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Summary 

Age-related macular degeneration is the leading cause of vision loss in persons aged over 

50 years in industrialised countries, accounting for 8.7% of all blindness worldwide. 

AMD is a progressive disease; early stages are identified by the presence of drusen 

deposition beneath the retina. This can progress to late-stage disease manifesting in two 

forms, ‘dry’ geographic atrophy, or ‘wet’ exudative AMD, characterised by pathological 

neovascularisation. Both forms affect the macula, a region within the retina primarily 

responsible for sharp central vision, leading to irreversible vision loss. To date, the only 

approved treatment options available for AMD are for the exudative form of the disease, 

with recurrent anti-VEGF therapies being the gold standard of care. The prevalence of 

AMD increases with age, with the ageing population is expected to grow exponentially, 

whereby 1 in 6 people will be over 65 by the year 2050, the burden of AMD on global 

health systems is expected to increase significantly.  

In collaboration with The Irish Longitudinal study on Ageing (TILDA), we examine the 

prevalence of some known and novel genetic risk factors in this cohort, examining the 

distribution of genotypes between cases and controls determining associated risk with 

AMD. We examine the minor allele frequencies for each SNP, comparing frequencies 

with ethnically similar population cohorts. We found that common  variants in the genes 

encoding complement factor H (CFH) and Age-related maculopathy susceptibility 2 

(ARMS2) were associated with an increased risk for AMD in the Irish population. By 

using multinomial regression analysis, controlling for environmental and biological 

factors, we found significant association between CFH and ARMS2 with early AMD. 

Interestingly, only the ARMS2 variant appeared to be a significant predictor for late AMD, 

while carriership of the CFH variant was a significant indicator for disease progression. 

This analysis showed age was a significant factor in AMD-risk, while high BMI is 

associated with late-stage disease and current smoking was associated with disease 

progression.  

Recent studies suggest that the pro-inflammatory cytokine interleukin-18 (IL-18) can 

induce anti-angiogenic and anti-permeability qualities in the eye, where exogenous 

administration of IL-18 has been shown to attenuate the growth of neovascular lesions in 

both mouse and non-human primate models of choroidal neovascularisation (CNV). 

Therefore, we examined IL-18 levels in a case-control subset of our TILDA cohort, to 
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determine the relationship between systemic IL-18 and AMD status. While this analysis 

did not find notable variation in IL-18 levels between AMD cases and controls, increasing 

age, or genotype, we did find variations in free IL-18 and IL-18BP levels over a four-year 

period, suggesting that the availability of IL-18 may associate with disease progression.  

Next we examined local levels of IL-18 within the eye of a cohort of wet AMD patients 

attending the Royal Victoria Eye & Ear hospital in Dublin. Samples were collected prior 

to treatment with Bevacizumab, an anti-VEGF therapy, and at 2 subsequent visits at 6-

week intervals. Using a multiplex bead-based assay, we were able to determine the level 

of IL-18 along with 12 other pro-inflammatory cytokines in the aqueous humour of this 

cohort. Patients also underwent a full ophthalmic examination pre- and post-treatment, 

allowing us to correlate cytokines concentrations with changes in best corrected visual 

acuity (BCVA) and central macular thickness (CMT). Using this data, we found that 

following suppression of intraocular VEGF, the concentration of IL-18 significantly 

increased during treatment. This was observed with patients who had improved BCVA 

and reduced CMT post treatment. We found several pro-inflammatory cytokines 

increased significantly with correlation analysis finding that higher levels of IFN-α, IFN-

γ, TNF-α, IL-12p70 and IL-17A at baseline correlated with worse visual outcome. 

Meanwhile, increasing IL-8 levels correlated with increased macular thickness post 

treatment. Interestingly, while not significant, IL-18 levels at week 12 had the strongest 

positive correlation with improved BCVA and correlation with reduced CMT.  

Finally, to determine how IL-18 supports this resolution of macular oedema, we examined 

the effect of IL-1 family members IL-18 and IL-1α on human retinal endothelial cells 

(HRMECs) and primary mouse brain endothelial cells (pBMVECs). We observed that IL-

1α could promote a pro-inflammatory phenotype in these cells through the upregulation 

of adhesion molecules, and increased permeability of the endothelial monolayer 

associated with a reduction in tight junction protein Occludin. We did not observe a 

similar phenotype in response to IL-18. Interestingly, we found IL-18 appears to be pro-

angiogenic by promoting increased migration, tube formation while enhancing VEGF-

induced proliferation. In direct contrast to IL-1α, IL-18 does not induce permeability of 

the endothelial cell monolayer and was associated with increased expression of the tight 

junction proteins Occludin and ZO-1; however, this does not appear to be sufficient in 

rescuing VEGF induced permeability. Together this data suggests that within the eye, IL-

18 does not appear to support inflammation but promote resolution of tissue injury.   
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1.0   General Introduction  

1.1   Age Related Macular Degeneration (AMD) 

Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss 

in people aged over 55 in developed countries. AMD is a progressive disease that  affects 

the macula, a 5.5 mm region in the posterior segment of the eye that is necessary for sharp 

central vision. In early-stage disease, patients can complain of blurred vision, distorted 

lines, difficulties in low light and dark spots, which can progress to end stage disease and 

complete loss of central vision, having significant impact on day-to-day activities.  

