell types
(Morgan and Gasque, 1997). This local production may be particularly important in the
brain and the eye, organs that are protected from circulating factors by the blood-brain or
blood-retinal barriers. Expression studies have demonstrated high levels of complement
in the RPE/Choroid where the choroid is believed to be the major contributor (Anderson
et al., 2010). In addition, AMD patients have been reported to have increased circulating
complement factors compared to age matched controls (Scholl et al., 2008), providing
evidence for systemic changes in complement in AMD. Locally produced complement
rather than systemic may be important in AMD pathogenesis. Khandhadia et al., reported
patients who received a liver transplant, which altered their systemic CFH genotype, had
no effect on their risk of developing AMD. Thus, local CFH production in the eye is the
risk determining factor for AMD. (Khandhadia et al., 2013). Furthermore, a recent study
has demonstrated that complement factors are unable to cross BM, therefore implying
local complement production by either the RPE or neural retina (Clark et al., 2017).
Complement factor C3 is located above BM in early AMD and therefore, is likely to be
produced by local sources. Microglia are the resident immune cells in the retina and can
produce complement (Luo et al., 2011) however, given the RPE is in direct contact with
BM and can act as a local source of complement production it is more likely the source
of deposited C3 (Zhang et al., 2015). However, the triggers initiating production remain
unknown.

3.1.5 TLR activation induces complement deposition.
TLRs have been shown to activate local complement factor production. TLR ligation has
been shown to increase CFB production in vitro (Kaczorowski et al., 2010), while in vivo,
C3 deposition was markedly decreased in mice deficient in TLR4 post ischemia in the
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intestine (Pope et al., 2010). Furthermore, inhibition of TLR2 by monoclonal antibody
led to a decrease in C3d deposition in renal transplant ischemia-reperfusion injury (Farrar
et al., 2012). Interestingly, a study by Stott B et al demonstrated that blocking TLR2
produced complete and near-complete inhibition of photodynamic-therapy-induced C3
and C9 up-regulation respectively in tumour cells, whereas blocking TLR4 was not as
effective at inhibiting complement factor upregulation (Stott and Korbelik, 2007). The
role for TLRs in AMD, is relatively understudied, and reports are mainly confined to
genetic investigations, with several contradicting reports of associations between various
SNPs in TLRs and risk of AMD (Guven et al., 2016, Ma et al., 2016). Expression studies
have revealed the RPE express an abundance of TLR 2,3 and 4 (Kumar et al., 2004)
however, few studies have reported the localisation of TLRs in the human retina.
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3.1.6 Hypothesis and Aims
Given the apparent association between TLR2 and C3 deposition and the evidence for an
endogenous TLR2 activator in AMD donor eyes (discussed in detail in chapter 4), we
wished to determine the localisation of TLR2 and its adaptor proteins Mal and MyD88
in human AMD donor eyes compared to age matched non-disease controls. We also
examined C3 deposition patterns in the same cohort. Secondly, we wished to determine
whether the NaIO3 model of retinal degeneration would be useful in studying the
mechanism of C3 deposition in AMD.
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3.2 Results
3.2.1 TLR2 is expressed in the RPE of healthy and AMD donor eyes.
The RPE expresses multiple TLRs including TLR2, however, the localisation of TLR2
had not been reported in human donor eyes until recently (Feng et al., 2017b). We
investigated the expression of TLR2 in healthy donors, with no disease, and in AMD
donor eyes. TLR2 staining was observed in the RPE in healthy donor eyes compared to
secondary only control (Fig. 3.2.1a, b). Immunoreactivity was specific to either the RPE
or Choroid with no staining evident between the RPE and BM. TLR2 expression was
mainly restricted to the apical and basolateral membrane of the RPE in healthy eyes while
no RPE staining was observed in the control section (Fig. 3.2.1c, d black arrows).
TLR2+ve choroidal cells were observed below BM in 1 of 4 control eyes when compared
to their corresponding controls (Fig. 3.2.1e, f). RPE atrophy was evident in AMD donor
eyes however, clear TLR2 expression was still observed in the membrane and cytosol of
the RPE whereas, no staining was evident in the control (Fig. 3.2.1g, h). We observed
areas of intact RPE with clear apical and basolateral TLR2 staining (Fig. 3.2.1i, j).
Furthermore, choroidal vessel walls stained positively for TLR2 in 3 of 5 donors with no
apparent staining present in secondary only control sections (Fig. 3.2.1k, i). In contrast
to healthy donor eyes where we found TLR2+ve choroidal cells in 1 of 4 donors, we
observed positive cells in the choriocapillaris in 3 of 5 AMD donor eyes (Fig. 3.2.1m, n
red arrows). No positive staining was observed the corresponding secondary only control
(Fig. 3.2.1n).
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TLR2 is expressed in the RPE of healthy and AMD donor eyes
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Figure 3.2.1 TLR2 is expressed in the RPE of healthy and AMD donor eyes.
Immunohistochemistry of TLR2 (purple) in (a-f) healthy non-disease donor and (g-n)
AMD donor eyes, compared to secondary only control. (a&g) 20x representative images
and (c, e, i, k, m) zoomed images to highlight differences in immunoreactivity. TLR2 is
visible in the RPE (c&i black arrows) and in choroidal cells (e, k&m red arrows) of both
healthy and disease eyes and in vessel walls in the AMD donor eye (k green arrow).
Images representative of N=4 non-disease donor eyes, N=5 AMD donor eyes. RPE:
retinal pigment epithelium; BM: Bruch membrane.
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3.2.2 MyD88 is expressed in healthy and AMD donor eyes.
TLR2 utilises two adaptor proteins MyD88 and Mal to initiate signal transduction
therefore, we characterised deposition patterns of the TIR adaptor protein MyD88 in
healthy and AMD donor eyes. We observed positive reactivity in the RPE and choroid of
healthy donors and no staining was observed in the corresponding secondary only
controls (Fig. 3.2.2a, b). MyD88 +ve myeloid cells were observed below BM in 2 of 4
non-diseased eyes whereas, no positive cells were seen in the corresponding controls
(Fig. 3.2.2c, d red arrows). Large round structures at the basolateral surface of the RPE,
likely RPE nuclei stained positive in 3 out of 4 healthy donor eyes whereas, no
immunoreactivity was present in the RPE of secondary only control sections (Fig. 3.2.2c,
d, e, f black arrows).

In early AMD donor eyes, we observed MyD88 positive staining at the basolateral RPE
surface and in the choroid when compared to secondary only controls (Fig. 3.2.2g, h).
Positive staining was seen in choroid vessel walls in 2 of 5 donors (Fig. 3.2.2g green
arrow). MyD88 was observed outside the nucleus, in a liner manner at the basolateral
RPE membrane in 4 out of 5 donors and no RPE staining was seen in corresponding
secondary controls (Fig. 3.2.2i, j, k, l, m, n black arrows). MyD88 positive cells were
observed in the choroid of 4 out of 5 donors (Fig. 3.2.2i, k, m red arrows), which are
likely mononuclear cells within choroidal vessels. Interestingly, we report MyD88
staining within the center and coating the surface of a drusen deposit (Fig. 3.2.2m blue
arrow). We observed weak MyD88 staining in donor eyes with GA compared to
secondary only controls (Fig. 3.2.3a, b). However, MyD88 reactivity was evident within
the RPE with no RPE staining observed in the secondary control (Fig. 3.2.3c, d). Similar
to early AMD donor eyes we observed clear MyD88 immunoreactivity in the RPE and
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choroid of donor eyes with CNV and no MyD88 positivity was observed in antibody
control sections (Fig. 3.2.3e, f). Large MyD88+ve choroidal cells, possibly infiltrating
macrophages given their size, were present in MyD88 stained sections and not control
sections (Fig. 3.2.3g, h red arrows). MyD88 was observed within the RPE in deposits at
the basolateral surface and no staining was present in the corresponding secondary
control (Fig. 3.2.3i, j). Overall we observed changes in the localisation of MyD88 in
AMD donor eyes compared to age matched controls. Nuclear MyD88 immunoreactivity
was observed in the RPE of healthy donors, whereas liner basolateral membrane staining
was observed in early AMD and GA. It is possible this change in localization may
correlated with recruitment to the RPE membrane to facilitate TLR signaling in AMD.
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MyD88 is expressed in healthy and AMD donor eyes
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Figure 3.2.2 MyD88 is expressed in healthy and AMD donor eyes.
Immunohistochemistry of MyD88 (purple) in (a-f) healthy non-disease donor and (g-n)
AMD donor eyes, compared to secondary only control. (a&g) 20x representative
images and (c, e, i, k, m) zoomed images to highlight differences in immunoreactivity.
MyD88 is visible in the RPE nuclei (c&e black arrows) and within choroidal cells (c
red arrows) in the healthy donor eyes. A linear pattern of MyD88 staining is visible on
the RPE in disease eyes (i, k, m black arrows). MyD88 expression is visible in
choroidal cells (l, k, m red arrows) and in vessel walls in the AMD donor eye (k green
arrow). Positive staining is visible in the center of a drusen deposit in one AMD donor
(m blue arrow). Images representative of N=4 non-disease donor eyes, N=5 AMD
donor eyes. RPE: retinal pigment epithelium; BM: Bruch membrane.
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MyD88 is expressed in AMD donor eyes with GA and CNV
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Figure 3.2.3 MyD88 is expressed in AMD donor eyes with GA and CNV.
Immunohistochemistry of MyD88 (purple) in (a-d) AMD donor eye with geographic
atrophy (GA) and (e-j) AMD donor eyes with choroidal neovascularization (CNV)
compared to secondary only control. (a&e) 20x representative images and (c, g, i)
zoomed images to highlight differences in immunoreactivity. Weak immunoreactivity
is visible in the choroid (a) and sub-RPE (c black arrows)) in donor eyes with GA.
MyD88 immunoreactivity is observed in the choroid (e), RPE (g, i black arrows) and
large choroidal cells (g red arrows) in donors with CNV. Images representative of N=3
GA donor eyes, N=4 CNV donor eyes. RPE: retinal pigment epithelium; BM: Bruch
membrane.
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3.2.3 Mal is expressed in healthy and AMD donor eyes.
Next, we assessed localisation of the TIR adaptor protein Mal in healthy and AMD
donors. We observed clear expression in the RPE and choroid in healthy donors which,
was absent in secondary only control sections (Fig. 3.2.4a, b). Mal was mainly localised
to the apical and basolateral membranes of the RPE whereas, no immunoreactivity was
observed in antibody only controls (Fig. 3.2.4c, d, e, f black arrows). Cells that make up
the choroidal vasculature (Fig. 3.2.4c) and choroidal vessel walls stained positive for Mal
in non-diseased donors (Fig. 3.2.4g green arrows) and no choroidal staining was seen in
secondary control sections (Fig. 3.2.4 h). Similarly, we observed strong Mal expression
at the RPE membrane and within the choroid of all 5 early AMD donors and no positive
staining in secondary only controls (Fig. 3.2.4i, j). Mal expression was observed within
the RPE in 3 of 5 donors while no expression was observed in antibody controls (Fig.
3.2.4k, l). We noticed circular Mal +ve structures basolateral to the RPE which, may have
migrated from the choroid. Similar to healthy donors we observed defined Mal staining
at the apical and basolateral RPE membrane with no RPE staining observed in control
stained sections (Fig. 3.2.4m, n). An increase in the number of Mal +ve choroidal
mononuclear cells was found in 4 out of 5 AMD donors when compared to antibody
control and healthy donor sections (Fig. 3.2.4 m, n). Like in non-diseased eyes we
observed Mal expression in choroidal vessels walls of healthy donors (Fig. 3.2.4o, p).
Mal staining was considerably weaker in donor eyes with GA (Fig. 3.2.5a) and therefore,
we are hesitant to comment on the location of Mal in these cases. As AMD progresses to
CNV weaker expression of Mal is present in the RPE, and choroid indicated by the higher
level of background reactivity in the secondary only control due to increased
development time (Fig. 3.2.5 c, d). However, the localisation of Mal to the RPE
membrane is still apparent and expression was observed in cells sub-RPE not evident in
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the antibody control (Fig. 3.2.5c, f). We noted more irregular staining within the RPE
cell monolayer in all 3 donors (Fig. 3.2.5g) and no positive staining was observed in
secondary control sections (Fig. 3.2.5h).
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Mal is expressed in healthy and AMD donor eyes
Non-disease donor eye

Mal
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Figure 3.2.4 Mal is expressed in healthy and AMD donor eyes. Immunohistochemistry
of Mal (purple) in (a-h) healthy non-disease donor and (i-p) AMD donor eyes, compared
to secondary only control. (a&i) 20x representative images and (c, e, g, k, m, o) zoomed
images to highlight differences in immunoreactivity. Mal is visible in the choroid (a),
localized to the apical and basolateral RPE (c&e black arrows) and within choroidal
vessel walls (g green arrows) in the healthy donor eyes. Strong Mal staining is observed
in the choroid (i) at the apical and basolateral RPE membrane and within the RPE (k, m).
An increased in Mal positive choroidal cells is visible in donor eyes with AMD (k, m).
Mal is also observed in vessel walls (o). Images representative of N=4 non-disease donor
eyes, N=5 AMD donor eyes. RPE: retinal pigment epithelium; BM: Bruch membrane.
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Mal is expressed in AMD donor eyes with GA and CNV
AMD donor eye with GA
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RPE
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Figure 3.2.5 Mal is expressed in AMD donor eye with GA and CNV.
Immunohistochemistry of Mal (purple) in (a,b) AMD donor eye with geographic atrophy
(GA) and (c-h) AMD donor eyes with choroidal neovascularization (CNV) compared to
secondary only control. (a&c) 20x representative images and (e, g) zoomed images to
highlight differences in immunoreactivity. Weak immunoreactivity is visible in the
choroid (a) of donor eyes with GA. Mal immunoreactivity is observed in the choroid (c),
apical and basolateral RPE membranes (e, g black arrows) and in choroidal cells (e red
arrows) in donors with CNV. Images representative of N=3 GA donor eyes, N=4 CNV
donor eyes. RPE: retinal pigment epithelium; BM: Bruch membrane.
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3.2.4 C3d staining is observed in the choroid of healthy and AMD donor eyes
We assessed deposition patterns of the catabolic fragment of C3, C3d (schematic below),
in non-diseased human donor eyes. C3d was evident in the choriocapillaris in the aged
healthy eyes and no immunoreactivity was observed in secondary only control sections
(Fig. 3.2.6a, b). There was a clear absence of C3d staining between the RPE and BM
(Fig. 3.2.6 c, d). C3d expression was observed throughout the choroid but was strongest
in capillaries when compared to antibody only control (Fig. 3.2.6 e, f). C3d was similarly
observed, although more abundantly, in the choriocapillaris in AMD donor eyes, and was
also evident between the RPE and BM in 4 of 5 AMD donors (Fig. 3.2.6g). No staining
was evident in the sub-RPE space or choroid of secondary only controls (Fig. 3.2.6h).
C3d immunoreactivity was present in distinct spherical profiles which, were not evident
in antibody control sections (Fig. 3.2.6i, j red arrows) and fixed in a linear pattern within
basal deposits beneath the RPE (Fig. 3.2.6k, l blue arrow). We observed stronger C3
staining in the capillary walls of AMD donors than age match healthy eyes taking into
account control stained tissue (Fig. 3.2.6m, n).
C3 convertase

C3

CFB

C3bBb

C3c

C3f

C3g

C3a
C3b

C3dg

iC3b

C3d

Schematic Breakdown of C3. C3 activation via the complement cascade results is cleavage of C3 to form
the anaphylatoxin C3a and C3b. C3b in the presence of CFB forms the C3 convertase which goes on to
cleave additional C3 molecules. C3b can also be degraded sequentially by complement regulator factors
terminating in the formation of C3d.
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C3d staining is observed in the choroid of healthy and AMD
donor eyes
Non-disease donor eye

C3d
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Figure 3.2.6 C3d staining is observed in the choroid of healthy and AMD donor eyes.
Immunohistochemistry of C3d (purple) in (a-f) healthy non-disease donor and (g-n)
AMD donor eyes, compared to secondary only control. (a&g) 20x representative images
and (c, e, i, k, m) zoomed images to highlight differences in immunoreactivity. Strong
immunoreactivity is visible in the choroid (a) below Bruch’s membrane (BM) (c,e) in
non-diseased donors. C3d deposits are visible between the RPE and BM in AMD donors
(a) in infiltrating choroidal cells (i red arrows) and in basal deposits (k blue arrow). Strong
staining is also observed in the choriocapillaris (m) of AMD donor eyes. Images
representative of N=4 non-disease donor eyes, N=5 AMD donor eyes. RPE: retinal
pigment epithelium; BM: Bruch membrane.
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3.2.5 Sodium iodate (NaIO3) induces retinal degeneration in mice.
Intravenous (IV) injection of the oxidising agent NaIO3 is an acute model of retinal
degeneration. RPE blebbing and atrophy occur as a result of oxidative stress, leading to
rapid photoreceptor cell death (Kannan and Hinton, 2014). Interestingly, increased
complement C3 mRNA expression and increased C3 deposition in whole eye flat mounts
has been reported in this model (Li et al., 2006). We wished to determine whether the
NaIO3 model would be a useful tool for studying the mechanism behind complement
deposition in AMD. Mice were injected IV via the tail vein with NaIO3 and 2, 3 or 7 days
post injection mice were euthanatized. Eyes were enucleated and prepared for
histological examination. At day 0 we observed normal retinal histology (Fig. 3.2.7a). 2
days after NaIO3 injection very little change was observed in either the RPE or retinal
structure (Fig. 3.2.7b) however, by day 3 clear RPE blebbing (red arrows) and thinning
of the ONL is observed in places (Fig. 3.2.7c). RPE blebbing is exacerbated after 7 days
and folding of the photoreceptor ONL is observed (Fig. 3.2.7d).
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Sodium iodate (NaIO3) induce retinal degeneration in mice.
GCL

Control

2 Days NaIO3

3 Days NaIO3

7 Days NaIO3

a
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Figure 3.2.7 Sodium iodate (NaIO3) induces retinal degeneration in mice. Wildtype
C57Bl6 mice were injected intravenously (IV), via tail vein, with either NaCl control or
NaIO3. Eyes were enucleated 2,3 and 7 days later and prepared for
immunohistochemistry. Representative images of H&E stained tissue. RPE: retinal
pigment epithelium; ONL: Outer nuclear layer; INL: Inner nuclear layer; GCL: Ganglion
cell layer.
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3.2.6 Tail vein NaIO3 injection increased complement activation in the
RPE/Choroid.
Li et al, reported increased C3 mRNA expression in the RPE/choroid 2 and 3 days after
NaIO3 injection. We wanted to examine whether this increase in mRNA corresponded to
increased protein expression. Two days after NaIO3 or saline (NaCl) administration mice
were euthanatised. Eyes were enucleated and carefully dissected to obtain clean
RPE/choroid tissue. Tissue was lysed and homogenised, protein was quantified and we
assessed changes in C3 and CFB by western blot. Our C3 antibody recognises C3d
present in the full length C3 alpha chain and cleavage fragments C3b and C3d. We
observed increased levels of the C3 alpha chain in NaIO3 injected mice compared to
saline injected animals, corresponding to expression of the full length C3 protein.
Moreover, we observed increased expression of iC3b an activation fragment indicating
NaIO3 induces C3 activation (Fig. 3.2.8). CFB is the initiating member of the alternative
pathway which, has been implicated in AMD pathogenesis. NaIO3 injection increased
CFB protein expression compared to saline injected controls (Fig. 3.2.8).
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Tail vein NaIO3 injection increase complement activation in
the RPE/Choroid
250kDa

NaCl injected

NalO3 injected
C3α 113kDa

95kDa

iC3b 68kDa

55kDa

iC3b 43kDa
C3d 41kDa
35kDa

CFB 90kDa

CFB 90kDa

Figure 3.2.8 Tail vein NaIO3 injection increase complement activation in the
RPE/Choroid. Wildtype C57Bl6 mice were injected intravenously (IV), via tail vein,
with either NaCl control (n=6) or NaIO3 (n=7). Eyes were enucleated 2 days later and
dissected to obtain RPE/Choroid tissue. Tissue was lysed in RIPA, protein was quantified
and C3 and CFB expression was assayed by western blot. Each lane contains protein
isolated from the RPE/Choroid of a single mouse. Lanes 1-6 contain protein isolated from
NaCl injected mice and lanes 7-13 contain protein from NaIO3 injected mice.
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3.2.7 C3d is deposited on the RPE in NaIO3 injected mice.
We next assessed the deposition pattern of C3d in paraffin embedded sections from saline
and NaIO3 injected mice 3days post injection. We observed weak C3d staining
basolateral to the RPE in saline injected mice (Fig. 3.2.9a). In contract we observed strong
C3d staining coating the RPE on both the apical and basolateral surface in NaIO3 injected
mice (Fig. 3.2.9b).

82

C3d is deposited on the RPE in NaIO3 injected mice
a
INL

C3d
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Figure 3.2.9 C3d is deposited on the RPE in NaIO3 injected mice. Wildtype C57Bl6
mice were injected intravenously (IV), via tail vein, with either NaCl control or NaIO3.
Eyes were enucleated 3 days later fixed and embedded in paraffin for
immunohistochemical analysis of C3d (red) and nuclear stain hochest (blue). RPE: retinal
pigment epithelium; ONL: Outer nuclear layer; INL: Inner nuclear layer.
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3.3 Discussion
Alternative complement pathway activation is believed to be central to AMD pathology
and complement accumulation in the choriocapillaris is a hallmark of disease.
Complement production primarily occurs in the liver and circulates in the blood plasma.
The C3 immunoreactivity observed in the choriocapillaris in both healthy and AMD
donor eyes is circulating complement produced by the liver. We confirmed previous
reports of aberrant C3 deposition above BM directly basolateral to the RPE and in AMD
donor eyes (Anderson et al., 2010). The mechanism underlying the deposition of C3 in
the sub-retinal space remains unknown. Clark et al., have reported that C3 cannot diffuse
across BM (Clark et al., 2017) and therefore, we propose, must be formed locally. Given
that C3 is deposited directly basolateral to the RPE it seems a likely source of complement
production. RPE cells are professional phagocytes and express a wide range of TLRs
similar to macrophages (Kumar et al., 2004). TLR activation can directly increase CFB
expression in macrophages (Kaczorowski et al., 2010) and blocking TLR2 has been
shown to reduce C3 deposition in the kidney of a mouse model of ischemia reperfusion
injury (Farrar et al., 2012). We observed expression of TLR2 and its signalling adaptor
proteins MyD88 and Mal at high levels in the RPE. Feng et al., have recently reported
the first evidence of TLR2 immunohistochemistry in healthy and AMD donor eyes (Feng
et al., 2017b). They similarly observed high expression of TLR2 on the RPE and, in
addition, they report increased NF-kB expression which they correlate to increased TLR2
activation with AMD progression. We observed stronger TLR2 staining in early AMD
patients when compared to age matched controls, supporting a role for increased TLR2
activation in AMD. We also observed an increase in the number of TLR2 and Mal
positive cells in the choroid which are more than likely mononuclear cells or
macrophages indicative of a more pro-inflammatory environment. Interestingly, MyD88
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also appeared to be localised to the nucleus in the RPE of healthy donors. In contrast,
distinct MyD88 expression at the RPE membrane was observed in early AMD. Given
that MyD88 is recruited to TLR2 following its activation this change in location further
supports a role for increased TLR2 activation in AMD. Mal was observed at both apical
and basolateral RPE membranes however increased basolateral expression was observed
in early AMD. The expression of both Mal and MyD88 is less defined in the RPE at late
stage disease, possibly as a result of RPE degradation. Altogether, these findings suggest
TLR2 and its adaptor proteins are expressed locally in the eye by the RPE, with altered
localisation of the bridging adaptors Mal and MyD88 in early AMD, potentially
indicating increased TLR2 activation.

In order to begin to elucidate, the molecular mechanism, responsible for C3 deposition
sub-RPE in AMD patients, we needed to choose a mouse model that mimicked closely
the deposition pattern observed in AMD donor eyes. C3 mRNA expression has
previously been reported to be upregulated in an acute model of retinal degeneration.
Tail vein injection of NaIO3 causes oxidative stress in the RPE, inducing atrophy, which
is followed by photoreceptor cell death. Oxidative stress is a major risk factor for AMD
and the pathology of RPE death, followed by photoreceptor cell death mirrors the
situation occurring in AMD patients. Furthermore, we observed C3d deposition coating
the RPE and increased CFB and activated C3 protein expression. Therefore, we believe
NaIO3 induced RD is an appropriate model for studying the mechanism of complement
deposition in AMD.
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Chapter 4
TLR2 bridges oxidative stress to complement
activation
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4.1 Introduction
4.1.1 Oxidative stress.
Reactive oxygen species (ROS) are unstable forms of oxygen due to unpaired electrons
formed as a result of oxygen (O2) consumption for energy production. O2 is required for
oxidative phosphorylation a process where NADH is converted to a usable energy source
ATP by a series of electron transfers in mitochondrial membranes. In the final step O2 is
reduced to H2O. Low levels of ROS superoxide anion (O2-) are released from
mitochondria as a by-product of energy production. ROS are also produced by enzymatic
conversion of O2 to H2O. NADPH oxidise activity in leukocytes, monocytes and
macrophages produces O2- in response to phagocytosis, O2- is highly unstable and is
rapidly converted to hydrogen peroxide (H2O2) by superoxide dismutase (SOD) (Birben
et al., 2012). SOD is an antioxidant which functions to stabilise ROS. Interestingly RPE
phagocytosis of photoreceptor outer segments results in increased H2O2 (Tate et al.,
1995). At low levels ROS play a role in regulating homeostasis and survival in multiple
cell types including the RPE, however oxidative stress occurs when the balance between
ROS production and removal by antioxidants is disrupted (Datta et al., 2017).

Multiple factors can tip the balance from homeostasis to oxidative stress. Antioxidant
levels decline as a natural consequence of aging, promoting oxidative stress. Exogenous
sources can also contribute, for example, cigarette smoke contains superoxide (Church
and Pryor, 1985) thereby putting pressure on antioxidants to stabilise excess ROS. The
accumulation of excessive ROS can lead to modification of proteins, nucleic acids,
carbohydrates and lipids. Lipids are modified by oxidative stress in a process termed lipid
peroxidation. Free radicals aim to stabilise themselves by “stealing” an electron which
are normally provided by antioxidants. When there are insufficient antioxidants present
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free radicals try to obtain an electron from an alternative source. Polyunsaturated fatty
acids (PUFA) contain more than one double bond in their backbone making them highly
susceptible to oxidation by lipid peroxidation. During lipid peroxidation ROS react with
hydrogen to produce H2O and fatty acid radicals activating a chain reaction. End products
of lipid peroxidation are reactive aldehydes malondialdehyde (MDA) and 4hydroxynonenal (4-HNE) or hydroxyl-w-oxoalkenoic acid HODA, HOOA and HOHA
(Ayala et al., 2014).

4.1.2 Oxidative stress in the retina
Smoking is the largest modifiable risk factor for AMD, consequently, oxidative stress
has been implicated in this disease. The retina is particularly susceptible to free radical
production because of its high consumption of oxygen, its high proportion of
polyunsaturated fatty acids, and its exposure to visible light. This is reflected by the fact
that antioxidant supplementation is beneficial in preventing AMD progression (2001,
2013). The retina is a rich source of PUFAs. Photoreceptor outer segments are rich in
docosahexaenoate (DHA)-containing lipids. DHA is readily oxidised in the presence of
ROS through lipid peroxidation, resulting in HOHA production. HOHA undergoes
spontaneous deacetylation to produce the reactive aldehyde HOHA-lactone. HOHA
lactone reacts with amino groups on proteins or ethanolamine phospholipids to generate
2-(w-carboxyethyl)pyrrole (CEP) adducted proteins or lipids (Figure 4.1.1) (Wang et al.,
2015). CEP-adducted proteins are found in abundance in rod photoreceptor outer
segments, the RPE and in drusen deposits in the eyes of patients with AMD compared
with age-matched controls (Wang et al., 2014, Crabb et al., 2002, Gu et al., 2003).
Furthermore, increased CEP is detected in the serum of AMD patients compared to
controls and may be a direct result of lipid peroxidation in the eye. The CEP precursor
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HOHA-lactone can diffuse across cell membranes into the circulation where it can react
with proteins or lipids to form CEP modifications. Substantial effort, has been put into
understanding how CEP-adducted proteins could contribute to AMD pathogenesis. CEPadducts were first shown to increase angiogenesis in endothelial cells in a model of
wound healing. Of note, the receptor that recognised CEP-adducts in this case was
identified as the innate immune receptor TLR2 (West et al., 2010). Additional studies
found that CEP-ethanolamine phospholipids (EP) could promote angiogenesis in a TLR2
dependent manner (Wang et al., 2014). In support of the role of TLR2 in mediating the
angiogenic capacity of CEP-adducts in endothelial cells, two mouse models of choroidal
neovascularization (CNV), spontaneous and laser-induced, have recently shown that
blocking TLR2 is efficacious in reducing CNV lesion size (Marneros, 2016, Feng et al.,
2017b).

Oxidation

DHA

Spontaneous
deacetylation

Protein

HOHA-lactone

CEP-adducted protein

Figure 4.1.1 DHA oxidation. The polyunsaturated fatty acid docosahexaenoate acid (DHA)- is readily
oxidised to HOHA which, undergoes spontaneous deacetylation to produce HOHA-lactone a biologically
active intermediate. HOHA reacts with proteins or lipids to produce 2-(w-carboxyethyl)pyrrole (CEP)
adducts.

Ethylpyrrole is generated by alternative oxidation of DHA and is structurally similar to
CEP but does not bind TLR2 (Kim et al., 2015). Ethylpyrrole lacks a negatively charged
carboxyl group present in CEP which is the proposed site for TLR2 interaction. CEPTLR2 ligation has been verified by a number of independent studies and in addition to

91

promoting angiogenesis has been shown to induce NFkB-dependent cytokine production
that is capable of priming the inflammasome (Doyle et al., 2012, Saeed et al., 2014).

4.1.3 Murine models of oxidative stress
A number of mouse models of retinal oxidative stress are used to study dry AMD, each
model recapitulates some but not all aspects of the disease. Models include knockdown
of SOD2, immunization with CEP, sodium iodate (NaIO3) injection and a photooxidative model of retinal degeneration (Justilien et al., 2007, Hollyfield et al., 2008,
Kannan and Hinton, 2014, Natoli et al., 2016). SOD2 is a powerful antioxidant which
converts O2- to H2O2. Sub-retinal injection targeting the product of the SOD2 gene,
resulted in the accumulation of oxidative protein modifications 4-HNE and CEP and,
was accompanied by RPE atrophy and decreased photoreceptor response (Justilien et
al., 2007). Moreover, cigarette smoke which increases oxidative stress has been shown
to induce complement deposition in the mouse retina (Wang et al., 2009). Thus
illustrating that blocking local antioxidant function is enough to tip the balance in favor
of oxidative stress within the retina. It follows, therefore, that oxidized protein
modifications could drive AMD like pathology.
Mice immunized with CEP-MSA develop hallmarks of retinal degeneration over a 2-3
month period which, closely resemble features of human GA including, drusen and
complement deposition. Complement factor C3d is deposited in BM and overlying
lysed RPE cells mimicking the C3 deposition observed in AMD donor eyes (Hollyfield
et al., 2008). In contrast intravenous injection of the oxidizing agent sodium iodate
(NaIO3) causes acute damage to the RPE, inducing RPE blebbing, atrophy and
subsequent photoreceptor cell death (Kannan and Hinton, 2014). Retinal damage occurs
due to a build up of ROS in the RPE, made evident, by the finding that RPE cultures
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treated with NaIO3 accumulate ROS, which co-localise with mitochondria (Zhou et al.,
2014). Interestingly similarly to CEP-immunization the NaIO3 model has been shown to
have increased complement C3 mRNA expression and increased C3 deposition in
whole eye flat mounts (Li et al., 2006). Finally, mice exposed to continuous bright light
have increased oxidative protein modifications in the retina preceding photoreceptor
cell death. Increased C3 expression is also reported in this model and coincides with
peak microglia activation (Natoli et al., 2016). Interestingly, microglia have been shown
to act as a local source of C3 production in this model (Natoli et al., 2017). Taken
together these studies suggest oxidative stress can induce AMD like pathology and may
be an initiating factor for complement deposition observed in AMD.

4.1.4 Oxidative stress and complement deposition
In addition to immunohistochemical evidence of complement deposition in the retina of
mouse models of overt oxidative stress; accumulating evidence suggests oxidative
stress induces complement deposition in vitro. RPE lipofuscin accumulates in the RPE
with age, the most common pigment, A2E, undergoes photo-oxidation, generating
products linked to the activation of the alternative complement component C3 (Zhou et
al., 2006, Zhou et al., 2009). Similarly complement activation is observed in RPE cells
treated directly with H2O2, with increased C3 deposited on the cell surface resulting in
MAC formation facilitated by decreased expression of complement regulators DAF,
CD55 and CD59 (Thurman et al., 2009, Kunchithapautham and Rohrer, 2011).
Moreover, CFH the primary inhibitor of the alternative pathway is downregulated by
H2O2 and oxidised photoreceptors in the RPE (Wu et al., 2007, Chen et al., 2007),
suggesting a role for the alternative pathway in H2O2 driven complement activation.
Oxidized lipoproteins, which are present in drusen, also reduced expression of

93

complement regulators and increased CFB and C3, addition of normal human serum as
a source of complement resulted in MAC formation (Ebrahimi et al., 2013). These
studies suggest the RPE may produce and deposit complement locally in response to
oxidative stress, however the mechanisms that trigger this deposition remain to be fully
elucidated.

4.1.5 TLR activation and complement deposition.
Oxidised proteins are modified “self” elements and potential DAMPs sensed by TLRs.
CEP, a biomarker of AMD is a ligand for TLR2. TLR signalling and the complement
system have recently been linked in both intestinal ischemia-reperfusion injury, where
C3 deposition was markedly decreased in mice deficient in TLR4 post-ischemia in the
intestine (Pope et al., 2010), and in a renal transplant ischemia-reperfusion injury
model, where inhibition of TLR2 by monoclonal antibody led to a decrease in C3d
deposition (Farrar et al., 2012). We therefore sought to explore whether TLR2 might act
as the crossroad between the effects of oxidative stress and complement activation, two
processes heavily implicated in the progression of AMD.
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4.1.6 Aims and hypothesis
Aberrant C3 deposition is evident between Bruch’s membrane and the RPE in AMD
donor eyes (chapter3, (Anderson et al., 2010). However, the mechanism leading to its
deposition and fixation remain unknown. Our hypothesis was that TLR2 activation by
the oxidative protein modification CEP, present in the serum and retina of patients with
AMD (Gu et al., 2009), could induce C3 secretion from either the RPE or resident
mononuclear cells.

•

To elucidate whether TLR2 activation on monocytes, macrophages and RPE cells
induces complement factor expression/secretion.

•

To determine whether TLR2 activation could drive the proteolytic complement
cascade to completion.