With the increasing number of people living longer the global burden of AMD is expected 

to rise. In a systematic review of 39 population-based studies by Wong et al, AMD 

accounted for 8.7% of all blindness in people aged over 55 years and it’s predicted that 

by 2040 the total number of AMD cases will rise to 288 million people globally (Wong 

et al., 2014). Within the Republic of Ireland, the prevalence of AMD is 7.2% (Akuffo et 

al., 2015), and accounted for 24% of all adults registering as blind in 2010 and 35% of 

those aged >65 (Ireland), 2012).  

 

1.2   The Structure of the Retina 

The retina is a thin layer of tissue that lines the vitreal chamber at the back of the eye. 

This tissue is highly organised comprising of multiple layers containing several distinct 

neuronal cell types, that together are important in processing light energy into a neural 

signal, for transmission through the optic nerve to the visual cortex of the brain.  

Arising from the diencephalon in the upper region of the brain stem during development, 

the retina is essentially an extension of the central nervous system (CNS) and 

consequently shares many properties such as cellular structure and immunological 

barriers with the brain. In total the retina is between 30 to 40 mm in diameter. Radiating 

from the optic nerve at the back of the eye are the axons of the retinal ganglion cells that 

form the inner most cell layer  of the retina, closest to the anterior of the eye, while the 

photoreceptor cells form the outermost layer of the neural retina supported by the retinal 

pigment epithelium (RPE) and the choroid.  Protection and nourishment of the neural 

retina microenvironment is provided by anatomical and  physiological barriers formed by 

endothelial and epithelial cells with properties specific to protection of the CNS and 
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retinal tissue. A cross section of the retina shows that it is a highly organised structure 

with 9 distinct layers, the RPE and photoreceptor outer segments, followed by the outer 

limiting membrane (OLM) and outer nuclear layer (ONL), the outer plexiform layer 

(OPL), Inner nuclear layer (INL), Inner plexiform layer (IPL), Ganglion cell layer (GCL) 

and inner limiting membrane (ILM) (Figure 1.1) which leads out to the optic nerve.  

 

1.3   Photoreceptor cells 

Rod and Cone photoreceptor cells are highly specialised neural cells. Fundamentally 

similar in structure with an inner and outer segment bridged by a connecting cilium, and 

a synaptic terminal,  they are defined by the shape of their outer segments and the type of 

photopigment they contain, features which provide a different aspect of vision. The 

transduction of photon energy begins with the absorption of light by photosensitive G 

protein-coupled receptor called opsin. Opsins contain an 11-cis-retinal chromophore 

which, when activated by a photon, undergoes a conformational change into its all-trans-

retinal isomer, this leads to closure of cGMP-gated ion channels and hyperpolarization of 

the photoreceptor cell, initiating signal transduction (Baylor, 1996). In rod photoreceptors 

this protein is called rhodopsin and is contained in the tightly packed discs within the  

photoreceptor outer segments. Mammalian rods are typically 20-30µm in length and 1.2-

2µm in diameter, their plasma membrane encloses over 1,000 of these photosensitive 

disks in an ordered stack (Molday & Moritz, 2015). Rods have very low spatial resolution 

but are extremely sensitive to light, this specialized sensitivity means that rods are the 

dominant activators in low light. Meanwhile cone cells have very high spatial resolution, 

so are specialised for acuity. Contained within disks that, unlike rods, are continuously 

connected to the plasma membrane and cilium, are three distinct types of opsins, different 

in their protein structure that alters their light absorption curves resulting in cones 

sensitive to different parts of the colour spectrum. The distribution of cones and rods 

changes throughout the retina, the total number of rods far exceeds that of cones (91 

million rods versus ~4.5 million cones) means that the density of rods is higher than that 

of cones throughout most of the retina. However, the number of cones increases 

dramatically within the macula, specifically in a region called the fovea. The high cone 

density makes the region essential for sharp central vision, and as a result is highly 

sensitive to the disruption which can occur due to increased fluid and RPE atrophy present 
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Figure 1.1  Cellular structure of the retina. (A) Light micrograph of the neurosensory 

retina showing arrangement of retinal layers and (B) a schematic representation of the 

cellular structure depicting the photoreceptor cells, supported by the RPE; The 

interneuron cells (Horizontal cells, amacrine cells and bipolar cells) and the output 

neurons retinal ganglion cells. Adapted from H. Kolb (1995) 

during AMD. Signal transduction from the photoreceptor cells is carried through to 

bipolar cells, horizontal cells and amacrine cells within the INL through synaptic 

connections in the OPL. Eventually the signal is passed to the ganglion cell dendrites in 

the IPL where it is relayed through the optic nerve to the brain. 

 

 

 

 

 

 

 

 

 

 

1.4   The Retinal Pigment Epithelium  

The RPE is a monolayer of polarised hexagonal epithelial cells situated between the 

photoreceptors of the neural retina and the choroid. The constant exposure to visible light 

and the high oxygen consumption of the retina, creates an environment highly susceptible 

to oxidative damage and the RPE provides several functions important to the maintenance 

and survival of  the photoreceptor layer and protect it from oxidative damage. One of the 

primary functions of the RPE is in the visual cycle, when excited by a photon the 

chromophore in POS undergoes photoisomerization from 11-cis-retinal to all-trans-

retinal, which is then reduced to all-trans-retinol and transferred to the RPE. Here, it is 

esterified by lecithin-retinol acyltransferase into retinyl ester which undergoes 

isomerization by the isomerohydrolase RPE65 into 11-cis-retinol which is oxidised back 

into 11-cis-retinal and returned to the photoreceptors. The isomerization of 11-trans-

retinal to 11-cis-retinal only occurs in the RPE, in this way the RPE is critical to the 

maintenance of photoreceptor excitability and visual function (Tsin, Betts-Obregon, & 

Grigsby, 2018). RPE cells are also professional phagocytes and are necessary for the 



4 
 

phagocytosis and clearance of the photoreceptor outer segment (POS) tips that are shed 

daily in the process of POS renewal. RPE contain long apical micro-villi that project out 

to the POS and interact with the tips of rod and cone cells and engage with outer segments. 

One RPE cell can be in contact with between 30-50 photoreceptor cells which shed ~5-

7% of their POS daily. RPE cells also contain melanosomes, these assist in absorbing 

light focused onto the retina by the lens, thereby protecting against reflected light and 

reducing scatter to increasing optical quality (Kocaoglu et al., 2016; J. R. Sparrow, Hicks, 

& Hamel, 2010; Zinn & Marmor, 1979).  

Through the expression of intercellular tight junctions, the RPE constitutes the protective 

outer blood retinal barrier (oBRB), whose major function is limiting the flow of molecules 

from the blood into the retina. These tight junction proteins help polarise RPE cells and  

limit the transport of water and ions through the paracellular route and instead force 

movement through transcellular pathways regulated by the presence of surface transport 

proteins expressed on the apical and basolateral plasma membrane. The basolateral 

plasma membrane in RPE cells is highly infolded providing a large surface area for the 

flux of molecules from the underlying choroid into the sub-retinal space. Polarised 

expression of ion channels and transporters aid the RPE in maintaining neural retinal 

homeostasis. Apically expressed K+ and Na+ ATPases generate a negative membrane 

potential gradient facilitating the movement of K+, Cl−, H+, HCO3
− and lactate between 

the subretinal space and RPE cells. (Lehmann, Benedicto, Philp, & Rodriguez-Boulan, 

2014; Wimmers, Karl, & Strauss, 2007) 

The polarized organisation of the RPE permits directional protein secretion, which 

maintain structural integrity of the retina and choroid, supporting retinal function and 

photoreceptor survival. Two of the most predominant factors secreted by the RPE and 

Pigment epithelium-derived factor (PEDF) and Vascular endothelial growth factor 

(VEGF). PEDF is a neuroprotective factor that promotes survival of retinal neurons while 

also being an inhibitor of angiogenesis. PEDF is preferentially secreted from the apical 

surface of the RPE where it supports photoreceptor survival, while basal expression has 

been suggested to help inhibit neovascularisation. Constitutive VEGF secretion through 

the basal surface is important in maintaining the extracellular space around bruch’s 

membrane (BrM), where it modulates the growth and survival of endothelial cells in the 

choriocapillaris. Experimental models have shown that while normally expressed in low 

levels, VEGF overexpression in the RPE is associated with choroidal neovascularisation 
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Figure 1.2: Overview of the supporting functions of the RPE.  Schematic 

representation of the outer retina depicting the Choroid, BrM, RPE cells and the 

photoreceptor cells. The tight junction of the RPE constitute the oBRB, serving as the 

interface between the photoreceptors and the rest of the body. Through numerous 

mechanisms, the RPE support the function and integrity of the neural retina. Lehmann 

et al. 2015  

 

(Spilsbury, Garrett, Shen, Constable, & Rakoczy, 2000). A delicate balance exists 

between the concentration of these two factors on either side of the RPE. Causes for 

alternative secretion can be the result of external stimuli such as cytokines acting on the 

RPE. Impaired directional secretion of these growth factors has been associated in the 

pathophysiology of AMD and other retinal disorders.  