•

To assess whether blocking TLR2 was protective in mouse models of oxidative
stress.
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4.2 Results
4.2.1 Pam3Cys4 induced TLR2 activation regulates complement factor expression
in monocytes.
To define a role for TLR2 in initiating the complement cascade, we first measured gene
expression levels of key complement components in response to TLR2 ligation over a 24
hour time course. TLR2 forms heterodimers with either TLR1 or TLR6, therefore, we
used two synthetic ligands Pam3Cys4 and Malp-2 which, activate TLR2/1 and TLR2/6
respectively. Upon leaving the circulation and migrating through tissue, monocytes
develop into macrophages. It is likely that the distinct C3d+ve mononuclear-like cells
observed in the BM of AMD donor eyes are monocyte-derived macrophages. We found
that Pam3Cys4 mediated activation of the human THP1-monocytic cell line induced
increased expression of C1q and Factor B (CFB) in a time dependent manner (Fig. 4.2.1a,
b). C1q and CFB are initiating members of the classical and alternative pathways
respectively, conversely C4 mRNA, a key factor for both the classical and lectin
pathways remained unchanged (Fig. 4.2.1c). Furthermore, TLR2 activation of THP1
monocytes increased C3 40-fold over basal levels and halved C5 expression, both factors
common to all three complement activation pathways (Fig. 4.2.1d, e).
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Figure 4.2.1 Pam3Cys4 induced TLR2 activation regulates complement factor
expression in monocytes. (a-f) THP1 cells were treated with 20nM Pam3Cys4 over a 24
hour time course. Complement factors (a) C1q, (b) CFB, (c) C4, (d) C3 and (e) C5 were
assayed by quantitative RT-PCR. Experiments were carried out in triplicate and data are
mean ± SEM for 3 separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA
with Tukey post-test analysis.
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4.2.2 Malp-2 induced TLR2 activation regulates complement factor expression in
monocytes.
We next examined whether activation of the TLR2/6 heterodimer initiated a similar
response. Malp-2 stimulation of the THP1-monocytic cell line significantly increased the
expression of C1q, CFB and C4 (Fig. 4.2.2a, b, c), C1q was strongly induced however
both CFB and C4 were induced at low levels. The pattern we observed for Malp-2
regulation of C3 and C5 mirrored that seen with Pam3Cys4, with strong Malp-2 induced
upregulation of C3, up 50-fold from basal levels and downregulated C5. (Fig. 4.2.2d, e).
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Figure 4.2.2 Malp-2 induced TLR2 activation regulates complement factor
expression in monocytes. (a-f) THP1 cells were treated with 20nM Malp-2 over a 24
hour time course. Complement factors (a) C1q, (b) CFB, (c) C4, (d) C3 and (e) C5 were
assayed by quantitative RT-PCR. Experiments were carried out in triplicate and data are
mean ±SEM for 3 separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA
with Tukey post-test analysis.
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4.2.3 Pam3Cys4 induced TLR2 activation regulates complement factor expression
in Macrophages.
Chemoattractants are released by tissue resident macrophages and the RPE following
retinal injury. Migrating monocytes are recruited to the choroid where they differentiate
into macrophages. Both monocytes and macrophages are present at the choroid-BRB
interface in AMD (McLeod, 2016). TLR activation initiates different responses in
monocytes and macrophages (Farina et al., 2004), we therefore assessed the impact of
TLR2 ligation on complement factor expression in primary bone marrow derived
macrophages (BMDMs) over a 6 hour time course. In contrast to monocytes, TLR2
increased C5 expression 2 fold in macrophages (Fig. 4.2.3c) and more than halved C1q
and C4 mRNA expression compared to basal levels (Fig. 4.2.3a, f). Interestingly we
observed similarities in the upregulation of CFB and C3 up to 10 or 12 fold respectively
(Fig. 4.2.3e, b). While no change was seen in the MAC component C9 (Fig. 4.2.3d).
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Figure 4.2.3 Pam3Cys4 induced TLR2 activation regulates complement factor
expression in macrophages. (a-f) Primary Bone Marrow Derived Macrophages
(BMDMs) were treated with 20nM Pam3Cys4 over a 6 hour time course. Complement
factors (a) C1q, (b) C3, (c) C5, (d) C9 (e) CFB and (f) C4 were assayed by quantitative
RT-PCR. Experiments were carried out in triplicate and data are mean ±SEM for 3
separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA with Tukey posttest analysis.
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4.2.4 Malp-2 induced TLR2 activation regulates complement factor expression in
Macrophages.
We next assessed the effect of Malp-2 activation in BMDMs and observed similar
expression in macrophages in response to both TLR2/1 and TLR2/6. Malp-2 induced a
decrease in C1q mRNA expression (Fig. 4.2.4a) and similar to Pam3Cys4 upregulated
C3 expression 10 fold (Fig. 4.2.4b). In contrast no increase was observed in C5
expression (Fig. 4.2.4c) and no change was again reported in C9 (Fig. 4.2.4d).
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Figure 4.2.4 Malp-2 induced TLR2 activation regulates complement factor
expression in macrophages. (a-f) Primary Bone Marrow Derived Macrophages
(BMDMs) were treated with 20nM Malp-2 over a 6 hour time course. Complement
factors (a) C1q, (b) C3, (c) C5 and (d) C9 were assayed by quantitative RT-PCR.
Experiments were carried out in triplicate and data are mean ±SEM for 3 separate
experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA with Tukey post-test
analysis.
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4.2.5 Novel TLR2 ligand CEP-HSA induced phosphorylation of p38 and
degradation of IkB in macrophages.
Having established TLR2 ligation can induce complement factor expression in
macrophages, we were keen to determine whether the newly characterised ligand CEP
could also regulate complement expression. First we verified CEP-HSA induced TLR2
activation by immunoblotting for P-p38 and IkB. TLR2 ligation is known to stimulate
phosphorylation of p38 and degradation of IkB, leading to activation of NF-kB,
activating a pro-inflammatory signal. Both Pam3Cys4 and Malp-2 resulted in increased
phosphorylation of p38 (Fig. 4.2.5a) and degradation of IkB (Fig. 4.2.5b) as expected.
We found CEP-HSA induced p38 phosphorylation and IkB degradation in a similar
manner to two well defined TLR2 ligands (Fig. 4.2.5c).
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Figure 4.2.5 Novel TLR2 ligand CEP-HSA induced phosphorylation of p38 and
degradation of IκB in macrophages. Western blot analysis of (a) P-p38 or (b) IκB in
bone marrow derived macrophages (BMDMs) following treatment with 20nM
Pam3Cys4, 20nM Malp-2 or (c) 35µM CEP-HSA over time (up to 60 min). Data are
representative images from 3 separate experiments.
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4.2.6 CEP-HSA induced TLR2 activation regulates complement factor expression
in Macrophages. Having demonstrated CEP-HSA can induce pro-inflammatory
signalling downstream of TLR2 activation we next questioned whether CEP-HSA
induced complement factor expression in macrophages. Our results were consistent
with stimulation with synthetic TLR2 ligands. We observed a robust 12-fold increase in
C3 expression (Fig. 4.2.6b) and a more modest 2-fold increase in C5 expression
mirroring the effect of Pam3Cys4 stimulation on macrophages (Fig. 4.2.6c). No
differences were seen for C1q or C9 expression (Fig. 4.2.6a, d).
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Figure 4.2.6 CEP-HSA induced TLR2 activation regulates complement factor
expression in macrophages. (a-f) Primary Bone Marrow Derived Macrophages
(BMDMs) were treated with 35µM CEP-HSA over a 6 hour time course. Complement
factors (a) C1q, (b) C3, (c) C5, (d) C9 were assayed by quantitative RT-PCR.
Experiments were carried out in triplicate and data are mean ± SEM for 3 separate
experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA with Tukey post-test
analysis.
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4.2.7 TLR2 activation regulates C3 secretion in Macrophages.
Given the robust increase in C3 mRNA expression in response to TLR2 activation, we
assessed the ability of TLR2 ligation to induce C3 protein production. C3 is normally
secreted by cells and found circulating in plasma therefore, we immunoblotted for C3 in
the supernatant of macrophages stimulated with TLR2 ligands Pam3cys4 and CEP-HSA
both TLR2/1 ligands. BMDMs induced strong C3 secretion 24 hours after TLR2
activation with Pam3Cys4 (Fig. 4.2.7a). We observed robust C3 secretion at the earlier
time point of 6 hours in response to 10µM CEP-HSA while at the lower dose of 5µm C3
secretion increased at 6 hours and was still visible at 24 hours (Fig. 4.2.7b).
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Figure 4.2.7 TLR2 activation regulates C3 secretion in macrophages. Bone marrow
derived macrophages (BMDMs) were treated with (a) 20nM Pam3Cys4 (b) 10mM or
5mM CEP-HSA for 6 and 24 hours. Supernatants were collected and secreted protein
was condensed using StrataClean resin. C3α expression was assayed by western blot.
Protein isolated from corresponding cell lysates were probed for β-actin to ensure equal
cell density. Data are representative images from 2 separate experiments.

109

4.2.8 TLR2 activation regulates C3 secretion in Monocytes and microglia.
We also considered the effect of TLR2 ligation on other mononuclear phagocytes;
monocytes and microglia present in the choroid and retina. Microglia are the resident
immune cell in the retina and have recently been shown to be a local source of
complement production (Natoli et al., 2017). CEP-HSA induced robust C3 secretion in
the supernatant of THP1-monocytes 24, 48 and 72 hours after stimulation (Fig. 4.2.8a).
Primary microglia isolated from mouse retina also showed increased secretion of C3, 48
hours after Pam3Cys4 treatment (Fig. 4.2.8b).
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Figure 4.2.8 TLR2 activation regulates C3 secretion in monocytes and microglia.
(a)THP1 monocytes and (b) primary mouse microglia were treated with 35µM CEP-HSA
or 20nM Pam3Cys4 as indicated. Supernatants were collected and secreted protein was
condensed using StrataClean resin. C3α expression was assayed by western blot. Protein
isolated from corresponding cell lysates were probed for β-actin to ensure equal cell
density. Data are representative images from 3 separate experiments.

111

4.2.9 TLR2 activation induced phosphorylation of p38 in ARPE-19 Cells.
The RPE is a highly specialised monolayer that like macrophages expresses TLRs. We
characterised whether ARPE-19 cells would respond to TLR2/1 or TLR 2/6 ligation with
Pam3Cys4

and

CEP-HSA

or

Malp-2

respectively

by

immunoblotting

for

phosphorylation of p38. We found that TLR2/1 ligation was capable of initiating a rapid
signal transduction cascade resulting in p38 MAPK phosphorylation as early as 10
minutes post Pam3Cys4 (Fig. 4.2.9a). CEP-HSA increased the expression of TLR2 after
24hours (Fig. 4.2.9c) and mimicked exactly Pam3Cys4 induced p38 phosphorylation
(Fig. 4.2.9d). In contrast, activation of TLR2/6 with Malp-2 was less effective at
increasing p38 phosphorylation (Fig. 4.2.9b).
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Figure 4.2.9 TLR2 activation induced phosphorylation of p38 in ARPE-19 cells. (a,b)
Western blot analysis of P-p38 in ARPE-19 cells treated with (a) 20nm Pam3Cys4 (b)
20nM MALP-2 over time (up to 120 min) and P-p38 was assayed by western blot. (c)
ARPE-19 cells were treated with CEP-HSA for 24 hours and TLR2 expression was
assayed by RT-PCR. (d) Western blot analysis of P-p38 in ARPE-19 cells treated with
35µM CEP-HSA. Data are representative images from 3 separate experiments.
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4.2.10 TLR2 activation regulates complement factor expression in ARPE-19 cells.
One of the fascinating functions of the RPE is its ability to act as a local source of
complement production. Having established that RPE cells respond well to TLR2/1
activation with both Pam3Cys4 and CEP-HSA, we next assessed changes in complement
factor gene expression. Similar to macrophages we observed significant increases in
CFB, C3 expression and, to a lesser extent C5 (Fig. 4.2.10 a-c) in response to TLR2
activation. There were no significant changes in C4 (Fig. 4.2.10d), C1 (Fig. 4.2.10e) or
lectin pathway initiator MASP1 (Fig. 4.2.10f).
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Figure 4.2.10 TLR2 activation regulates complement factor expression in ARPE-19
cells. (a-f) ARPE-19 cells were treated with 20nm Pam3Cys4 over 24 hours (a)
alternative pathway gene CFB, (b) common complement factors C3, (c, d) central
components C5 and C4 (e) classical pathway gene C1, and (f) lectin pathway gene
MASP1 were assayed by RT-PCR. Experiments were carried out in triplicate and data
are mean ± SEM for 3 separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by
ANOVA with Tukey post-test analysis.
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4.2.11 TLR2 activation regulates alternative complement factor secretion from
primary RPE cells.
Having observed strong upregulation of alternative pathway genes CFB and C3 by the
RPE in response to TLR2 ligation we tested for corresponding increases in protein
secretion in the supernatants of primary human fetal RPE (hfRPE). Cells were stimulated
with Pam3Cys4 and increasing doses of CEP-HSA and supernatants were collected. We
observed robust secretion of CFB 24 hours after TLR2 activation (Fig. 4.2.11a),
accompanied by increased C3 secretion at 48 hours (Fig. 4.2.11b) in response to both
Pam3Cys4 and the higher dose of CEP-HSA.

116

CEP-HSA

-

Pam3Cys4 -

-

-

+
CFB (90 kDa)
β-Actin (42 kDa)
C3 (113 kDa)
β-Actin (42 kDa)

Figure 4.2.11 TLR2 activation regulates alternative complement factor secretion
from primary RPE cells. Primary human fetal RPE (hfRPE) cells were treated with
17.5µM or 35µM CEP-HSA and 20nM Pam3Cys4, and secretion of CFB and C3 into
supernatant was assayed by western blot at 24 or 48 hours respectively. Data are
representative images from 3 separate experiments.
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4.2.12 TLR2 activation of ARPE-19 cells is polarised.
The RPE is a polarised monolayer of cells with different functions associated with its
apical or basolateral surface. The apical side of the RPE is in direct contact with
photoreceptors whereas the basolateral membrane sits on BM. We wished to study the
effect of polarisation on TLR2 activation and subsequent C3 secretion. ARPE-19 cells
were polarised on transwell inserts for 4 weeks (Fig. 4.2.12a). We confirmed polarity by
measuring transepithelial electrical resistance (TEER) values which indicated the
integrity of the RPE monolayer. ARPE-19 cells reached an average TEER reading of
38.8 ohms.cm2 and immunostaining for the tight junction protein ZO-1, identified a
characteristic cobblestone pattern indicative of a polarized RPE monolayer (Fig. 4.2.12b).
TLR2 was activated either on one side of the RPE (basolateral side or apical side) or on
both sides with Pam3Cys4. We found that apical TLR2 activation was capable of
initiating a signal transduction cascade resulting in IL-6 secretion into cell supernatants
(Fig. 4.2.12c) whereas, basolateral TLR2 activation did not induce IL-6 expression,
however it did not interfere with apical TLR2 signalling (Fig. 4.2.12c).
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Figure 4.2.12. TLR2 activation of ARPE-19 cells is polarised. (a) ARPE-19 cells were
polarised on transwell filters (b) ZO-1 staining of ARPE-19 cell tight junctions was
evident after 4 weeks in culture. (c) ARPE-19 cells were treated on the apical, basolateral
or both sides of a transwell filter with 20nM Pam3Cys4 for 24 hours. IL-6 secretion was
measured in the apical supernatants by ELISA compared to an untreated (UNT) control
well. Experiments were carried out in duplicate and data are mean ± SEM for 2 separate
experiments.
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4.2.13 TLR2 induced C3 secretion from RPE cells is polarised.
We next assessed the effect of RPE polarization on C3 expression in ARPE-19 cells.
Similar to IL-6 secretion, induction of C3 expression was restricted to apical TLR2
activation as basolateral TLR2 activation did not induce C3 gene expression (Fig.
4.2.13a). Given TLR2 signalling was initiated primarily as a result of apical TLR2
stimulation we treated ARPE-19 cells with Pam3Cys4 on the apical surface. We
immunoblotted for C3 protein in both the apical and basolateral supernatant and found
that basolateral secretion of C3 protein was heavily favored (Fig. 4.2.13b). We observed
a small increase in C3 secretion into the apical supernatant with the majority of C3 protein
secreted basolaterally. A similar pattern of secretion was observed in hfRPE cells treated
apically with CEP-HSA (Fig. 4.2.13c). High basal levels of C3 protein were observed in
the apical supernatant of untreated hfRPE cells. However, we still observed a slight
increase in C3 section apically. In the basolateral supernatant the basal levels of C3
secretion are much lower and a robust increase in C3 secretion was observed.
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Figure 4.2.13 TLR2 induced C3 secretion from RPE cells is polarised. (a) ARPE-19
cells were treated on the apical or basolateral side of a transwell filter with 20nM
Pam3Cys4 for 24 hours, C3 expression was assayed by RT-PCR. (b) Secretion of C3 in
apical and basolateral supernatants of ARPE-19 cells treated with apical Pam3Cys4 for
24 hours was assayed by western blot. (c) Secretion of C3 into apical and basolateral
supernatants of human fetal RPE (hfRPE) cells treated with apical CEP for 24 hours was
assayed by western blot.
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4.2.14 CEP-HSA can drive MAC formation on ARPE-19 cells.
So far we had demonstrated that TLR2 ligation can induce C3 and CFB expression and
secretion from the RPE. In order to determine whether TLR2 induction of alternative
complement pathway proteins was sufficient to drive the proteolytic complement cascade
to completion, we cultured RPE cells on transwell inserts for 5 weeks and stimulated with
either HSA (Fig. 4.2.14c, d) or CEP-adducted HSA (Fig. 4.2.14e, f) in the presence of
heat-inactivated (Hi) or normal human serum (NHS) or in serum alone (Fig. 4.2.14a, b).
The only combination that induced MAC formation, as determined using confocal
microscopy, was CEP-HSA in the presence of serum proteins (Fig. 4.2.14f, g). Thus
indicating that TLR2 activation can promote the alternative complement pathway
proteolytic cascade to completion.
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Figure 4.2.14 CEP-HSA can drive MAC formation in ARPE-19 cells. (a-g) ARPE19 cells were polarised on transwell filters for 4 weeks. Cells were then treated with 10%
Heat inactivated (Hi) normal human serum (NHS) or NHS alone (a, b) or in combination
with human serum albumin (HSA ) (c, d) or CEP-HSA (e, f) for 24 hours. The presence
of membrane attack complex (MAC) formation (red) F-actin (green) and nuclear stain
hoechst (blue) were assessed by confocal microscopy using a Zeiss LSM 710 confocal.
(g) depicts comparison of frequency of MAC+ve specks per 63x frame in IgG treated vs
anti-TLR2 treated cells. Experiments were carried out in triplicate and data are
representative images from 3 separate experiments.
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4.2.15 CEP-HSA induced MAC formation is sub-lytic.
MAC is comprised of complement components C5b-9 which insert into cell surface
membranes forming a pore. MAC formation can be sub-lytic resulting in no cell death or
lytic leading to cell lysis. Using a lactate dehydrogenase (LDH) assay we found no
apparent cell death of RPE cells under conditions where MAC was forming in response
to CEP-HSA and NHS (Fig. 4.2.15a). One known effect of sub-lytic MAC formation is
the release of inflammatory cytokines and chemokines (Lueck et al., 2011). We assessed
the supernatant of the RPE cells treated for MAC formation for one such chemokine,
monocyte chemoattractant protein (MCP-1), and observed a significant increase in the
secretion of MCP-1 from cells with sub-lytic MAC formation, over cells treated with
NHS or CEP-HSA alone (Fig. 4.2.15b).
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Figure 4.2.15 CEP-HSA induced MAC formation in ARPE-19 is sub-lytic. ARPE-19
cells were treated with 10% Heat inactivated (Hi) normal human serum (NHS) or NHS
alone or in combination with CEP-HSA for 24 hours. Supernatants were harvested and
assayed for (a) LDH activity by colourimetric spectrometry, data representative of 3
experiments and (b) MCP-1 secretion by ELISA, data are mean ± triplicate SD and
representative of 3 separate experiments.
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4.2.16 TLR2 activation does not alter expression of complement regulators in the
RPE.
The RPE expresses a number of regulators to prevent aberrant complement activation.
Given the resistance of the RPE to lysis in response to MAC formation in our
experimental setting, we assessed whether, TLR2 activation affected gene expression of
complement regulators CFH (Fig. 4.2.16a), CD55 (Fig. 4.2.16b) and CD59 (Fig. 4.2.16c)
and found that TLR2 activation did not change expression levels of these regulators in
the RPE.
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Figure 4.2.16 TLR2 activation does not alter expression of complement regulators
in the RPE. (a-c) ARPE-19 cells were treated with 20nM Pam3Cys4 over 24 hours and
expression of complement regulators (a) CFH, (b) CD55 and (c) CD59 was assayed by
RT-PCR, data are mean ± SEM for 3 separate experiments each in triplicate.
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4.2.17 CEP-HSA can drive MAC formation on primary human RPE cells.
Having established a model to assess MAC formation on the RPE cell line ARPE-19, we
wished to assess MAC formation on primary hfRPE cells grown on transwell inserts for
4 weeks. We repeated stimulation with either HSA (Fig. 4.2.17 a, b) or CEP-HSA (Fig.
4.2.17c, d) in the presence of heat-inactivated (Hi) (Fig. 4.2.17a, c) or normal human
serum (NHS) (Fig. 4.2.17b, d). Interestingly, we found that hfRPE cells appeared to be
less resistant to MAC formation in response to the presence of 10% NHS than ARPE-19
cells. Culture of hfRPE cells in the presence of 10% NHS and HSA resulted in the
appearance of visible MAC, as determined using confocal microscopy (Fig. 4.2.17b
white arrows), however culture of hfRPE cells in the presence of 10% NHS and CEPHSA resulted in significantly more MAC being formed (Fig. 4.2.17d white arrows).
Which is evident upon quantification of the number of MAC positive specks where we
observed up to 30 more MAC positive specks in cells treated with CEP-HSA (Fig.
4.2.17e).
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Figure 4.2.17 CEP-HSA can drive MAC formation on primary human RPE cells.
Human fetal RPE (hfRPE) cells were treated with 10% Heat inactivated (Hi) normal
human serum (NHS) or NHS in combination with human serum albumin (HSA) (a, b) or
CEP-HSA (c, d) for 24 hours, phase transmission and the presence of membrane attack
complex (MAC) formation (red) were assessed by confocal microscopy using a Zeiss
LSM 710 confocal (e) depicts comparison of frequency of MAC+ve specks per 30x frame
in IgG treated vs anti-TLR2 treated cells. Experiments were carried out in duplicate and
data are representative images from 2 separate experiments.
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4.2.18 TLR2 synergises with anaphylatoxins to increase pro-inflammatory gene
expression.
Given that TLR2 can drive complement activation, resulting in MAC formation, and due
to the proteolytic nature of the complement cascade, this implies production of the proinflammatory anaphylatoxins C3a and C5a. We assessed the effect that the generation of
these ligands might have in an environment where TLR2 ligands were also available, but
at sub-optimal doses for generating an inflammatory response in isolation. Peripheral
blood mononuclear cells (PBMC’s) were treated with increasing doses of C5a, a suboptimal dose of Pam3Cys4, or both. Neither C5a or Pam3Cys4 treatment alone resulted
in detectable TNFα or IL-1b secretion at 24 hours (Fig. 4.2.18a, b). However, C5a
synergized with Pam3Cys4 causing robust TNFα (Fig. 4.2.18a) and IL-1b (Fig. 4.2.18b)
secretion. C3a also synergized with Pam3Cys4 to induce TNFα (Fig. 4.2.18c), but to a
lesser extent than C5a and with no impact on IL-1b secretion (Fig. 4.2.18d).
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Figure 4.2.18 TLR2 synergises with complement anaphylatoxins to increase proinflammatory gene expression. Peripheral blood mononuclear cells (PBMCs) were
treated for 24 hours with increasing concentrations of (a, b) C5a (1, 5, 25, 59, 100ng/ml),
5nM Pam3Cys4 or a combination of both; (c, d) C3aRa (5, 25, 50, 100, 250ng/ml), 5nM
Pam3Cys4 or a combination of both; TNF (a, c) and IL-1β (b, d) levels were measured
by ELISA data are mean ± SEM for 3 separate experiments each in triplicate.
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4.2.19 TLR induced expression of C3 is dependent on the TIR adaptor protein
MyD88.
To further confirm complement upregulation in response to TLR2 ligation we utilized
BMDMs isolated from MyD88 and Mal deficient mice. TLR2 signaling alters gene
expression by recruiting the TIR bridging adaptor protein Mal through homotypic TIRTIR domain interactions, before recruiting TIR signaling adaptor protein MyD88.
Inhibition of MyD88 is known to attenuate TLR2-dependent signaling. We confirmed
inhibition of TNF pro-inflammatory cytokine expression in MyD88-deficient
macrophages (Fig. 4.2.19a). In addition, we observed inhibition of C3 induction in
response to TLR2 ligation in primary MyD88-deficient macrophages (Fig. 4.2.19b).
Conversely, simply overexpressing MyD88 led to a dose-dependent activation of the C3promoter in a luciferase reporter assay (Fig. 4.2.19c).
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Figure 4.2.19 TLR2 induced expression of C3 is dependent on the TIR adaptor
protein MyD88. (a-b) Bone marrow derived macrophages (BMDMs) from wildtype
(WT) or MyD88-/- mice were treated for 3, 6 or 24 hours with 20nM Pam3Cys4, and
expression of TNF (a) and C3 (b) was assayed by RT-PCR. (c) HEK293-TLR2 cells were
transfected for 24 hours with C3 promoter-luciferase (100 ng), Renilla-luciferase (40 ng)
and empty vector (EV) or plasmid expressing MyD88 in increasing doses (10, 50 and
80ng). Results are normalised for Renilla luciferase activity and represented as relative
stimulation over the non-stimulated EV control, and are expressed as mean +/- SD for
triplicate determinations.
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4.2.20 TLR induced expression of alternative pathway genes is dependent on the
TIR adaptor protein Mal.
Similar to MyD88 knockout BMDMs, BMDMs isolated from Mal knockout mice
disrupted TLR2 induced expression of TNF (Fig. 4.2.20a). Furthermore, we observed
inhibition of CFB (Fig. 4.2.20b) and C3 (Fig. 4.2.20c) induction in response to TLR2
activation in primary Mal-deficient macrophages. Correspondingly, overexpression of
Mal in a luciferase-reporter assay led to a dose-dependent activation of the C3-promoter
(Fig. 4.2.20d). Demonstrating that simple overexpression of either Mal or MyD88 can
drive C3 activation.
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Figure 4.2.20 TLR2 induced expression of alternative pathway genes is dependent
on the TIR adaptor protein Mal. (a-c) Bone marrow derived macrophages (BMDMs)
from wildtype (WT) or Mal-/- mice were treated for 3, 6 and 24 hours with 20nM
Pam3Cys4, and expression of TNF (a), CFB (b) and C3 (c) was assayed by RT-PCR. (d)
HEK293-TLR2 cells were transfected for 24 hours with C3 promoter-luciferase (100 ng),
Renilla-luciferase (40 ng) and empty vector (EV) or plasmid expressing Mal in increasing
doses (10, 50 and 80ng). Results are normalised for Renilla luciferase activity and
represented as relative stimulation over the non-stimulated EV control, and are expressed
as mean +/- SD for triplicate determinations.
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4.2.21 MAC formation via the alternative pathway is dependent on TLR2 signalling.
We next wished to confirm that CEP-HSA was acting through TLR2 to induce MAC
formation. Our observation that ARPE-19 cells formed MAC only in the presence of 10%
NHS and CEP-HSA, with no visible MAC formed in the presence of 10% NHS or 10%
NHS + HSA alone (Fig. 4.2.14), allowed us to use these cells as a tool to examine CEPHSA inducible MAC specifically. We cultured RPE cells with NHS and CEP-HSA in
the presence of a monoclonal neutralizing anti-TLR2 antibody (Fig. 4.2.21b, d) or an
isotype control (IgG) (Fig. 4.2.21a, c) and assayed MAC formation by confocal
microscopy. Neutralizing TLR2 significantly attenuated the number of MAC formed in
response to CEP-HSA, reducing the number of MAC specks by approximately 60% (Fig.
4.2.21b, d, e).
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Figure 4.2.21. MAC formation via the alternative pathway is dependent on TLR2
signalling. ARPE-19 cells were treated with 10% normal human serum NHS either alone
10% NHS+CEP+DMSO
or in combination with CEP-HSA for 24 hours (a-b) full field representative images and
(c-d) 63x representative images of ARPE-19 cells pretreated with either (a, c) 0.1µg IgG
control or 0.1µg anti-TLR2 antibody for 1 hour prior to culture with NHS and CEP-HSA.
(b, d)Presence of membrane attack complex (MAC) formation (red) F-actin (green) and
nuclear stain hoechst (blue) were assessed by immunofluorescence and confocal
microscopy using a Zeiss LSM 710 confocal (e) depicts comparison of frequency of
MAC+ve specks in 4 20x frames in IgG treated vs anti-TLR2 treated cells. Experiments
were carried out in duplicate and data are representative images from 2 separate
experiments.
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4.2.22 TLR2 induced MAC formation is dependent on the TIR adaptor protein Mal.
To further confirm the role of TLR2 in oxidative stress induced MAC formation, we
investigated whether inhibiting Mal would affect CEP-HSA induced MAC formation.
RPE cells were cultured with NHS and CEP-HSA in the presence of a Mal inhibitor
peptide (Fig. 4.2.22b, d) or DMSO control (Fig. 4.2.22a, c). Similarly, to the anti-TLR2
antibody, inhibition of the adaptor protein Mal significantly attenuated the number of
MAC specks formed in response to CEP-HSA, in an analogous manner to TLR2
neutralization, reducing MAC formation by approximately 70% (Fig. 4.2.22b, d, e).

138

a

b

Mal inhibitor + 10% 10%
NHS +NHS+CEP+Mal
CEP-HSA

NHS
+CEP
+ Mal
inhibitor
10%
NHS
+CEP
10%
NHS
+CEP
+ Mal
inhibitor
10%
NHS
+CEP 10%

d

e
MAC +ve specks/20x frame

c

DMSO + 10% NHS + CEP-HSA

50
40
30
20

**

10
0

Control

Mal inhibitor

20μm

Figure 4.2.22. TLR2 induced MAC formation is dependent on the TIR adaptor
protein Mal. ARPE-19 cells were treated with 10% normal human serum (NHS) either
alone or in combination with CEP-HSA for 24 hours. (a-b) full field representative
images and (c-d) 63x representative images of ARPE-19 cells pretreated with either (a,c)
vehicle DMSO or 40µm Mal inhibitory peptide (b,d) for 1 hour prior to culture with NHS
and CEP-HSA. Presence of membrane attack complex (MAC) formation (red) F-actin
(green) and nuclear stain hoechst (blue) were assessed by immunofluorescence and
confocal microscopy using a Zeiss LSM 710 confocal (e) depicts comparison of
frequency of MAC+ve specks in 4 20x frames in control treated vs Mal-inhibitor treated
cells. Experiments were carried out in duplicate and data are representative images from
2 separate experiments.

139

inhibitor

4.2.23 Mal S180L SNP correlates with increased activity of the alternative pathway.
Mal, is encoded by the gene Toll-interleukin 1 receptor (TIR) domain-containing adaptor
protein (TIRAP). A single nucleotide polymorphisms (SNPs) S180L in TIRAP is common
in Indian and European populations (approximately 15%–20% carrying the L allele and
2%–3% being homozygous for the L allele) (Ferwerda et al., 2009). S180L has been
associated with altered susceptibility to a number of infectious diseases including severe
sepsis and malaria. Individuals who are heterozygous for TIRAP S180L exhibit a survival
advantage due to increased cytokine production following TLR2 and TLR4 ligation
(Ferwerda et al., 2009, Khor, 2007, Ladhani et al., 2010). We were interested to
investigate whether individuals heterozygous for the TIRAP S180L polymorphism
similarly produced higher levels of CFB or C3 in response to TLR2 ligation. Peripheral
blood mononuclear cells (PBMCs) were isolated from either TIRAP S180S donors or
TIRAP S180L donors and stimulated with TLR2 ligand Pam3Cys4 over 24 hours. We
confirmed previous reports that TIRAP S180L individuals produced higher levels of proinflammatory cytokine TNF in response to Pam3Cys4 and also noted a prolonged
expression over 24 hours (Fig. 4.2.23a). We observed that while TIRAP S180L donors
expressed similar levels of CFB at 6 hours, the expression was extended out to 24 hours
in heterozygotes in comparison to homozygotes which, had returned to basal expression
by 24 hours (Fig. 4.2.23b). A stronger TLR2-inducible response was observed for C3
expression with TIRAP S180L donors demonstrating a 12-fold increase in C3 expression
at 24 hours compared with a 4.5-fold increase in TIRAP S180S individuals (Fig. 4.2.23c).
Therefore, we found individuals heterozygous for TIRAP S180L have a heightened
complement response to TLR2 ligation. Consequently, we measured C3 levels in the
plasma of a population cohort genotyped for TIRAP S180L. Individuals genotyped were
all healthy volunteers over the age of 50 with no known disease (N=265). Total C3 levels

140

were significantly decreased in plasma of individuals carrying the L allele, when
compared to plasma levels of individuals homozygous for S180 adjusted for age and
gender p= 2.71 x 10-5 (Fig. 4.2.23d). Suggesting heterozygous individuals have increased
C3 turnover likely via the alternative complement pathway.
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Figure 4.2.23. Mal S180L SNP correlates with increased activity of the alternative
pathway. (a-c) Peripheral blood mononuclear cells (PBMCs) isolated from donors
TIRAP S180 homozygous (SS N=3) or TIRAP S180L heterozygous (SL N=2) for the Mal
S180L allele were treated for 6 or 24 hours with 20nM Pam3Cys4 in triplicate, and the
expression of TNF, CFB and C3 was assayed by RT-PCR. d). Non-parametric (Kruskal
Wallis) comparison of plasma C3 levels by TIRAP genotype (rs8177374) in the plasma
of an Irish population p= 2.71 x 10-5, N=265 (164-SS, 76-SL, 25-LL).
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4.2.24 TLR2 blockade rescues RPE blebbing, C3 deposition and photoreceptor cell
death in NaIO3 induced oxidative stress model of retinal degeneration.
To define a role for TLR2 in bridging oxidative stress to complement activation and
retinal degeneration, we used an acute oxidative stress-induced mouse model that mimics
some features of AMD including RPE atrophy, photoreceptor cell death and complement
deposition (Li et al., 2006). Mice were injected intravenously (IV) with either vehicle
NaCl or oxidising agent NaIO3 and at the same time received intravitreal injection (IVT)
of anti-TLR2 antibody or anti-IgG. RPE atrophy was assessed 72 hours after NaIO3 by
H&E staining. Marked degradation and blebbing of the RPE was observed in mice
injected with NaIO3 and IgG compared with mice injected with NaCl and IgG (Fig.
4.2.24a, b). In contrast, administration of anti-TLR2 blocking antibody reduced RPE
blebbing and rescued RPE atrophy (Fig. 4.2.24d).

To assess the effect of anti-TLR2 treatment on photoreceptor cell death we utilized
TUNEL staining. TUNEL detects DNA breaks that occur during apoptosis. No positive
staining was observed in mice injected with NaCl (Fig. 4.2.24e, g) whereas an abundance
of TUNEL positive cells were observed in the outer nuclear layer (ONL) of NaIO3 and
IgG injected mice indicating extensive photoreceptor cell death (Fig. 4.2.24f). A 40%
reduction in TUNEL positive cells was observed in mice injected with anti-TLR2
blocking antibody (Fig. 4.2.24h, m). Furthermore, on counting rows of nuclei in the ONL,
we found that neutralization of TLR2 protected 2-3 rows of photoreceptor cells from
oxidative stress-induced cell death (Fig. 4.2.24n). Given that the oxidative stress related
modification drives C3 expression in response to TLR2 ligation in the RPE we assessed
C3d immunoreactivity. C3d was observed at low levels in control mice administered
NaCl, basolateral to the RPE (Fig. 4.2.24i, k). Strong C3d immunoreactivity was
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observed both apical and basolateral to the RPE and in the outer retina in NaIO3 treated
mice (Fig. 4.2.24j), which was significantly reduced by TLR2 blockade as evident by a
decrease in fluorescent intensity (Fig. 4.2.24l, o).
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Figure 4.2.24. TLR2 blockade rescues RPE blebbing, C3 deposition and
photoreceptor cell death in NaIO3 induced oxidative stress model of retinal
degeneration. (a-l) Wildtype C57Bl6 mice were injected intravenously (IV), via tail
vein, with either NaCl or NaIO3 (50mg/kg). At the same time, mice were injected
intravitreally (IVT) with 3µg of anti-TLR2 antibody (ab) or IgG. Eyes were enucleated
72 hours later and prepared for immunohistochemistry n=4 per group. Representative
images of (a-d) H&E, (e-h) TUNEL (red) (i-l) C3d (red) immunoreactivity. (m)
Quantification of the number of TUNEL positive cells in NaIO3 injected C57Bl6 mice in
combination with anti-IgG vs anti-TLR2. (n) Number of photoreceptor cell rows in IgG
injected mice vs anti-TLR2 ab injected mice following NaIO3 treatment. (o) Fluorescent
intensity of C3d deposition in NaIO3 injected C57Bl6 treated with either anti-IgG or antiTLR2 ab. INL-Inner nuclear layer, ONL-Outer nuclear layer, RPE-Retinal Pigment
Epithelium. (Tail vein and intravitreal injections carried out by Dr. Matthew Campbell)
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4.2.25 TLR2 blockade decreases C3 deposition and rescues photoreceptor cell death
in a photo-oxidative model of retinal degeneration.
Finally, in collaboration with the Nilisha Fernando and Riccardo Natoli of the Australian
National University we assessed whether neutralization of TLR2 would also ameliorate
complement deposition and photoreceptor cell death in a photo-oxidative damage model
of retinal degeneration. Either anti-TLR2 blocking antibody or control anti-IgG was
injected IVT and mice were subsequently exposed to 100K lux light for 7 days
continuously. Mice exposed to high intensity light had C3 positive cells/deposits in the
outer retina (Fig. 4.2.25a). Upon counting these cells/deposits anti-TLR2 injected mice
had significantly less C3 positive deposits (Fig. 4.2.25b, e). No significant changes were
observed in the numbers of TUNEL positive cells, between anti-IgG and anti-TLR2
injected mice (Fig. 4.2.25c). However, upon counting the number of photoreceptor cell
rows we found more photoreceptor cell rows were present in the ONL of TLR2neutralised retinas compared to IgG controls, indicating that similar to the NaIO3 model,
TLR2 blockade confers protection from photoreceptor cell loss (Fig. 4.2.25d).
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Figure 4.2.25. TLR2 blockade decreases C3 deposition and rescues photoreceptor
cell death in a photo-oxidative model of retinal degeneration (a-e) 3µg of anti-TLR2
antibody (ab) or anti-IgG was injected intravitreally IVT into C57Bl6 mice. Following
injections, mice were exposed to 100K lux light for 7 days continuously. Eyes were
enucleated, prepared for immunohistochemistry and assayed for C3, TUNEL and
photoreceptor cell rows. (a) Representative image of C3 (green) immune reactivity in
IgG injected mice and (b) anti-TLR2 ab injected mice n= 9-10 per experiment. (c)
Quantification of total TUNEL positive cells detected at 7 days following injection and
photo-oxidation. (d) Number of photoreceptor cell rows in IgG injected mice vs antiTLR2 ab injected mice. (e) Quantification of number of outer retinal C3 positive
cells/deposits detected in ONL and subretinal space. (Data provided by Nilisha Fernando
and Riccardo Natoli-The Australian National University)
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4.3 DISCUSSION
With progressive age, increased oxidative damage occurs in many tissues, including the
retina, where oxidative damage has been linked to the progression of AMD. Cigarette
smoking and aging are the greatest non-genetic risk factors for developing AMD. The
strongest genetic risk factor for AMD is the Y402H variant in the CFH gene (Seddon et
al., 2007). Therefore, it is widely accepted that oxidative stress and complement
activation are two main mechanisms involved in AMD pathogenesis. A pathological
hallmark of AMD is the accumulation of complement factors in the retina and choroid,
which is not found to the same extent in non-disease age-matched eyes (Hageman et al.,
2005, Seth et al., 2008, Mullins et al., 2014). While it is has been suggested that products
of photo-oxidation of bis-retinoid lipofuscin pigments could serve to activate
complement (Zhou et al., 2006), the underlying mechanisms that trigger complement
fixation remain unknown. Here, we show that oxidative stress-induced TLR2 signalling
promotes complement activation, triggering the proteolytic pathway to termination with
MAC formation. We further demonstrate that inhibition of TLR2 reduces complement
deposition, RPE atrophy and photoreceptor cell death observed in multiple experimental
models of oxidative damage.