Towards the basal surface of the RPE, providing structural support and adhesion of RPE 

cells is Bruch’s membrane (BrM). A 2-4µm thick membrane consisting of 5 distinct layers 

of collagen and elastin, whose function in addition to RPE support is to act as a barrier 

between the RPE and choroid. Structural abnormalities in BrM have been associated with 

AMD progression. These include age related changes such as thickening of BrM, and the 

accumulation of basal laminar deposits (BLamD), extracellular matrix components that 

accumulate between the RPE and the inner most layer of BrM, or basal linear deposits 

(BLinD), lipid membrane debris that accumulates between the RPE and inner collagen 

layer of BrM.  
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Figure 1.3: The macula . (A) Fundus image of a healthy human eye showing the region 

of the macula (denoted by arrow); (B) Optical coherence tomography scan of the macula 

region shows the depression of the fovea centralis. Images from Kolb.H. (2005). 

 

1.5   The Macula 

The macula lutea encompasses an area about 5.5mm in diameter on the temporal side of 

the optic disc. On fundus images, the macula appears as a darkened region due to the 

increased concentration of the xanthophyll pigments lutein and zeaxanthin, which act as 

a short wavelength filter to protect the retina from UV light, in addition to the lens. Within 

the region of the macula, lies the fovea centralis, demarcated from the rest of the retina 

which at approximately 0.4mm thick, slopes down to approximately 0.18mm (Figure 1.3). 

Within the fovea cone density increases dramatically from 5,000-6,000/mm2 in the 

surrounding parafovea to an average of 164,000/mm2 within the fovea centralis. This is 

accompanied by a decline in rods with the central 300µm of the fovea being complete rod 

free. The high density of cone cells means the macula is important for sharp visual acuity, 

and as a result is highly sensitive to disruption (M. P. Gupta, Herzlich, Sauer, & Chan, 

2016; Wells-Gray, Choi, Bries, & Doble, 2016).  
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1.6   Blood supply to the retina. 

Retinal tissue is one of the highest energy demanding systems in the body. Due to its 

neuronal activity, it consumes 8% of our basal metabolic rate. The blood supply to the 

retina derives from the ophthalmic artery, which branches into the central retinal artery 

and the posterior ciliary arteries, the two vascular systems that supply the retina (Figure 

1.4).  

1.6.1   Inner blood retinal vasculature 

The central retinal artery travels along and within the optic nerve as it travels through the 

sclera. From the optic disc it branches into the superior/inferior, temporal, and nasal 

arteries which travel from the centre toward the peripheral retina. These vessels lie on the 

retinal nerve fibre layer, beneath the external limiting membrane forming the first 

superficial capillary plexus. Once complete, retinal arterioles branch into the inner retina 

to form 2 capillary plexuses,  first to develop is the deep retinal vasculature at the base of 

the outer plexiform layer, with an intermediate layer forming between the superficial and 

deep layers along the inner plexiform layer (Stahl et al., 2010). Surrounding the macula 

is  area around 450-600 µm in diameter free from blood and capillary vessels, which 

allows light to pass unobstructed into the fovea. Macular vessels arising from branches of 

the superior and inferior temporal arteries form a ring of capillaries around the avascular 

zone (Kolb, 1995). The inner retinal vascular layers provide oxygen and glucose for the 

inner two-thirds of the retina whilst also restricting the flux of other blood bourne 

molecules to protect the retinal environment and maintain neuronal function. In this way 

the inner retinal vasculature contributes to the inner blood retinal barrier (iBRB). 

1.6.2   Outer blood retinal vasculature  

The choroid is vascularised by two arterial systems, the short and long posterior arteries. 

While the long posterior ciliary arteries supply the anterior portion of the choroid  as well 

as the iris and ciliary body,  the short posterior ciliary arteries penetrate the sclera around 

the optic nerve forming the circle of Zinn, which branches off and divide rapidly, into 

three distinct layers. The outer layer of the choroid called Haller’s layer is composed of 

large vessels which diverge into Sattler’s layer of medium-sized vessels, terminating at 

the inner layer, the choriocapillaris. The choriocapillaris is a dense capillary bed that is 

abundantly fenestrated adjacent to Bruch’s membrane. The three vessel layers of the 

choroid measure around 0.15-0.3mm in neonates but decreases in adults to 0.1mm with 



8 
 

Figure 1.4: Schematic of retinal and choroidal vasculature. (A) Cut away drawing of 

the optic nerve showing the vascular supply to the retina and choroid. The retina is supplied 

by the central retinal artery and short posterior ciliary arteries. These travel in or beside 

the optic nerve where they pierce the sclera. The short posterior ciliary arteries form the 

vessels of the choroid while the central retinal artery branches to supply the inner retina. 

(B) depicts the three capillary networks of the inner retinal, the superficial capillary plexus 

lying in the inner nerve fibre layer, the intermediate layer, and the deep capillary plexus in 

the OPL. Note the capillary-free zone surrounding the fovea. Drawings from Kur et al. 

(2012) 

 

advancing age (Ramrattan et al., 1994). The choroid receives up to 85% of blood flow 

into the eye and compared to capillaries in other organs the lumen of choriocapillaris are 

significantly larger with a diameter of 20µm in the macular region and 18-50µm in the 

periphery. The wall of the choriocapillaris facing Bruch’s membrane is fenestrated which 

allow easy movement of large macromolecule into the extra-capillary space. (Network, 

2011). 