Despite reports demonstrating that inhibition of TLR2 reduces complement deposition in
ischemia-reperfusion injury (Pope et al., 2010, Farrar et al., 2012, Stott and Korbelik,
2007) there are no studies demonstrating that TLR2 can directly trigger or initiate the
proteolytic complement cascade. We found that TLR2 activation can induce changes in
complement factor expression in mononuclear cells. This is interesting given previous
reports of increased mononuclear cell infiltration in AMD donor eyes (Cherepanoff et al.,
2010). TLR2 ligation consistently induced gene expression of both CFB and C3 in
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monocytes and macrophages, whereas conflicting differences were observed in the
expression of C1q, the initiator of the classical pathway. Interestingly, Kaczoriwski et al.,
previously reported TLR4 and TLR3 ligation induced upregulation of CFB in
macrophages (Kaczorowski et al., 2010). Thus, implying that universal TLR activation
can strongly amplify the alternative pathway. Factor B (CFB) is exclusive to the
alternative pathway and is the key rate limiting protein in alternative pathway activation
(Nielsen et al., 1992). Simply increasing CFB expression can lead to the formation of the
C3 convertase, amplifying the pathway by cleaving C3.

The oxidative stress related modification CEP is abundant in the photoreceptors of AMD
donors and has been characterized as a TLR2 ligand (West et al., 2010). Macrophages
stimulated with CEP-HSA had increased P-p38 activity downstream of TLR2 and
induced complement factor expression in a similar manner to synthetic TLR ligands
Pam3Cys4 and Malp-2. Microglia are the resident mononuclear cells of the retina.
Recently microglia were shown to be sources of C3 production in a photo-oxidative
model of retinal degeneration (Natoli et al., 2017). CEP-HSA is found in abundance in
the outer retina in AMD donor eyes and given its location is perfectly positioned to
activate microglia which circulate in the retina stimulating C3 production. We have
shown TLR2 activation on mononuclear cells (monocytes, macrophages and microglia)
induces robust secretion of C3 in response to TLR2/1 ligation by Pam3Cys4 or CEPHSA. Mononuclear cells have been identified infiltrating to BM early in AMD
pathogenesis (Cherepanoff et al., 2010). Following infiltration, they may be activated by
CEP-HSA and induce complement factor secretion.

Complement components have been identified in drusen deposits in AMD donor eyes
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(Anderson et al., 2010). The appearance of drusen precedes mononuclear cell infiltration
and therefore the complement observed in drusen must be produced locally. In chapter 3
we observed TLR2 expression at both the basolateral and apical RPE membranes in
human donor tissue. Here we observed that the RPE cell line ARPE-19 responded to
TLR2 ligation inducing phosphorylation of P-p38 in response to TLR2/1 ligation.
Therefore, we questioned whether TLR2 activation on the RPE could induce local
complement factor secretion. We observed upregulation of alternative pathway gene
expression (CFB, C3) to a much higher level compared to classical (C1) or lectin pathway
(MASP1) gene expression. Moreover, CEP-HSA induced robust secretion of CFB and
C3 into the supernatant of primary hfRPE cells. Therefore, we propose an oxidative
protein modification that associates with AMD pathology can activate TLR2 to induce
C3 secretion from retinal microglia, infiltrating mononuclear cells and from the RPE.

Interestingly, despite the abundance of TLR2 at both sides of the RPE in human tissue,
TLR2 signalling appeared to be polarized, active only from the apical membrane in
polarised ARPE-19 cells, with both IL-6 and C3 only produced in response to apical
stimulation. The effect of polarisation of the RPE on TLR2-signalling indicates that hostderived ligands for TLR2 would need to be presented, not from Bruch membrane or the
sub-RPE space, but by the outer retina, which is the primary location for DHA
peroxidation resulting in CEP formation. Furthermore, the secretion of TLR2-induced
C3 appeared also to be regulated in a polarised manner, with the vast majority of C3
released basolaterally. This is particularly interesting as it may explain why in line with
previous reports (Anderson et al., 2010), the majority of C3/C3d deposition we observed
in human tissue from AMD donor eyes was basolateral to the RPE (chapter 3).
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Upon complement activation, its individual components C5b, C6, C7, C8, and C9
combine to form a lytic pore (C5b-9, MAC) on the surface of target cell membranes,
capable of inducing cell lysis and inflammatory processes, as well as activating various
cell signalling pathways (Lueck et al., 2011, Kunchithapautham and Rohrer, 2011,
Triantafilou et al., 2013). In the human retina, the MAC complex is identified in Bruch
membrane in eyes as young as 5 years of age (Mullins et al., 2014). The presence of MAC
increases with normal ageing, but it accumulates at higher levels in individuals with riskassociated AMD genotypes (Mullins et al., 2011a) and has been identified in AMD
patients within drusen in Bruch's membrane (Seth et al., 2008) surrounding the
choriocapillaris, and on RPE overlying drusen in vivo. The induction of both C3 and CFB
in response to TLR2 activation indicated that TLR2 should potentially drive complement
proteolysis resulting in the formation of terminal MAC. We found that 10% NHS alone,
was not sufficient to induce MAC formation on RPE cells although hfRPE cells appeared
to be less resistant to MAC formation in the presence of NHS compared to the RPE cell
line. In contrast, significantly increased MAC formation was induced on RPE cells
cultured with NHS in the presence of CEP adducts. Despite the presence of MAC
formation under these culture conditions, RPE cell death was not observed in an LDH
assay, indicating that TLR2-induced MAC formation on RPE cells is sub-lytic, this
contrasts with MAC activation on choroidal endothelial cells that induces lysis (Zeng et
al., 2016). Soluble and membrane-bound regulators of complement help protect healthy
tissue from aberrant activation. These regulators are often down-regulated in diseased
tissue allowing for complement activation and MAC formation. Oxidative stress has
previously been shown to reduce the expression of negative regulators of complement
(Thurman et al., 2009). TLR2 activation did not affect the expression of these regulators
on the RPE which may explain their resistance to MAC lysis.
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This observation correlates with recent studies that describe how RPE cells efficiently
remove MAC before lysis can take place; instead, sub-lytic MAC induces inflammatory
signaling pathway activation (Lueck et al., 2011, Kunchithapautham and Rohrer, 2011,
Georgiannakis et al., 2015) including inducing secretion of MCP-1, a key monocyte
chemoattractant that also signals for monocyte differentiation into macrophages. While
CEP-adducts alone induced MCP-1, presumably directly through TLR2 signalling, we
observed a synergistic effect on MCP-1 secretion under culture conditions where MAC
is formed, further suggesting that MAC formed on RPE cells in response to TLR2
activation is sub-lytic and creates an environment that attracts monocytes and encourages
their development into macrophages. The increased TLR2 positive staining observed in
the AMD-choroid (chapter 3) supports this theory, indicating a possible chemokine
gradient attracting these cells to the AMD RPE/choroid space. Moreover, we demonstrate
that the anaphylatoxins C5a and C3a released during complement activation can
synergize with TLR2 ligation to induce TNFa and IL-1b, data consistent with the
recruitment of monocyte/macrophages and increased cytokine concentrations in early
AMD.

TLR2 signals through recruitment of the TIR adaptor proteins Mal and MyD88. MyD88
is utilized by all TLR family members with the exception of TLR3, whereas Mal is only
used as a bridging adaptor by TLR2/4. Consequently, as expected, MyD88 and Mal
deficient macrophages were unable to induce C3 and CFB expression respectively in
response to TLR2 ligation. Further supported by overexpression studies where simply
overexpressing MyD88 or Mal was sufficient to drive C3 promotor activity in a luciferase
assay. We further confirmed the role of TLR2 specifically in bridging oxidative stress to
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complement activation using both a neutralizing monoclonal antibody targeting TLR2
and a Mal inhibitor peptide and found significant inhibition of CEP-HSA/NHS-induced
MAC formation on the RPE under conditions where TLR2 signalling is attenuated.

Interestingly, a common SNP (S180L) found in the gene that encodes Mal (TIRAP) is
known to increase capacity of heterozygous individuals to produce pro-inflammatory
cytokines in response to TLR2/4 stimulation (Ferwerda et al., 2009). We were interested
to assess whether heterozygous individuals also have increased capacity to activate the
alternative complement pathway. We found that individuals carrying the minor allele,
180L, had increased capacity to produce C3 in response to TLR2 ligation. Given that
overexpression of Mal alone was sufficient to drive C3-promoter activation in a reporter
assay, we investigated the levels of C3 in a healthy human population cohort in relation
to Mal genotype. Here we observed a strong association between Mal genotype and C3
plasma levels with an apparent over-active turn-over of C3 in individuals heterozygous
or homozygous for the minor allele when compared to individuals homozygous for the
wildtype allele. Aside from adding to our understanding of why individuals heterozygous
for S180L are protected against many infectious diseases, this finding has potential
implications for individuals who may be carrying risk alleles for AMD, and it will be of
particular interest to assess whether the Mal genotype has epistatic associations with
SNPs in CFH, C3 and CFB in the future.

One limitation when studying AMD is the lack of an animal model that recapitulates all
aspects of the disease. We chose to study the effect of neutralizing TLR2 in two different
models of retinal degeneration, each one mimicking some aspects of dry AMD. Both are
models of oxidative stress and both are known to deposit complement (Natoli et al., 2017,
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Li et al., 2006). The NaIO3 model causes RPE atrophy and photoreceptor cell death (Li
et al., 2006) furthermore in chapter 3 we demonstrated C3d deposition carpeting the RPE
phenocopying the pattern of C3d staining observed in human AMD tissue. In this model,
we observed a clear reduction of complement deposition, and reduced photoreceptor cell
death with consequent preservation of photoreceptor cell layers, in response to inhibition
of TLR2 signalling. Furthermore, H&E staining indicates that the RPE is less atrophic
with better preservation of photoreceptor layer structure. In the photo-oxidative damage
model C3 has been shown to be produced by microglia and macrophages and is deposited
in the outer retina (Natoli et al., 2017). Neutralizing TLR2 signalling significantly
reduced complement deposition in the outer retina and significantly preserved
photoreceptor cell layers, indicating a reduction in photoreceptor cell death despite
observing no significant difference in TUNEL between IgG and anti-TLR2 treatments.

Aberrant C3 deposition is present in AMD donor eyes, however its source remains
unknown. C3 deposition and subsequent complement activation likely plays a
detrimental role in AMD pathogenesis. Cashman et al. demonstrated that simply
overexpressing C3 in the retina can promote many features of AMD (Cashman et al.,
2011), while many more have demonstrated that inhibiting various complement factors
can protect against photoreceptor cell death in different models of retinal degeneration
(Sweigard et al., 2015, Rohrer et al., 2007b). Recently a C3 inhibitor, APL-2 administered
IVT showed significant reduction in rate of GA lesion growth in phase 2 clinical trial
(ClinicalTrials.gov identifier NCT02503332). Until APL-2, attempts to block
complement activation with direct inhibitors of complement had yielded little in the way
of success in slowing AMD in clinical trials, possibly due to constant replenishment of
complement factors in the local environment out-competing the inhibitors. The success
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of APL-2 strongly ratifies the pathological function of C3 in disease progression and
indicates that blocking the signaling pathways that lead to induction and activation of
complement has real therapeutic potential to reduce complement-mediated retinal cell
death and consequently prevent or slow vision loss. Our data indicates that TLR2
mediates complement deposition in response to oxidative stress that is pathological in
nature. We propose the RPE can respond directly to oxidative stress via TLR2 and induce
C3 secretion basolaterally. Our data also implies that proteolytic complement activation
occurs in response to TLR2 activation producing anaphylatoxins C3a and C5a and
terminating in MAC formation. Sub-lytic MAC produced a chemoattractant signal which
has the potential to attract mononuclear cells to the RPE/choroid interface. Activated
microglia or infiltrating macrophages following breakdown of the blood retinal barrier
can respond to TLR2 activation amplifying local complement deposition.

We utilized two mouse models of oxidative stress induced retinal degeneration known to
have increased C3 deposition. Our data demonstrates that blocking TLR2 signalling
preserves both photoreceptor and RPE integrity in vivo under conditions of oxidative
stress. C3 has been reported to significantly increase RPE atrophy, and photoreceptor cell
loss both features observed in response to NaIO3 induced oxidative stress (Cashman et
al., 2011). Interestingly, RPE blebbing and atrophy is rescued by anti-TLR2 injection.
We report sub-lytic MAC formation on the RPE in response to oxidative stress which in
isolation would not result in RPE atrophy. Therefore, it is likely that neutralizing TLR2
has many other consequences, besides direct inhibition of the alternative complement
pathway that contribute to protecting the RPE and photoreceptors from death. Our data
presented here, in addition to reports that TLR2 neutralization in two mouse models of
choroidal neovascularization (CNV), spontaneous and laser-induced (Marneros, 2016,
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Feng et al., 2017b) can reduce neovascularization in wet AMD, strongly suggests that
anti-TLR2 therapy appears, uniquely, to have great potential for early stage treatment of
both forms of AMD.
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4.3.1 Summary of chapter 4 findings. Overall we have demonstrated that activation of
TLR2 with either synthetic ligands or CEP-HSA leads to upregulated expression of the
alternative complement pathway factors CFB and C3 from mononuclear cells and the
RPE. Moreover, we observed robust secretion of both C3 and CFB into the supernatant
of cells. We found that CEP-HSA in the presence of NHS can drive proteolytic
complement pathway activation to completion resulting in the formation of the terminal
MAC complex on the apical surface of the RPE. Finally, we accessed the therapeutic
potential of our findings by utilizing an anti-TLR2 blocking ab. We found that
pretreatment with anti-TLR2 ab T2.5 reduced MAC formation on the RPE up to 50%. In
addition, we demonstrated how intravitreal injection of anti-TLR2 ab rescued against
AMD associated pathology in two mouse models of oxidative stress.
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Chapter 5
Characterising a role for TLR3 and complement
activation in inherited retinal degeneration.
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5.1 Introduction
5.1.1 Retinitis Pigmentosa
Retinitis Pigmentosa (RP) is the leading cause of inherited retinal degeneration with a
prevalence of 1:4000 (Sudharsan et al., 2017). The clinical signs of RP are progressive
and include (a) night blindness, a term used to describe loss of dim light vision (b) loss
of peripheral vision and terminate with (c) complete blindness. Although the age of onset
varies between individuals, the clinical phenotype remains unchanged. RP is a genetically
complex disease, in fact, its progression has been linked to upwards of 60 gene mutations
(Xu et al., 2014). Most causative mutations effect the function of rhodopsin, the sole
opsin present in rod photoreceptors and thereby lead to rod and subsequent cone
photoreceptor cell death (Hartong et al., 2006). Multiple explanations have been put
forward to explain why cone cell death occurs after rod cell death including, the
accumulation of toxic substances released by dying rods (Ripps, 2002), loss of a cone
survival factor produced by rods and loss of trophic support (Leveillard et al., 2004).
Following rod cell death, oxygen increases within the retina which has been shown to
result in increased production of lipid peroxidation products 4-HNE and acrolein in
animal models of RP (Campochiaro and Mir, 2018). Interestingly, antioxidants
significantly reduced oxidative protein accumulation and increased cone survival.
Moreover, increased oxidative damage has been reported in the aqueous humour of RP
donor eyes (Campochiaro et al., 2015). It is likely that a combination of the above
mechanisms leads to cone cell death. The biological pathways involved in initiating rod
photoreceptor cell death in RP remain elusive. Due to the heterogeneous nature of RP,
identifying overlapping and redundant pathways would be beneficial to facilitate new
treatment strategies.
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5.1.2 dsRNA as an endogenous DAMP in retinal degeneration.
TLRs are primary initiators of innate immunity responding to conserved motifs on
pathogens (PAMPs) and to modified host derived elements (DAMPs). The eye is an
immune privileged site and therefore no pathogens can easily enter. dsRNA is an
endogenous DAMP, known to activate TLR3 which has been identified in AMD donor
eyes and is likely released from dying cells during RD (Kaneko et al., 2011). The effect
of dsRNA in the retina has been extensively studied using a synthetic dsRNA mimic Poly
(I:C). TLR3 is highly expressed by the RPE (Kumar et al., 2004) and by photoreceptor
cells (Gao et al., 2017). TLR3 activation by dsRNA triggers RPE and photoreceptor cell
death by apoptosis in vitro (Shiose et al., 2011, Gao et al., 2017) and sub-retinal injection
of Poly (I:C) induces RPE atrophy, photoreceptor cell death and increased immune cell
activation in vivo (Murakami et al., 2014, Gao et al., 2017).

5.1.3 TLR3 induced complement activation.
TLR3 signalling activates a classical pro-inflammatory response in both immune cells
and the RPE (Ebihara et al., 2007). Poly (I:C) like other TLR ligands has recently been
shown to directly regulate complement production in macrophages, cardiac cells and
colonic epithelial cells (Zou et al., 2013, Ostvik et al., 2014). Complement deposition is
implicated in and thought to underpin the pathology of AMD, however, the mechanism
of its deposition is unknown. In chapter 4, we report that TLR2 ligation can drive
complement factor production in the RPE in response to CEP. Interestingly, dsRNA has
been identified in drusen deposits in AMD donor eyes with GA (Kaneko et al., 2011) and
it is intriguing to note that dsRNA, unlike CEP, is likely present in multiple RDs as a
consequence of retinal cell death. Despite strong evidence for a role for dsRNA signalling
in RD, a role for TLR3 induced complement activation in RD has not been characterised.
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5.1.4 The Complement cascade in Retinitis Pigmentosa.
The role of complement in RP is relatively understudied. Two recent reports utilised RNA
sequencing to identify upregulated pathways in mouse and canine models of RP (Uren et
al., 2014, Sudharsan et al., 2017). Both studies reported strong associations with
complement factor expression implying a role for complement in inherited retinal
degeneration. Classical pathway activation may be central to RP development given the
increased expression of the classical pathway initiator C1q and the central complement
component C3 in both models. In fact, a previous study had noted that C1q gene
expression progressively increased over a 3-month period of photoreceptor degeneration
in mice with a targeted disruption in the rhodopsin gene (Rho-/-) (Humphries et al., 2012).
However, when Rho-/- C1q-/- double knockout mice were generated, they exhibited worse
cone photoreceptor degeneration than the Rho-/- alone, leading the authors to conclude
that C1q is protective against cone cell death. In a different mouse model of retinal
degeneration, the RD1 mouse, Rohrer et al. reported that C1q knockout had no effect on
photoreceptor loss (Rohrer et al., 2007a). Together, these reports suggest that blocking
classical pathway activation has no benefit in RP.

5.1.5 C1q has roles in homeostasis and complement activation
The primary role of C1q is to activate the classical complement pathway to efficiently
generate the active opsonin C3b, induce MAC formation and trigger chemotaxis for
bactericidal activity. Initially, C1q was identified as a recognition molecule for antigenantibody complexes and has since been shown to bind diverse exogenous and endogenous
molecules including C-reactive protein, DNA, prions and amyloid fibrils (McGrath et al.,
2006, Klein et al., 2001, Webster et al., 1995). C1q is also been shown to bind to cell
debris and apoptotic cells facilitating effective clearance (Nauta et al., 2002). C1q binding
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initiates formation of the C1 complex through the recruitment of C1r and C1s. The C1
complex subsequently activates C1s, a serine protease, which cleaves C2 and C4 to form
the C3 convertase. Formation of the C3 convertase triggers proteolytic complement
activation via the classical pathway resulting in C3a and C5a anaphylatoxin production,
MAC formation and opsonisation by C3b, C4d and C1q. Opsonisation “tags” apoptotic
cells enhancing recognition by infiltrating immune cells ensuring effective phagocytosis
(Ogden et al., 2001). Individuals with an inherited deficiency in C1q are predisposed to
develop systemic lupus erythematosus (SLE), an autoimmune disease where excessive
inflammation triggers tissue damage (Walport, 2002). SLE patients have defective
apoptotic cell clearance due to decreased levels of C1q (Donnelly et al., 2006). The
inability to clear cellular debris results in the accumulation of autoantigens which
activate an immune response (Walport, 2002).

In addition to its role in initiating the classical complement cascade, in the absence of
other complement factors, C1q enhances phagocytosis of sub-optimally opsonised
human antigens or rat neurons by monocytes or microglia, respectively. Furthermore,
C1q decreases LPS induced pro-inflammatory cytokine production in an effort to
effectively eliminate unwanted material without activating a potent inflammatory
response (Fraser et al., 2006, Fraser et al., 2010). In addition, C1q has a neuroprotective
role increasing primary cortical neuron survival by inducing expression of factors
essential for neuronal growth (Benoit and Tenner, 2011. Furthermore, C1q is essential
for the formation of mature synapses during development of the central nervous system
(CNS). Excessive neurons are produced during embryonic development and are targeted
for removal by C1q. The mechanism for this function has been a great focus of study
over the past number of years. In the developing mouse retina, C1q is localised to the
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inner plexiform layer (IPL) at postnatal day 5, is significantly reduced at postnatal day
15 and absent at postnatal day 30 correlating with a period of synaptic pruning when
unwanted synapses are targeted for degradation (Stevens et al., 2007). Interestingly,
knockout of either C1q or C3 results in defects in synaptic elimination indicating that
C1q activation of C3 and deposition on C3b likely “tags” synapses for engulfment by
microglia (Stevens et al., 2007). More recently, complement component C4 which
activates C3 in the classical pathway has been linked to synaptic pruning during
development, whereby C4 knockout resulted in significantly less synaptic pruning (Sekar
et al., 2016). Consequently, C1q has homeostatic functions, either alone or as part of the
classical complement cascade in neuronal maintenance. C1q alone promotes neuron
survival, whereas C1q in the presence of C3 or C4 targets unwanted synapses for
removal.

5.1.6 C1q in CNS disease
Aberrant reactivation of synaptic elimination has been associated with multiple CNS
disorders including Alzheimer’s (Hong et al., 2016), Schizophrenia (Sekar et al., 2016)
and Glaucoma (Stevens et al., 2007) . In a mouse model of glaucoma, C1q expression
was upregulated very early after disease onset and localised to synapses in the IPL
preceding synapse loss and RGC death (Stevens et al., 2007). A similar deposition pattern
of C1q at synapses occurs in Alzheimer’s where complement C1q and C3 deposition
targeted neurons for engulfment by activated microglia (Hong et al., 2016).

5.1.7 Microglia activation in retinal degeneration
Microglia are the resident mononuclear cells in the retina and share many features with
macrophages. Microglia are professional phagocytes participating in the removal of cell
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debris. Microglia survey the retina for damage changing morphology upon activation and
upregulating pro-inflammatory gene expression (Ransohoff and Perry, 2009). In addition
to their role as immune sentinel’s, microglia have a role in the development and
maintenance of synaptic connections. In the developing mouse retina microglia localised
to synaptic inputs at postnatal day 5 correlating with peak C1q deposition. Furthermore,
microglia engulfment of synaptic inputs was dependent on the interaction of activated C3
and its receptor CR3 (Schafer et al., 2012). RD is associated with increased microglia
activation. Activated microglia have been identified in mouse models of RP as well as in
human AMD and RP donor eyes (Gupta et al., 2003). Microglia activation occurs early
in the onset of RD prior to photoreceptor degeneration and has been suggested to have a
direct role in photoreceptor death (Blank et al., 2018). Under homeostatic conditions
microglia are found in the inner retinal layers and the OPL. However, in the RD10 mouse
model of RP microglia migrate to the ONL and engulf rod photoreceptors by direct
phagocytosis (Zhao et al., 2015). In this model, microglia preferentially engulfed
photoreceptors not undergoing apoptosis, suggesting two distinct mechanisms of rod
photoreceptor degeneration. The signal that triggers microglia to engulf non-apoptotic
photoreceptors remains unknown, however it seems highly probable that complement
opsonisation is involved in apoptosis-independent photoreceptor degeneration.
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5.1.8 Aims
•

To investigate whether dsRNA can activate TLR3 and induce complement factor
expression in macrophages, RPE cells and photoreceptors.

•

To determine whether complement is upregulated and where it is deposited in a
mouse model of RP.

•

To elucidate whether complement deposition could be involved in photoreceptor
cell death directly, by initiation of MAC, or indirectly by complement
opsonisation and recruitment of microglia in a mouse model of RP.
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5.2 Results
5.2.1 Activation of TLR3 induces C3 expression in macrophages.
In chapter 4 we established that TLR2 activation can activate complement factor
expression in monocytes, macrophages and the RPE. Here, we investigated whether
activation of TLRs-3, 7, 8 or 9 could induce expression of C3 in primary bone marrow
derived macrophages (BMDMs). We observed an 8-fold increase in C3 expression in
response to TLR3 activation with two known synthetic dsRNA ligands Poly (A:U) and
Poly (I:C) over 24 hours (Fig. 5.2.1a, b). In comparison, activation of TLR7/8 by CLO75
(Fig. 5.2.1c) and TLR9 by CpG-ODN (Fig. 5.2.1d) induced a moderate 2-3-fold increase
in C3 expression.
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Figure 5.2.1. Activation of TLR3 induces C3 expression in macrophages. (a-e)
Primary bone marrow derived macrophages (BMDMs) were treated with (a) 20µg/ml
Poly (A:U), (b) 20µg/ml Poly (I:C) synthetic dsRNA ligands which activate TLR3, (c)
2.5µg/ml CLO75 a synthetic compound which activates TLR7 and (d) 1µM CpG a short
synthetic ssDNA which activates TLR9 over a 24 hour time course. Complement factor
C3 was assayed by quantitative RT-PCR. Experiments were carried out in triplicate and
data are mean ± SEM for 3 separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by
ANOVA with Tukey post-test analysis.
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5.2.2 Activation of TLR3 induces C3 expression in the RPE.
Given the high expression of TLR3 by RPE cells (Kumar et al., 2004), and the significant
upregulation of C3 expression upon TLR3 activation in BMDMs, we next studied C3
expression in the ARPE-19 cell line. Poly (I:C) induced strong C3 expression almost 30fold by 24 hours (Fig. 5.2.2a). TLR4 activation by LPS induced a moderate 3-fold
increase in C3 expression at 24 hours (Fig. 5.2.2b). In contrast activation of TLR7/8 or
TLR9 induced very low levels of C3 expression (Fig. 5.2.2c, d).
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Figure 5.2.2. Activation of TLR3 induces C3 expression in the RPE. (a-d) ARPE-19
cells were treated with (a) 20µg/ml Poly (I:C) a synthetic dsRNA ligand for TLR3 (b)
1mg/ml LPS a ligand for TLR4, (c) 2.5µg/ml CLO75 a synthetic compound which
activates TLR7/8 and (d) 1µM CpG a short synthetic ssDNA which activates TLR9 over
a 24 hour time course. Complement factor C3 was assayed by quantitative RT-PCR.
Experiments were carried out in triplicate and data are mean ± SEM for 3 separate
experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by ANOVA with Tukey post-test
analysis.

171

5.2.3 Poly (I:C) can induce MAC formation on ARPE-19 cells.
Having established that TLR3 activation in response to Poly (I:C) drives robust C3
expression in both macrophages and the RPE and given the availability of dsRNA as a
ligand in RD. We assessed whether TLR3 activation was sufficient to drive the
proteolytic complement cascade to completion using our in vitro model of MAC
formation on the RPE. We cultured ARPE-19 cells in heat-inactivated (Hi) or normal
human serum (NHS) (Fig. 5.2.3a, b respectively) alone or with Poly (I:C) in the presence
of serum (Fig. 5.2.3c, d respectively). The only combination to induce MAC formation
was that of Poly(I:C) in the presence of NHS (Fig. 5.2.3d), as determined using confocal
microscopy. These results demonstrate that TLR3 can promote activation of the terminal
product of complement activation and indicate that MAC-induced cell lysis may play a
role in the pathology of RD where dsRNA is released.
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Figure 5.2.3. Poly (I:C) can induce MAC formation on ARPE-19 cells. (a-d) ARPE19 cells were treated with 10% heat inactivated (Hi) normal human serum (NHS) or NHS
alone (a, b) alone or in combination with 20µg/ml Poly (I:C) (c, d) for 24 hours, presence
of membrane attack complex (MAC) formation (red) F-actin (green) and nuclear stain
hoechst (blue) were assessed by confocal microscopy using a Zeiss LSM 710 confocal
and 40x objective. Data are representative images from 3 separate experiments.
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5.2.4 TLR3 activation induces C3 secretion from the 661w photoreceptor cell line.
We observed Poly (I:C) can drive MAC formation on the RPE however in RP
photoreceptor cell death is the primary event initiating RD. Given that photoreceptor cells
die in response to Poly (I:C) and that MAC formation sensitizes the 661w photoreceptor
cell line to death (Shi et al., 2015), we wanted to investigate whether TLR3 activation
could induce MAC formation on photoreceptor cells. In order to do this, we first needed
to know whether direct TLR3 activation could induce complement factor secretion in
photoreceptors, or whether we would need to culture the 661w photoreceptor cell line
with conditioned medium from Poly(I:C)-activated RPE cells. We found that direct TLR3
activation of 661w photoreceptor cells induced robust C3 protein secretion as soon as 1
hour after Poly(I:C) stimulation (Fig. 5.2.4). In contrast and interestingly, we observed
no change in the secretion of CFB, an initiator of the alternative pathway, in response to
TLR3 activation of 661w cells (Fig. 5.2.4b).
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Figure 5.2.4. TLR3 activation induces C3 secretion from the 661w photoreceptor
cell line. The photoreceptor cell line 661w was treated with 20µg/ml Poly (I:C) for 0.5,
1, 4, 8 or 24 hours. Supernatants were collected and secreted protein was condensed using
StrataClean resin. (a) C3α and (b) CFB expression was assayed by western blot. Protein
isolated from corresponding cell lysates were probed for β-actin to ensure equal cell
density. Data are representative images from 3 separate experiments.
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5.2.5 Poly(I:C) can induce MAC formation on photoreceptor cells.
Having established 661w cells secrete C3 in response to TLR3 activation we investigated
whether TLR3 activation could induce proteolytic complement activation and MAC
formation. We cultured 661w cells with or without 20 µg/ml of Poly (I: C) for 24 hours,
2 hours prior to fixation cells were supplemented with Hi-NHS (Fig. 5.2.5a, c) or NHS
(Fig. 5.2.5b, d). We found that the only combination of treatments to induce robust MAC
formation was Poly(I:C), in the presence of NHS, as determined using confocal
microscopy.
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Figure 5.2.5 Poly (I:C) can induce MAC formation on photoreceptor cells. 661w
cells were treated with 20µg/ml Poly I:C for 24 hours (c, d) 2 hours prior to fixation 661w
cells were supplemented with (Hi) normal human serum (NHS) (a, c) or NHS (b, d).
Presence of membrane attack complex (MAC) formation (red) F-actin (green) and
nuclear stain hoechst (blue) were assessed by confocal microscopy using a Zeiss LSM
710 confocal and 63x objective. Data are representative images from 2 separate
experiments.
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5.2.6 Progressive loss of photoreceptors occur in Rho-/- model of inherited retinal
degeneration
Our data gave us confidence that TLR3 activation by dsRNA in mouse models of RD
would likely result in increased C3 secretion and MAC formation in the retina. In order
to investigate this, we wished to utilize a mouse model of RD. Rho-/- mice do not develop
functional rod photoreceptors due to a targeted disruption in rhodopsin. Loss of rhodopsin
renders the rod cells nonfunctional and these mice display rapid rod photoreceptor death
followed by cone degeneration (Humphries et al., 2012). In order to verify the time over
which the photoreceptors degenerate in Rho

-/-

mice, wild-type and Rho-/- mice were

euthanized at 6, 9 and 12 weeks, eyes were enucleated and prepared for histological
analysis by H&E. As expected we observed no loss of photoreceptors in wild-type mice
(Fig. 5.2.6a). In contrast we observed that Rho-/- mice have reduced numbers of nuclei in
the photoreceptor outer nuclear layer as early as 6 weeks when compared to wild-type
mice, confirming previous reports (Fig. 5.2.6a, b). Photoreceptors continue to degenerate
progressively over time, with only 2-3 photoreceptor layers remaining by 12 weeks (Fig.
5.2.6b).
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Figure 5.2.6. Progressive loss of photoreceptors occurs in Rho-/- model of inherited
retinal degeneration. Wildtype C57Bl6 (a) and C57Bl6 Rho-/- (b) mice were sacrificed
at 6, 9 and 12 weeks, eyes were enucleated and histology was accessed by H&E images
are representative of n=3 per group. INL-Inner nuclear layer, ONL-Outer nuclear layer,
RPE-Retinal Pigment Epithelium.

179

5.2.7 C3 expression is upregulated in an inherited mouse model of retinal
degeneration.
Given the extent of photoreceptor cell death in Rho-/- mice, we suspect that dsRNA is
being released from dying cells, however this remains to be verified. Having
demonstrated that dsRNA can induce C3 in RPE, photoreceptor cells and in
macrophages, we wondered whether increased C3 expression was present in the
RPE/choroid or retinal tissue of Rho-/- mice. Wild-type and Rho-/- mice were euthanized
at 3 and 7 months. Eyes were enucleated and promptly dissected, the sclera and lens were
removed and the retina was carefully separated from the RPE choroid. Tissue was lysed
and homogenized in RNA lysis buffer and RNA extraction was performed. We found
increased expression of C3 RNA in both the RPE/choroid (Fig. 5.2.7a) and retina (Fig.
5.2.7b) of 3-month old Rho-/- mice compared to 3-month old wild-type mice. A further
increase in C3 expression was observed in the RPE/choroid of 7-month old Rho-/- mice
compared to 7-month old wild-type mice (Fig. 5.2.7c), Low levels of C3 expression were
observed in the retina which is most likely due to the loss of the neural retina (Fig. 5.2.7d).
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Figure 5.2.7. C3 expression is upregulated in an inherited mouse model of retinal
degeneration. (a-d) RNA was isolated from the RPE/choroid (a, b) and retina (c, d) of
wildtype and Rho-/- mice at 3 months (a, c) and 7months (b, d). Complement factor C3
was assayed by quantitative RT-PCR. RNA n=2 at 3 month and n=1 at 7month *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001.
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5.2.8 C3 is deposited on the RPE and within the ONL as retinal degeneration
progresses in Rho-/- mice.
Given the increased expression of C3 in Rho-/- mice, we next wished to determine its
primary location. Rho-/- mice aged 6, 9 or 12 weeks were euthanized eyes were
enucleated, fixed and embedded in paraffin for immunohistochemical analysis. We
assessed the pattern of C3d deposition during retinal degeneration using fluorescently
tagged secondary antibodies. No C3d was observed on the RPE, in the ONL, or at any
location in the inner retina in 6 or 9 week old wild-type mice, however, by 12 weeks we
observed a low level of C3d–reactivity basolateral to the RPE (Fig. 5.2.8a). In contrast,
C3d immunoreactivity was already observed basolateral to the RPE and in nuclei within
the ONL in 6-week old Rho-/- mice (Fig. 5.2.8b), by 9 weeks immunoreactivity was
observed both apically and basolateral to the RPE and in nuclei of the ONL and at 12
weeks C3d was again observed coating the RPE but was absent from the ONL (Fig.
5.2.8b).
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Figure 5.2.8. C3d is deposited on the RPE and within the ONL as retinal
degeneration progresses in Rho-/- mice. Wildtype C57Bl6 (a) and C57Bl6 Rho-/- (b)
mice were sacrificed at 6, 9 and 12 weeks eyes were enucleated and prepared for
immunohistochemistry. C3d immunoreactivity (red) nuclear stain hoechst (blue) and
phase transmission were assessed by confocal microscopy using a Zeiss LSM 710
confocal and 40x objective. Images are representative of n=3 per group. INL-Inner
nuclear layer, ONL-Outer nuclear layer, RPE-Retinal Pigment Epithelium
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5.2.9 Altered C1q expression as retinal degeneration progresses in a Rho-/- model of
retinal degeneration.
We were struck by the fact that although there is clearly an increase in C3 deposition in
the Rho-/- over time, the staining pattern on the ONL was relatively weak. Furthermore,
staining for MAC in these tissue sections proved infeasible due to a lack of specific
antibodies. Given the literature on the apparent dysregulation of the role of C1q in tagging
neuronal synapses in neuronal degenerative disease and glaucoma we wished to
investigate whether C1q was deposited during photoreceptor degeneration in the Rho-/model. Humphries et al. reported increased C1q gene expression with age in Rho-/- mice
peaking at postnatal day 40 (approx. 6 weeks) (Humphries et al., 2012). Rho-/- mice were
euthanized at 6, 9 or 12 weeks, enucleated eyes were cryopreserved and cryosections
were prepared for immunofluorescence. No C1q staining was observed in any location
in the retina of wild-type mice (Fig. 5.2.9a). In contrast, punctate C1q staining was clearly
observed in the outer plexiform layer (OPL) of Rho-/- mice at 6 weeks (Fig. 5.2.9b). At 9
weeks, we observed fewer C1q specks and detected round vesicular C1q+ve structures
within the OPL (Fig. 5.2.9b). By 12 weeks no C1q immunoreactivity was observed in the
Rho-/- mice (Fig. 5.2.9b).
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Figure 5.2.9. Altered C1q expression as retinal degeneration progresses in a Rho-/model of retinal degeneration. Wildtype C57Bl6 (a) and C57Bl6 Rho-/- (B) mice were
sacrificed at 6, 9 and 12 weeks eyes were enucleated and prepared for
immunohistochemistry. C1q immunoreactivity (red) and nuclear stain hoechst (blue)
were assessed by confocal microscopy using a Zeiss LSM 710 confocal and 40x
objective. Images are representative of n=3 per group. INL-Inner nuclear layer, OPLOuter plexiform layer, ONL-Outer nuclear layer.
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5.2.10 C1q and CD68 co-localise as retinal degeneration progresses in Rho-/- mice.
The OPL is formed by the processes of the photoreceptor cells and the retinal neuronal
cells. Given the role of C1q in “tagging” apoptotic cells or synapses for engulfment by
microglia, and our observation of C1q in the OPL in Rho-/- mice we next wished to
determine whether C1q mediated microglia engulfment may be involved in photoreceptor
cell loss in Rho-/- mice. Using frozen tissue sections from 6, 9 or 12 week wild-type or
Rho-/- we stained for CD68 which is located in the lysosome of activated microglia. CD68
positive cells were present in wild-type mice however, no C1q staining or co-localisation
was observed (Fig. 5.2.10a). In 6-week old Rho-/- mice, we observed punctate C1q
staining in the OPL and co-localisation of C1q with CD68 in elongate cells in the INL
(Fig. 5.2.10b). At 9-weeks co-localisation of CD68 and C1q was evident in the OPL (Fig.
5.2.10b).
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Figure 5.2.10. C1q and CD68 colocalise as retinal degeneration progresses in Rho-/mice. Wildtype C57Bl6 (a) and C57Bl6 Rho-/- (b) mice were sacrificed at 6, 9 and 12
weeks eyes were enucleated and prepared for immunohistochemistry. C1q
immunoreactivity (green), Cd68 immunoreactivity (red) and nuclear stain hoechst (blue)
were assessed by confocal microscopy using a Zeiss LSM 710 confocal and 40x
objective. Images are representative of n=3 per group. INL-Inner nuclear layer, OPLOuter plexiform layer, ONL-Outer nuclear layer.
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5.2.11 Complement factor 4 is upregulated in Rho-/- mice.
The precise localisation of C1q at synapses, and its co-localisation with CD68 positivity,
led us to question whether synaptic elimination may play a role in RD in RP. Complement
component C4 has recently been reported to localise to synapses targeting them for
removal by microglia. We tested whether, in addition to C1q, Rho-/- mice had upregulated
of C4 expression. We observed significant upregulation of C4 expression in 3-month old
Rho-/- mice (Fig. 5.2.11a) and furthermore, we found that Poly(I:C) could induce C4
expression in ARPE-19 cells (Fig. 5.2.11b).
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Figure 5.2.11. Complement factor 4 is upregulated in Rho-/- mice. (a) RNA was
isolated from the RPE/choroid of wildtype and Rho-/- mice at 3 months and complement
factor C4 was assayed by quantitative RT-PCR. (b) ARPE-19 cells were treated with
20µg/ml Poly (I:C), over a 24 hour time course. Complement factor C4 was assayed by
quantitative RT-PCR. Experiments were carried out in triplicate and data are mean ±
SEM for 3 separate experiments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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5.3 Future directions
•