 

 

 

 

 

 

 

 

 

 

1.7   The blood retinal barriers 

The function of the blood retinal barrier (BRB) is to maintain the neural environment 

within the retina by regulating the movement of ions, water and sugars across the barrier 

and protecting this environment from peripheral factors. Two cellular barriers make up 

the BRB, the  oBRB made up of RPE cells and BrM (as discussed in Section 1.4), and the 

iBRB comprising of retinal endothelial cells lining the blood vessels of the inner retinal 

vasculature, supported by pericytes, müller cells and astrocytes. Movement across these 

barriers is highly selective, with specific mechanisms that control transport and flux of 

substances.  

1.7.1   Facilitated diffusion 

Transporters expressed on the plasma membrane facilitate diffusion of nutrients essential 

to visual function such as glucose, facilitated through the transporters GLUT1 and 
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GLUT3. In the RPE, uptake of vitamin A (Retinol) when bound to retinol-binding protein 

is regulated by the RBP receptor, and docosahexaenoic acid, a 22:6ꞷ3 fatty acid,  are 

essential for photoreceptor disk membranes which cannot be synthesised endogenously 

by the retina.  

1.7.2   Transcytosis 

Intracellular vesicles invaginate and bud from the apical and basal membrane within 

endothelial cells that allow the movement of molecules through the cell body. It was first 

described in 1979 through electron microscopy studies of endothelial cells that identified 

highly dense structures. These structures were named caveolae following the 

identification of caveolin-1, a structural component of these vesicles. General and 

receptor mediated transcytosis is a constitutive process common in all epithelial and 

endothelial cells. In the retina, leakiness of the vasculature during development is almost 

entirely due to transcytosis, once a functional BRB is established there is a gradual 

suppression of transcytosis in BRB endothelial cells (Chow & Gu, 2017). 

1.7.3   Tight Junctions proteins 

Both the iBRB and oBRB contain tight junctions (TJs) conferring highly selective 

properties on barrier function. TJs are multifunctional complexes that regulate the 

paracellular movement of molecules through the intercellular space between adjacent 

endothelial cells. They from along the luminal edge of endothelial cells thereby forming 

distinct apical and basolateral domains coordinating cell signals that affect cells 

differentiation and polarity. Tight junctions mainly form homophylic interactions 

between adjacent cells forming complexes at sites of contact organising into continuous 

intramembranous strands along the cell to cell contact border (Tsukita, Furuse, & Itoh, 

2001).  

1.7.3.1  Zonula Occludens 

Although the formation of tight junctions between epithelia had been observed since 1963 

it wasn’t for another 20 years, in 1983, that the first tight junction associated protein was 

identified by Stevenson et al. and named ZO-1 after the original ‘zonula occludens’ term 

coined in 1963. The identification of ZO-1 was soon followed by the identification of ZO-

2 and 3, which together form the Membrane Associated Guanylate Kinase (MAGUK) 

family of adaptor proteins, linking tight junctional molecules intracellularly to the actin 
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cytoskeleton through cingulin. ZO-1 is a 220 kDa molecule containing several “PDZ” 

domains containing sequence homology with a diverse range of signalling proteins, Src 

homology domain and guanylate kinase (GK) facilitating multiple intracellular protein-

protein interactions. Loss of ZO-1 has been shown to increase paracellular permeability 

(Van Itallie, Fanning, Bridges, & Anderson, 2009), while complete knockout of ZO-1 was 

seen to be embryonic lethal and ZO-1 deficiency causing defects in vascular development 

(Katsuno et al., 2008). 

1.7.3.2   Occludin 

The identification of the ZO proteins was followed by the identification of Occludin, a 

protein localised within tight junctions and expressed at much greater quantities within 

barrier endothelium. Occludin is a ~65 kDa integral membrane protein, containing four 

hydrophobic membrane spanning domains, two extracellular loops and two intracellular 

domains (M. Furuse et al., 1993). Occludin is required for structural organisation at the 

tight junction. Localisation at the tight junction is mediated through occludin’s second 

extracellular domain, while the cytoplasmic c-terminus of occludin is essential for 

localisation to the cell surface and interacts with the GK domain of the scaffolding protein 

ZO-1, as well as F-actin and cingulin (M. Furuse et al., 1994) (Medina, Rahner, Mitic, 

Anderson, & Van Itallie, 2000).  Studies exploring the role of occludin in barrier function, 

have shown that occludin knockout mice were still able to form tight junctions, indicating 

that some compensatory measure was able overcome occludins loss, this lead to the 

discovery of the claudin family of tight junctional proteins.  

1.7.3.3   Claudins 

The claudin family of tight junctional proteins contain 24 members ranging between 20-

27 kDa. Similar in structure to Occludin, claudins contain four transmembrane domains 

with two extracellular loops and cytoplasmic domains, however there is no sequence 

homology between the two families. Within the inner retinal vasculature Claudin-1, -2 

and -5 are most prominent (Luo et al., 2011). While occludin deficient epithelial cells 

showed no change in morphology of tight junction strands (Saitou et al., 1998), 

transfection of claudin-1 or -2 into tight junction free fibroblasts demonstrated how 

claudins are the major functional of tight junctions, forming membranous strands similar 

to those observed in epithelial cells (Mikio Furuse, Sasaki, Fujimoto, & Tsukita, 1998), 

determining that heterogeneous claudin proteins form the backbone of tight junction 
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strands. The PDZ binding site within the c-terminal of Claudin proteins interacts with 

PDZ domains of the scaffolding proteins ZO-1, this interaction has been shown to be 

essential in tight junction stability at the cell membrane. Cultured epithelial cells deficient 

in ZO-1 and ZO-2 were still able to polarise but completely lacked  tight junctions. 

Exogenous expression of ZO-1 and ZO-2 restored tight junctions strands, indicating that 

ZO-1/2 recruitment to the junctional area facilitates in the polymerization of claudins at 

the barrier (Umeda et al., 2006). 

1.7.3.4   Junctional adhesion molecules (JAMs) 

Junctional adhesion molecules (JAMs) are members of the immunoglobulin superfamily 

of single spanning proteins whose extracellular domains mediate cell-to-cell interactions 

through trans or cis connections with other JAMs in a heterophilic or homophilic manner. 

Canonical members of this family include JAM-A, JAM-B and JAM-C. JAM-A and -C 

have been shown to be expressed in both epithelial and endothelial junctions while JAM-

B is primarily expressed in endothelial cells (Hartmann, Schwietzer, Otani, Furuse, & 

Ebnet, 2020).  The cytoplasmic domain of JAMs contains PDZ binding domains that 

interact with ZO-1 and JAMs do not form tight junctions they have been shown to 

facilitate in junctional assembly, cell polarity and leukocyte transmigration (Bazzoni et 

al., 2000). 

1.7.3.5   Adherens junctions  

Adherens junction (AJs) are single transmembrane proteins that form homophilic trans 

interactions between adjacent cells through their extracellular domain. Situated basal to 

tight junctions in polarised endothelium, AJs facilitate in initiating and maintaining the 

physical association between cells. Through their intracellular domain, AJs interact with 

regulatory proteins p120-catenin and α,β,γ-catenin, anchoring AJs to the cytoskeleton and 

facilitating intracellular signalling. In endothelial cells adhesion is primarily mediated by 

vascular endothelial cadherin (VE-Cadherin), which facilitates dynamic change in barrier 

permeability through interactions with VEGFR-2 while mediating the activation of 

intracellular molecules such as small GTPases. Availability of VE-Cadherin at the plasma 

membrane instrumental in regulating cell adhesion and barrier integrity with VE-

Cadherin phosphorylation and internalisation in clathrin-coated pits is associated with 

increased vascular permeability (Gavard & Gutkind, 2006).  
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Figure 1.5: Junctional complexes of the BRB. Claudin-5 and Occludin form the main 

tight junction component of the BRB, which are linked to the actin cytoskeleton through 

the ZO family of scaffolding proteins. Other components include the Junctional adhesion 

molecules (JAMs) and adherens junctions which include VE-Cadherin, which is anchored 

to the actin cytoskeleton through interaction with catenin proteins. Diagram adapted from 

Forster et al. (2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.8   The neurovascular unit 

To encourage normal barrier function, vessels of the retinal vasculature work in 

coordination with neurons and glia in an interdependent relationship termed the 

neurovascular unit. The unique features of CNS related endothelium within the blood-

brain or blood-retina barrier, and their reliance on the surrounding cellular tissue was 

highlighted in a seminal study which found avascular somite tissue grafted into the brain 

of chick embryos developed vessels phenotypically similar to the endothelium of the BBB 

with restricted permeability, determining that endothelial barrier characteristics develop 

in response to the neural environment (Stewart & Wiley, 1981).  

Numerous cell types constitute the neurovascular unit, on the luminal side of vessels in 

contact with blood are the vascular endothelial cells with their increased tight junction 

expression and lack of fenestrae forming a tight barrier. At irregular intervals surrounding 

the endothelium on the abluminal side are pericytes embedded in the basement membrane 

with the endothelial cells. Pericyte recruitment is a critical step in vascular maturation, 

controlled by platelet-derived growth factor (PDGF)-B and PDGF receptor beta 
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(PDGFRβ) signalling. Interruption of this signalling pathway in developing vessels cause 

severe vascular impairments with regression of vascular loops and abnormal remodelling 

(Benjamin, Hemo, & Keshet, 1998). In a study of the blood-brain barrier,  PDGFB-/- mice 

expressed the tight junction proteins claudin-5 and occludin were found to be expressed 

however structural abnormalities were observed, where junctional alignment was random, 

and at various angles to the lumen. Furthermore, in purified brain endothelial cells 

cultured with pericytes, tight junction expression was localised to the membrane, forming 

tight seals with increased TEER values, compared to cells cultured alone, where gaps 

between cell connections was observed, highlighting a role for pericytes in barrier 

formation in CNS endothelial cells (Daneman, Zhou, Kebede, & Barres, 2010).  