Quantify cell viability to determine whether MAC formation induces
photoreceptor cell lysis in response to Poly (I:C) induced MAC formation on
661w cells.

•

Quantify the level of dsRNA released during cell death in Rho-/- mice.

•

Stain for C1q in combination with a synaptic marker in Rho-/- mice.

•

Stain for opsonins C3b and C4d in Rho-/- mice.

•

Assess whether C1q localises to the OPL in other mouse models of RP which
have slower rod cell degeneration.

190

5.4 Discussion
RP is a group of inherited diseases characterized by rod and subsequent cone
photoreceptor cell death. Cell death can occur via programed cell death (apoptosis) or
uncontrolled cell death (necrosis) and in some circumstances necrosis occurs via a
controlled mechanism involving receptor-interacting protein (RIP) kinase (Murakami et
al., 2012). Apoptosis is believed to be the major contributor to rod photoreceptor death
and has been observed in multiple mouse models of RP. Cone cell death occurs after all
rod cells have died, loss of trophic factors and oxidative stress are both believed to
contribute to the loss of cone cells. Murakami et al. investigated the mechanism behind
cone cell death in the RD10 model of RP and found that cone cell death was dependent
on RIP kinase mediated necrosis (Murakami et al., 2012). Sub-retinal injection of Poly
(I:C), a synthetic dsRNA mimic known to activate TLR3, induced retinal degeneration
in wild-type mice. 2 days after Poly (I:C) injection RPE cells display a swollen necrotic
morphology. In contrast, photoreceptors show features of necrosis and in addition
demonstrate cell shrinkage and nuclear condensation indicative of apoptosis. Poly (I:C)
associated photoreceptor cell death was shown to occur via RIP kinase induced necrosis
whereby, Rip3-/- protects against Poly (I:C) induce RPE and photoreceptor cell loss,
macrophage infiltration and pro-inflammatory cytokine production (Murakami et al.,
2014). Furthermore, enlarged cone photoreceptors and release of a necrotic marker were
evident in patients with RP (Murakami et al., 2015). Therefore, TLR3 has been well
characterized to induced necrotic cell death in cone photoreceptors. Rod cell death occurs
via apoptosis and cells undergoing apoptosis are phagocytosed by mononuclear cells.
Increased microglia infiltrate into the ONL in RD10 mice during the period of
photoreceptor cell loss, however, Zhao et al. reported that microglia engulf TUNEL
negative rod photoreceptors. As TUNEL marks DNA breaks in apoptotic or necrotic
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cells, this suggest a second signal must be presented to induced rod microglia engulfment
(Zhao et al., 2015). Interestingly, MAC formation has been shown to sensitize cultured
photoreceptors to death (Shi et al., 2015). We were interested to determine if dsRNA
induced MAC formation on photoreceptor cells or whether complement deposition
tagged photoreceptors for engulfment by microglia.

In chapter 4, we demonstrated that an endogenous DAMP present in the retina of AMD
donor eyes can activate TLR2 on macrophages and the RPE and drive proteolytic
complement activation resulting in MAC formation on the RPE. Given the known roles
of dsRNA in inducing retinal degeneration we wished to characterize whether, TLR3
activation could also induce complement factor production in the retina. dsRNA has been
reported in AMD donors with GA and is likely to be present in patients with RP as a
consequence of retinal cell death. We observed a robust upregulation of C3 expression in
response to TLR3 activation in ARPE-19 cells and in primary macrophages. Brosig et al.
reported that a much higher dose of Poly (I:C) (500ug/ml) induced complement factor
CFB, CFH, C5 and C9, however, not in C3 expression in primary human RPE cells
(Brosig et al., 2015). Using our in vitro model of MAC formation on the RPE, we
demonstrated that TLR3 activation can drive proteolytic complement activation resulting
in terminal MAC formation. While RPE atrophy is a key event in the pathogenesis of
AMD photoreceptor cell death is the primary mechanism of RD in RP. It is conceivable
to think that dsRNA released from dying photoreceptors during RP could activate TLR3
expressed on other photoreceptor cells, triggering complement production. We have
demonstrated that in an environment where dsRNA was available, 661w photoreceptors
secreted C3 and furthermore, TLR3 activation could drive terminal MAC formation in
the presence of NHS. In the future, we will repeat this method and quantify cell viability
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to assay whether MAC formation induces direct photoreceptor cell lysis or sensitizes cells
to death.

A targeted deletion of rhodopsin leads to rapid rod photoreceptor death in Rho-/- mice
(Humphries et al., 2012). We and others have shown that by 12 weeks only 2-3 layers of
nuclei remain in the ONL, comprised of cones and non-functional rods. As dsRNA is
released by dying cells, an abundance of TLR3 ligand is likely present in the degenerating
retina in this mouse model of RP. In future experiments, we wish to measure the level of
dsRNA in Rho-/- mice. Previously, we illustrated that dsRNA induced robust C3 secretion
from both the RPE and photoreceptors. Interestingly, we observed increased C3
expression in the retina and RPE/choroid of Rho-/- mice. Given the increased expression
of C3 in 3-month old Rho-/- mice we hypothesised that C3 deposition occurred on
photoreceptor cells. We observed increased C3d deposition during the first 12 weeks of
retinal degeneration. Weak C3d immunoreactivity was observed within the nuclei of the
ONL and an abundance of C3d was deposited on the apical surface of the RPE. C3d is
an inactive fragment generated as a result of complement activation. Thus, we can
conclude active C3 is deposited in the retina and RPE of Rho-/- mice. However, we need
to stain for C3b to see whether the active opsonin is deposited on photoreceptors. The
RPE monolayer and outer blood retinal barrier remain intact in this model and therefore,
C3 deposition on the apical RPE is likely being produced and deposited by cells in the
retina. Given TLR3 activation induced robust expression of C3 from the RPE and
moreover induced secretion of C3 protein from photoreceptors, we propose that TLR3
activation by dsRNA may induce complement fixation in this model and may contribute
to RD. Activation of complement opsonises cells for clearance by phagocytosis or
induces MAC formation triggering cell lysis. In addition to the classical opsonins C3b
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and C4b, C1q has been reported to enhance phagocytosis of apoptotic calls and neuronal
synapses. We next assessed whether C1q may mediate photoreceptor cell degeneration.
Humphries et al. report upregulated C1q mRNA expression as retinal degeneration
progressed in Rho-/- mice (Humphries et al., 2012). We report for the first time, punctate
C1q immunoreactivity in the OPL during retinal degeneration in a mouse model of RP.
The OPL contains synapses between photoreceptors and horizontal or bipolar cells. In
the future, we will stain for C1q in combination with a synaptic marker to see if C1q is
localising to synapses within the degenerating retina. C1q staining was transient
correlating with the reported timing of rod photoreceptor death. Humphries et al. reported
that C1q is neuroprotective in cone cell death in this model as blocking C1q resulted in a
worse cone ERG response. Rho-/- mice never develop functional rod outer segments and
therefore, the effect on rod cell removal cannot be studied by ERG. It is plausible that
C1q could tag immature rods for engulfment by microglia furthermore, it is possible that
ineffective removal of rod cell debris may be responsible for cone cell death explaining
the decrease in cone photoreceptor numbers observed in the C1q Rho double knockout
mice (Humphries et al., 2012). In support of this hypothesis, we observed co-localisation
of C1q with CD68, a lysosomal marker, in activated microglia in the OPL which contains
photoreceptor synaptic terminals. This suggests that C1q facilitates photoreceptor
engulfment by activated microglia. C1q, C3b and C4 are involved in targeting synapses
for elimination and engulfment by microglia during development. We observed
upregulation of all three genes in our model. C1q localised to the OPL and co-localised
with actively phagocytosing microglia. In the future, we are keen to determine the
location of the opsins C3b and C4b in an effort to determine a role for
complement/microglia in eliminating non-apoptotic photoreceptor cells in the Rho-/model of RD.
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Chapter 6
Final discussion and future perspectives
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AMD is the leading cause of vision loss in western society with a global prevalence of
170 million and is expected to increase to 196 million by 2020 as a result of a global
increase in the elderly population (Wong et al., 2014). Currently, the only effective form
of therapy is monthly intraocular injections of anti-VEGF agents which have
revolutionised the treatment of the late stage “wet” form of disease but are ineffective in
treating early “dry” AMD. In addition, no therapeutic options are available to prevent
progression of early AMD to the more advanced stage of disease. AMD is a complex
disease with both environmental and genetic risk factors contributing, however, the
initiating events driving disease pathology remain to be characterised. Due to the
multifactorial nature of AMD, identifying pathways underpinning disease pathogenesis
is essential for the development of effective and much needed treatment strategies.

In 2005, our understanding of AMD risk was enhanced by a number of studies that
identified an association between the polymorphism Y402H, in the CFH gene, and AMD
risk (Klein et al., 2005). CFH functions to block alternative complement pathway
activation and the mutant form has been reported to be defective in blocking pathway
activation and thus, complement activation was implicated in AMD progression.
Extensive research has since been carried out to better understand the role of complement
in AMD pathogenies. However, a major question remained unanswered at the outset of
this project, namely, what was the mechanism by which complement deposition is
initiated in AMD?

We were aware of emerging reports demonstrating how TLR activation can drive
complement factor deposition, in particular, one study in a mouse model of ischemia
reperfusion (I/R) injury, demonstrated that blocking TLR2 was effective in reducing C3
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deposition in the kidney (Farrar et al., 2012). This was particularly interesting given
reports of aberrant C3 deposition in the choroid, sub-RPE and associated with drusen
deposits in AMD donor eyes when compared with non-diseased age matched donors
(Anderson et al., 2010). Increased macrophage infiltration to BM correlates with the
appearance of soft drusen and basal deposits signifying early AMD (Cherepanoff et al.,
2010). TLRs are also expressed by multiple cell types within the retina including the RPE
and photoreceptors and increased microglia activation has been reported in AMD (Kumar
et al., 2004, Gao et al., 2017, Gupta et al., 2003). Given the presence of TLRs on multiple
cell types involved in AMD pathology and reports of genetic associations with various
TLRs and AMD risk, we hypothesised that TLR activation plays a role in disease
progression and may be the receptor initiating complement deposition.

TLRs are evolutionarily conserved pattern recognition receptors which respond to
conserved pathogen motifs and viral nucleic acids. Upon activation, TLRs initiate a
potent host immune response. 10 TLRs have been identified in humans, each TLR
recognises a specific ligand, thus providing protection against a broad range of insults
(Kawai and Akira, 2010). Immune cells such as monocytes and macrophages express an
abundance of TLRs, producing a robust pro-inflammatory response upon activation,
aiding in the clearance of harmful infections. In recent years, it has become widely
excepted that TLRs can also recognise and respond to modified host derived elements,
termed danger associated molecular patterns (DAMPs). DAMPs include high mobility
box-1 protein (HMGB-1), heat shock proteins and extracellular dsRNA (Chen and
Nuñez, 2010), these are host derived elements which under normal conditions are
confined within intracellular compartments. DAMPs are released into the extracellular
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space from stressed or injured cells. Once released, DAMPs can activate TLRs on
circulating immune cells to induce a resolving pro-inflammatory response.

Elucidating the mechanism by which DAMPs activate TLRs was originally hampered by
the possibility of E. coli contamination during the preparation of ligands for in vitro
studies. This is due to the fact that LPS is a cell wall component of gram negative bacteria
and a potent activator of TLR4. Consequently, multiple endogenous DAMPS have been
suggested which were later disproven by the use of highly purified reagents (Erridge,
2010). Precautions are now taken when studying newly characterised endogenous
DAMPs in vitro to ensure clean preparations, including the use of LAL to detect
endotoxin, and knockdown of the proposed receptor. A combination of these approaches
has led to the identification of multiple endogenous DAMPS which correlate with in vivo
studies of sterile inflammation. For example, HMGB-1 has been shown to activate TLR2
and TLR4 in vitro and is a potential mediator of inflammation in I/R injury. TLR4
knockout mice are protected from hepatic I/R indicating TLR4 is a key effector in this
model. Furthermore, LPS neutralization failed to protect against liver I/R providing direct
evidence for TLR4 activation by an endogenous DAMP (Yu et al., 2010).

The retina is an immune privileged site; thus pathogens are prevented from easy passage
across the BRB into the eye. If TLR activation is involved in the initiation of AMD prior
to breakdown of the BRB, we would expect activation to occur in response to an
endogenous DAMP. Products of photo-oxidative stress have been linked to complement
deposition (Zhou et al., 2009), however, the receptor involved has not been identified.
The oxidative protein modification CEP has recently been shown to act as a TLR2 ligand
inducing angiogenesis (West et al., 2010). CEP is generated by lipid peroxidation of DHA
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which is found in abundance in photoreceptor outer segments. Moreover, an abundance
of CEP is observed in the outer retina and plasma of AMD patients (Gu et al., 2003, Gu
et al., 2009). CEP was only recently characterised as a TLR2 ligand, however, we were
confident in these reports as we demonstrated that CEP-HSA can prime the
inflammasome for cytokine production in TLR4 knockout mice (Doyle et al., 2012). Prior
to these studies, I tested our CEP-HSA (provided by Prof. Robert Salomon) for endotoxin
contamination and found no detectable levels. I also assessed the ability of CEP-HSA to
induce activation of TLR2 by measuring phosphorylation of p38 and degradation of IκB
and found expression levels to be directly comparable with 2 know synthetic TLR2
ligands. Furthermore, TLR2 has been shown to be involved in sterile diseases such as
I/R, providing evidence for its role as a receptor in disease with no apparent source of
infection. One aim of this thesis was to identify whether TLR2 activation by CEP could
induce complement factor secretion and activation.

We first wanted to determine the localisation of TLR2 in non-diseased and AMD donor
eyes. I expected TLR2 to be expressed on the RPE which contains two types of pigment,
lipofuscin and oxidised melanin, which produce endogenous fluorescent signals.
Detecting protein expression in the RPE is significantly hampered by autoflorescence
therefore I choose to use chromogenic rather than florescent staining and used a purple
substrate (VIP) rather than traditional brown (DAB) to allow contrast against the brown
RPE. I have shown that TLR2 and its adaptor protein Mal and MyD88 are expressed in
the RPE of healthy and age matched AMD donor eyes. The number of donor eyes in each
group was relatively low, however, I was encouraged by our ability to observe consistent
staining patterns across the different disease categories. Interestingly, both TLR2 and
Mal were expressed at both apical and basolateral membranes. MyD88 on the other hand
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was observed in the nucleus of controls and localised to the membrane in early AMD
cases. Possibly suggesting increased TLR2 activation in early AMD. In the future, we
would like to quantify TLR2 protein expression in RPE/choroid tissue to definitively
determine whether altered TLR2 expression associates with AMD. Feng et al. recently
reported similar TLR2 staining on the RPE in healthy and AMD donor eyes (Feng et al.,
2017b). In addition, they noted increased NF-κB staining correlating with disease stage.
Therefore, it is highly probable that TLR2 is activated in early AMD and remains active
as the disease progresses. In support of this hypothesis, TLR2 activation has been linked
to late stage “wet” AMD. In late stage AMD, breakdown of the BRB can allow pathogens
to enter the eye. For example, Chlamydia pneumonia, which activates TLR2, has been
reported in patients with AMD and shown to promote CNV (Kalayoglu et al., 2005,
Fujimoto et al., 2010). Furthermore, intravitreal injection of anti-TLR2 blocking antibody
significantly reduced CNV lesion size in mouse models (Feng et al., 2017a)). While, the
effectiveness of blocking TLR2 has been demonstrated for late stage neovascular disease,
a role for TLR2 activation in the pathogenesis of early AMD has not been characterised.