Astrocytes are a specific type of glial cell in the retina, whose ‘end feet’ processes attach 

to the surrounding basement membrane of endothelial cells and pericytes, enveloping the 

vessels of the BRB. Astrocytes have been shown to play an integral role early in retinal 

vascularisation, where they have been shown to arise from the optic disk in parallel to the 

development of the inner blood retina vasculature in mice (Yao et al., 2014). Endothelial 

cells closely align to this astrocytic network, which guides growing vessels through the 

secretion of VEGF, and as a result, there is a strong correlation between the presence of 

astrocytes and the vascularisation of the retina.  

 

1.9   Retinal neurodegenerative diseases 

Retinal neurodegenerative diseases are a group of pathologies that involve the impaired 

function and eventual loss of neuronal cells of the retina. Neuronal degeneration of the 

retina is the leading cause of irreversible blindness due to the fact that these neurons lack 

the capacity to spontaneously regenerate following damage. Numerous mechanisms can 

lead to neurodegeneration, some can act directly as is the case in the hereditary disease 

retinitis pigmentosa (RP). RP encompasses is a range of hereditary disorders leading to 

the degeneration of photoreceptor cells, where mutations in at least 50 different genes 

have been identified. In RP there is initial degeneration of rods which are the predominant 

photoreceptor cell type in the peripheral retina, leading to night blindness and tunnel 

vision. This  is subsequently followed by cone cell degeneration in late disease and total 

vision loss. Due to variety of genetic components  and modes of inheritance, the speed of 

vision loss varies in RP with some experiencing vision loss early in life, while in others it 
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can be delayed until adulthood. In most cases however, patients with RP are legally blind 

by their mid-forties as the progressive degeneration of photoreceptors continues until the 

retina is completely devoid of all photoreceptor cells . Other forms of neurodegeneration 

in the retina can occur secondary to other clinical features, as is in the case of diabetic 

retinopathy (DR) and glaucoma. In DR microvascular disfunction of the iBRB results in 

microaneurysms and fluid accumulation in the inner retina, disrupting neuronal 

homeostasis leading to degeneration. While in glaucoma, elevated intraocular pressure 

leads to  retinal ganglion cell death and optic nerve damage. A similar relationship can be 

found in AMD, one of the most prevalent causes of retinal degeneration. AMD is a slow 

progressive disease which leads to atrophy of the RPE, the cells critical for the 

maintenance and survival of the overlying photoreceptor cells. Degradation of the RPE 

leads to degeneration of the photoreceptor cells causing severe vision loss.  

 

1.10   Clinical description of AMD 

The detection of lipid-rich protein deposits called drusen between the RPE and BrM, even 

without any visual disturbances, is an early indicator of AMD (Pauleikhoff, Barondes, 

Minassian, Chisholm, & Bird, 1990). By using colour fundus photography (CFP) drusen 

deposits can be observed between the RPE basal laminar and the inner collagenous layer 

of BrM, and their appearance can vary in size and shape correlating with disease stage. 

Initially, drusen can be observed as “hard” drusen, small globular deposits, roughly 30-

60 µm in diameter with a defined border. These deposits can be diffuse in appearance 

however, their presence alone is not indicative of AMD as it frequently observed in 

normal eyes as a by-product of typical aging. Furthermore, drusen deposits are dynamic, 

and over time have been found to coalesce or even disappear, however, extensive drusen 

deposition and the presence of intermediate (63-125µm) or large drusen (≥125µm) have 

been found to correlate with disease progression.  

The presence of ‘soft’ drusen which can be identified on CFP images as large focal 

deposits ranging from 30-1000µm in diameter with less distinct and sloping borders is a 

high risk factor for progression of AMD from early to late stages (Figure 1.6.B) (Hageman 

et al., 2001). The  composition of drusen has been examined through proteomic and 

immunohistochemical analysis and it has been found that they contain a wide variety of 

lipids and proteins including esterified and unesterified cholesterol, vitronectin, 



15 
 

apolipoprotein E, as well as host defence proteins including complement components and 

damage-associated molecular patterns (DAMPs) such as S100-A8/A9 and α-defensin 

(Crabb, 2014; C. A. Curcio et al., 2005; Mullins, Russell, Anderson, & Hageman, 2000).  

The presence of  oxidatively modified proteins identified within drusen deposits has 

linked oxidative damage to AMD progression. One major component of soft drusen are 

lipoprotein particles containing apolipoproteins B and E, and one proposed method for 

their formation includes the recycling of plasma lipoproteins utilized for delivery of 

dietary factors essential for the visual cycle. These lipoproteins are repackaged with fatty 

acids and unesterfied cholesterols for clearance through BrM and the choriocapillaris. 