RPE function is routinely studied in immortalised cell lines (ARPE-19, RPE-J), primary
RPE isolated from adult or foetal eyes or in induced pluripotent stem cell (iPS) derived
RPE cultures. In order to investigate whether TLR2 induces complement production in
the RPE, we used the widely available cell line ARPE-19 and primary human foetal RPE
cells (hfRPE). ARPE-19 cells are a human RPE cell line which form polarised
monolayers when grown on transwell filters. Therefore, a robust cell model for studying
complement secretion in vitro. Extensive work has been carried out to characterise the
hfRPE culture model. Following isolation the RPE reforms a monolayer which retains
pigment and has been reported to have multiple RPE distinguishing features including,
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but not limited to, the presence of apical microvilli, expression of RPE specific proteins
(eg.RPE65) and the development of tight junctions (Maminishkis et al., 2006). It may be
argued that using foetal RPE is contradictory in age related studies, however, it has been
reported that the mRNA expression profile of hfRPE cells resemble that of adult RPE
(Strunnikova et al., 2010). Thus, giving us confidence in utilising this model for our
investigations.

In chapter 4, I demonstrated that activation of TLR2 with either synthetic ligands or CEPHSA drives robust CFB and C3 secretion from primary RPE cells. Interestingly, I found
that the secretion of C3 in response to TLR2 activation occurred in a polarised manner,
with the vast majority of C3 released basolaterally. Therefore, I propose that TLR2
activation in response to the oxidative protein modification CEP is responsible for C3
deposition sub-RPE in AMD. Furthermore, I demonstrated for the first time that CEP
induced TLR2 activation can drive proteolytic complement activation resulting in
terminal MAC formation of the RPE cell membrane. We were surprised to find that
although MAC could clearly be observed on the RPE cells it did not appear to induce cell
lysis, at least not at levels that the LDH assay is sensitive to. Interestingly however, there
was precedence for this, in a report that found the RPE can endocytose MAC effectively
clearing pores from the cell membrane within 24-48 hours of MAC initiation
(Georgiannakis et al., 2015). If we consider the importance of the RPE in both preserving
vision, by providing support to photoreceptor cells, and in maintaining the BRB, it is not
surprising that the RPE has evolved multiple mechanisms to cope with MAC formation.
The complement inhibitor CD59 is expressed by the RPE and has been reported to
decrease in patients with AMD (Ebrahimi et al., 2013) therefore, endocytosis may
provide a second fail safe mechanism preventing RPE lysis, and I believe, MAC
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formation does not contribute to RPE atrophy in AMD. Congruently, the primary location
of MAC deposition is not the RPE but the choriocapillaris. MAC deposition has been
reported to increase in the choroid as both a natural consequence of aging and in
association with AMD and patients with high risk CFH genotypes accumulate the highest
levels of MAC (Seth et al., 2008, Mullins et al., 2011a). Interestingly, choroidal
endothelial cells have been reported to be sensitive to lytic MAC formation (Zeng et al.,
2016). Thinning of choroidal vessels has been reported to associate with AMD and the
loss in vessel density has been suggested to occur as a direct result of endothelial cells
loss (Mullins et al., 2011b). Therefore, it would be interesting to determine whether TLR2
activation could induce MAC formation on endothelial cells, either directly or as a result
of C3 secretion from the RPE, providing a mechanism for MAC formation on cells within
the choroid.

CEP-adducted proteins generated in the retina are perfectly positioned to activate TLR2
on the apical surface of the RPE. I have shown that apical TLR2 activation induces robust
C3 secretion into the basolateral supernatant of RPE cultures, mirroring the pattern of C3
deposition in human AMD donor eyes. C3 released from the RPE may drive proteolytic
complement activation terminating in MAC formation on the surface of the choroidal
endothelial cells. However, recently it has been reported that C3 is unable to diffuse
across the collagen and elastin fibres of BM which separates the sub-RPE space from the
choroid. Given, that C3 deposits are located between the RPE and BM, direct TLR2
activation on choroidal endothelial cells is more likely to be responsible for inducing
MAC formation.

Patients with AMD have been reported to have higher levels of CEP adducts circulating
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in their plasma (Gu et al., 2009). The mechanism behind increased circulating levels of
CEP is puzzling given that CEP-adducts are generated by oxidation of DHA containing
lipids found in abundance in photoreceptor outer segments. HOHA-lactone is a stable
intermediate in CEP-adduct production which has recently been shown to have the ability
to diffuse across lipid membranes thus, explaining how an oxidative product produced in
the eye may be able to diffuse across the RPE cell monolayer (Wang et al., 2016).
Consequently, HOHA-lactone could react with proteins or lipids in the choroid leading
to production of CEP-adducts which could trigger alternative pathway activation, MAC
formation and choroid cell lysis. Interestingly, HOHA-lactone has recently been shown
to have biological activity inducing angiogenesis. CEP-HSA was initially characterized
to induce angiogenesis, therefore, we suspect that HOHA-lactone may induce similar
responses to CEP. We would be keen to investigate whether HOHA-lactone like CEP
could directly drive complement activation and MAC formation.

Although MAC formation does not induce RPE atrophy it likely has some biological
effect contributing to AMD pathogenesis. Upon searching the literature, we became
aware of reports of sub-lytic MAC stimulating the release of pro-inflammatory cytokines
and chemokines including; IL-6, IL-8, MCP-1 and VEGF all factors known to be
upregulated in AMD (Lueck et al., 2011, Kunchithapautham and Rohrer, 2011,
Georgiannakis et al., 2015). I found under our experimental conditions that CEP induced
MAC formation stimulated release of the chemoattractant MCP-1. We will test for other
inflammatory cytokines in the near future given the potential value of this data. Our
observation of increased MCP-1 has profound implications in the context of AMD
biology. MCP-1 could act as a signal to recruit mononuclear cells to the retina and
encourage their development into macrophages. Suggesting, sub-lytic MAC formation
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on the RPE may be a key event in attracting macrophages observed in the choroid of
AMD patients. In future experiments, it would be interesting to determine the polarity of
MCP-1 secretion to assess its release into the choroid.

Given our observation that CEP induced TLR2 activation can drive the proteolytic
complement cascade, terminating in MAC formation, we assumed production of the proinflammatory anaphylatoxins C5a and C3a. I demonstrated that the anaphylatoxins C5a
and C3a can synergize with TLR2 ligation to induce TNFa and IL-1b, data that is
consistent with the recruitment of monocyte/macrophages and increased cytokine
concentrations in early AMD. Interestingly, I observed an increase in the numbers of
TLR2/Mal positive cells in the choroid of early AMD donor eyes, this observation could
support the theory that sub-lytic MAC formation on the RPE attracts mononuclear cells
to the AMD RPE/choroid space, however this remains to be tested. Of note however, I
also show that monocytes and macrophages respond to TLR2 activation by inducing
complement factor secretion. These cells are reported to infiltrate into the sub-retinal
space in AMD, so together our data suggest that TLR2 activation of complement
anaphylatoxins in conjunction with sub-lytic MAC signaling from the RPE may further
amplify complement deposition through activation of macrophages in AMD.

We propose that TLR2 activation occurs in response to an accumulation of CEP in the
outer retina during the pathogenesis of AMD. The eye is continuously exposed to high
levels of oxidative stress and thus, CEP-adducts likely accumulate progressively over
time and therefore, activation of TLR2 could occur gradually and contribute to disease
onset. The first clinical sign of AMD is the appearance of drusen deposits, sub-RPE
between BM and the RPE. It is possible that TLR2 activation on the RPE may be an
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initiating event in drusen formation given that (a) TLR2 induces C3 secretion basolateral
to the RPE and (b) C3 and other complement components are present in drusen (Anderson
et al., 2010) . In addition, gradual accumulation of transient sub-lytic MAC on the RPE
may recruit macrophages to the choroid thus amplifying complement deposition and
inflammatory signaling.

The identification of a variant in CFH which confers a 2.5 or 6-fold increased risk for
AMD in individuals heterozygous or homozygous for the Y402H allele, respectively
(Hageman et al., 2005, Thakkinstian et al., 2006), and the evidence of aberrant
complement deposition in the choroid (Anderson et al., 2010, Mullins et al., 2011a) were
pivotal for identifying a role for complement in AMD pathogenesis. Thus, a widely
accepted hypothesis emerged that complement deposition is pathogenic in AMD. This
lead to a number of studies investigating the effects of direct inhibitors of complement
which yielded little in the way of success in slowing AMD in clinical trials, neither
Eculizumab (Alexion) an inhibitor of C5 nor Lampalizumab (Genetech) which targets
CFD were effective in slowing GA progression.

Therefore, a school of thought

developed that complement activation may not contribute to the pathogenesis of AMD.
However, recent reports have gone a long way to rectify this, Cashman et al. reported
that overexpression of C3 in the murine retina was sufficient to drive retinal degeneration
and noted features similar to those in AMD patients including RPE atrophy,
photoreceptor degeneration and neovascularization (Cashman et al., 2011). Recently a
C3 inhibitor, APL-2 administered intravitrealy showed significant protection against GA
in phase 2 clinical trial (ClinicalTrials.gov identifier NCT02503332). Thus, supporting
the hypothesis that dysregulation and specifically over activity of the complement
pathway is detrimental to retinal health. The success of APL-2 strongly suggests a
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harmful role for C3 in AMD progression and indicates that blocking TLR2 which leads
to C3 induction may have therapeutic potential.

To support this hypothesis, I have utilized two different mouse models of oxidative stress
induced retinal degeneration, both of which are known to deposit complement. NaIO3 is
an acute model which directly effects the RPE resulting in blebbing and atrophy (Li et
al., 2006). In chapter 3, we report C3d staining surrounding the RPE phenocopying the
C3d staining we observed in AMD donors. In the photo-oxidative damage model, retinal
degeneration is accompanied by C3 deposition in the outer retina (Natoli et al., 2016).
We observed a significant reduction in C3d deposition and preservation of photoreceptor
cell layers, in response to inhibition of TLR2 signaling in both models. Furthermore, antiTLR2 antibody rescued RPE blebbing and reduced RPE atrophy. Given that blocking
TLR2 significantly reduces MAC formation on the RPE in vitro, we were keen to look
at the effect of blocking TLR2 on MAC complex formation in these models, however,
we have been unsuccessful in sourcing an appropriate antibody that detects MAC
complex formation in mouse tissue. Our data presented here, in addition to reports that
TLR2 neutralization in mouse models of choroidal neovascularization (CNV) (Marneros,
2016, Feng et al., 2017b) can reduce neovascularization in wet AMD, strongly suggests
that anti-TLR2 therapy appears, uniquely, to have great potential for early stage treatment
of both forms of AMD. This is an exciting prospect given both the lack of current
treatment options for dry AMD patients and the fact that humanised monoclonal antiTLR2 antibodies (OPN305) have already been safely administered in human clinical
trials for non-ocular indications
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There are limitations to using mouse models to study AMD most notably, the lack of a
model which perfectly recapitulates all aspects of AMD. Many models exist that exhibit
aspects of AMD pathology. I have focused mainly on acute models of oxidative stress in
particular the the NaIO3 model, given a previous report of C3 deposition on RPE flat
mounts, RPE blebbing, atrophy and photoreceptor death. I found intravitreal anti-TLR2
injection significantly protected against this pathology. Given the importance of these
observations we will further clarify the central role of TLR2 in mediating protection
against C3 deposition and retinal degeneration utilizing TLR2 knockout mice. In order
to strengthen and confirm the role of anti-TLR2 in reducing oxidative injury we
collaborated with Dr. Natoli who routinely carries out light toxicity models. Again, while
this model does not recapitulate all aspects of AMD, and notably C3 is deposited in the
outer segments, it allowed us to measure the effect of loss of TLR2 on complement
deposition and photoreceptor degeneration in a second model of oxidative stress. In the
future it would be very interesting to assess the effect of blocking TLR2 in SOD2
knockout mice, a genetic model of oxidative stress. Another obvious choice may be to
look at the effect of blocking TLR2 in a chronic model of AMD involving CEPinoculation. However, due to the complex nature of producing large amounts of high
quality CEP-MSA we foresee that this approach is not readily feasible.

Extensive work has been carried out to define the role of complement in AMD, however,
little is known about its role in inherited retinal degeneration’s such as RP. RP is a group
of inherited retinal degeneration’s characterized by rod and subsequent cone
photoreceptor cell death due to mutations which effect rod cell function. Recently, we
became aware of reports that implicate complement factor expression in animal models
of RP (Uren et al., 2014, Sudharsan et al., 2017) implying investigations into the role of
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complement in RP were warranted. In AMD, RPE atrophy is a key mechanism in disease
pathogenesis. Interestingly, I have shown that the RPE is the primary source and site of
complement deposition. In contrast, photoreceptors are targeted for cell death in RP.
Therefore, we hypothesised that complement deposition may occur on photoreceptor
cells in mouse models of RP.

The BRB is not compromised in RP, thus changes in complement factor expression likely
occur due to a local increase in complement factor production. I have shown that
activation of TLR2 can induce complement factor secretion from RPE cells but, to our
knowledge, no known TLR2 ligands have been identified in the retina of RP patients.
Given the extent of photoreceptor cell death in RP however, it is possible that dsRNA,
released from dying cells, is acting as an endogenous DAMP. I decided to utilise dsRNA
as a likely TLR3 activator in RP. Interestingly, I observed increased C3 expression in
response to dsRNA in the RPE and photoreceptors, and I demonstrated that Poly (I:C)
can drive proteolytic complement activation inducing MAC formation on both the RPE
and photoreceptors. Therefore, I conclude that when the retina is exposed to dsRNA,
complement activation may occur and lead to retinal damage. Sub-retinal injection of
dsRNA has been reported to induce retinal degeneration in wild-type mice inducing RPE
and photoreceptor atrophy. Photoreceptor cell death occurred through a combined
mechanism of apoptosis and necrosis (Murakami et al., 2014). Given our findings I
hypothesis that sub-retinal Poly (I:C) injection would also induce complement activation.

The mechanism behind photoreceptor cell death in RP is not well understood, and we
have begun to test whether the reported upregulation of complement could play a role.
Apoptosis has been reported to be the primary mechanism of rod cell death in multiple
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models of RP, whereas cone cell death is believed to occur by necrosis in a RIP kinase
dependent manner (Murakami et al., 2012). Rods are the more abundant photoreceptor
and the first to die in RP. Rod cells undergoing apoptosis are engulfed by phagocytic
cells. Microglia are professional phagocytes of the retina and increased microglia have
been reported to infiltrate into the ONL in RD10 mice during photoreceptor cell loss.
Interestingly however, Zhao et al. reported that microglia engulf non apoptotic or necrotic
rod photoreceptors suggesting a second signal may trigger rod phagocytosis (Zhao et al.,
2015). In addition to MAC formation, activation of the complement cascade leads to
production of opsonins C3b and C4b which opsonise or “tag” cells ensuring effective
removal by phagocytosis (Ogden et al., 2001). We wondered whether complement could
provide a direct signal to target photoreceptors for engulfment by microglia through
opsonisation.

To address this, we choose to use a Rho-/- mouse model of RP in which a targeted
disruption in rhodopsin leads to rapid photoreceptor loss (Humphries et al., 2012). It is
highly likely given the extent of photoreceptor cell death, that an endogenous DAMP,
such as dsRNA, is freely available in this model. In future studies we wish to determine
the levels of extracellular dsRNA in this and other models of RP by immunofluorescence
using an antibody which detects dsRNA. Given the likelihood of extracellular dsRNA we
hypothesised, that complement would be upregulated in this model and that C3 would be
deposited directly on the photoreceptors. I observed increased C3 expression in the retina
and RPE/choroid of Rho-/- mice and in addition found C3d deposition on the RPE. C3d
is an inactive fragment generated as a result of complement activation therefore, this
observation allows us to conclude complement is active in Rho-/- mice but did not serve
to answer our question of whether complement was involved in photoreceptor cell death.
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In future experiments we will use an antibody which directly detects C3b the active opsin.
Similar to RP, the RPE monolayer and outer BRB remain intact in this model and
therefore, C3 deposition on the apical RPE is likely being produced and deposited by
cells in the retina. Given TLR3 activation induced robust expression of C3 from the RPE
and moreover induced secretion of C3 protein from photoreceptors, we propose that
TLR3 activation by dsRNA may induce complement deposition.

In addition to the classical opsins C3b and C4b, C1q has been reported to enhance
phagocytosis of apoptotic calls and therefore, I assessed whether C1q may mediate
photoreceptor cell degeneration. Humphries et al. report upregulation of C1q mRNA
expression as retinal degeneration progressed in Rho-/- mice (Humphries et al., 2012). I
observed C1q immunoreactivity in the OPL during retinal degeneration in Rho-/- mice.
The OPL contains synapses between photoreceptors and horizontal or bipolar cells.
Interestingly, this pattern of C1q staining mimics C1q staining in the IPL of synapses in
the retina of postnatal mice. C1q is upregulated in the developing retina at postnatal day
5 during a period of “synaptic pruning” when C1q tags cells for removal by microglia
(Stevens et al., 2007). C1q localises to immature synapses and initiates activation of the
classical complement cascade resulting in the opsonisation of synapses with C3b and C4.
Given our observation of increased C1q deposition in 6 week old Rho-/- mice in the OPL
which contains photoreceptor synapses, we believe this is not due to developmental
synaptic pruning but may be a reactivation of this process which has also been suggested
to occur in other central nervous system disorders including Alzheimer’s (Hong et al.,
2016) and Glaucoma (Stevens et al., 2007).

Given the specific location of C1q on synapses, I hypothesise that complement tags rod
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photoreceptor synapses leading to microglia engulfment during retinal degeneration in
Rho-/- mice. In support of this hypothesis, I observed co-localisation of C1q with CD68,
a lysosomal marker, in activated microglia in the OPL. This suggests that C1q facilitates
photoreceptor engulfment by activated microglia. In addition to our C1q findings I found
upregulation of C4 which has recently been identified to play an important role in
aberrant synaptic removal contributing to schizophrenia (Sekar et al., 2016). In the future,
we are keen to determine the location of the opsins C3b and C4b in an effort to determine
a role for complement/microglia in eliminating non-apoptotic photoreceptor cells in the
Rho-/- model of RD. We will also validate these findings in other models of RP in which
rod photoreceptors degenerate at a slower rate for example the RD1 mouse which may
aid in clarifying whether this process may be pathogenic.

This thesis has identified a novel role for endogenous DAMPs in activating TLRs to
induce complement deposition in the retina. I believe this will lead to the development of
new treatment strategies for AMD where complement is pathogenic. Our finding of
complement deposition in inherited models of RD is interesting and may suggest that
TLR induced complement deposition is a mechanism in multiple retinal diseases. I
believe it is important to determine whether complement is protective or pathogenic in
RP. If found to be detrimental, blocking TLRs may allow for early intervention and
provide a global approach for the treatment of multiple retinal degenerative diseases.
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