However, age-related changes in BrM prevent adequate efflux and lipoprotein 

accumulation through adulthood, and their breakdown leads to the formation of lipid 

pools found within soft drusen and basal linear deposits (BlinD). Furthermore, this soft 

drusen and BLinD formation can act as a barrier to the transportation of molecules, 

enabling lipid oxidation and impeding oxygen exchange (Christine A. Curcio, 2018).  

1.10.1  Late-stage disease (Geographic Atrophy) 

Early AMD can progress to late-stage diseases defined by two distinct phenotypes. There 

is the slower progressing geographic atrophy (GA), or “Dry” AMD. This form is 

identifiable by atrophy of the RPE and overlying photoreceptor cells, which can allow the 

underlying vessels of the choroid to become visible (Figure 1.6.C). These GA lesions can 

be multifocal, their location and shape appearing highly variable that over time enlarge 

and coalesce. There appears to be some degree of ‘foveal sparing’ involved in the 

progression of GA, with initial lesions manifesting in the parafovea with eventual 

involvement of the fovea occurring late in the disease (Bax et al., 2019).  Methods to 

detect and monitor GA include colour fundus images and fundus autofluorescence (FAF) 

which detect lesions by the presence of areas of  hypopigmentation due to loss of RPE 

pigment, or in FAF, by the loss of the fluorescent signal from lipofuscin contained within 

the RPE (F. G. Holz, Bellman, Staudt, Schutt, & Volcker, 2001). This form is more 

common with around 85% of late-stage AMD cases being dry. To date there is currently 

no treatment available for GA, but several clinical trials are ongoing targeting stages in 

the complement pathway, as several factors and regulatory proteins of the complement 

system have been implicated in AMD and are known to be a major constituent of drusen 

(Crabb, 2014).  
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1.10.2   Late-stage disease (Exudative AMD) 

The “wet” form of AMD is characterised by choroidal neovascularisation (CNV), where 

abnormal blood vessels grow from the underlying choroid. Supported by VEGF secretion 

by the RPE these vessels grow and break through BrM invading the sub-RPE and sub-

retinal space. However, these new vessels are weak and as a result leak fluid and blood 

components causing significant damage to the RPE and overlying photoreceptor cells. 

The current standard for detection of CNV is by fluorescein angiography (FA) 

supplemented with OCT imaging for the presence of intra or sub retinal fluid and exudate.  

By using FA, neovascular membranes can be classified as classic, occult or retinal 

angiomatous proliferation (RAP) subtypes as determined by leakage of the dye. In 

‘classic’ CNV lesions, vessel growth can be detected above the RPE in the subretinal 

space. This form can be readily detected by well-defined hyper fluorescence early during 

FA which expands and obscures the contours of the lesion becoming less defined (Figure 

1.6.D).  In  ‘occult’ membranes, blood vessel growth beneath the retina causing irregular 

elevation of the RPE. Identification of occult CNV on FA shows it can present in two 

forms. Type 1 is fibrovascular pigment epithelium detachment (FV-PED) which has 

irregular hyper fluorescence that is more define in the late phase of FA. Type 2 appears 

as multiple pin sized hyperfluorescent lesions from an unidentified source. In type 2 occult 

lesions leakage is diffuse, with no sign of classic CNV in the early phase, or FV-PED. A 

third form of neovascular proliferation, RAP, originates from the retinal vessels. 

Proliferation of vessels in the deep retinal layers expands where it creates a retinal-

choroidal anastomosis. RAP is associated with multiple small intra and preretinal 

haemorrhages, numerous hard exudates, and pigment epithelium detachment (PED). RAP 

is a distinct subtype of exudative AMD, with a tendency to manifest bilaterally and is 

associated with poor prognosis. Other features that may appear concurrent with CNV 

include subretinal haemorrhage and tear of the RPE. Later stages include fibrovascular 

CNV, here the CNV progresses towards scar tissue which expands but still presents 

exudation which finally progress to disciform scar, when this fibrous lesion no longer 

presents exudation. Disruption of the retina by these vessels can rapidly lead to central 

vision loss due to RPE detachment and disciform scarring. While wet AMD affects up to 

10-15% of patients with late stage disease, it accounts for majority of with vision loss, 

with patients with nvAMD having increased risk of developing CNV in the fellow eye 

(Tomi & Marin, 2014).   
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Figure 1.6: Fundus images depicting stages of AMD. (A) Depict a normal healthy 

retina; (B) Shows early AMD with soft drusen (arrows); (C) fundus images showing 

macula with late-stage dry AMD and (D) neovascular AMD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.11   Risk factors for AMD 

The mechanism of AMD pathogenesis is still poorly understood as it is multifactorial in 

nature and the exact aetiology remains unclear, however many epidemiological studies 

have identified numerous lifestyle and genetic risk factors to be associated with disease 

incidence and progression.    

1.12   Environmental risk factors 

1.12.1   Age 

Increasing age is the most significant risk factor associated with the incidence and 

progression of AMD, this was first highlighted by the Beaver Dam Eye study (BDES) 

group, which found in their cohort that the prevalence of several features of AMD were 

significantly higher in participants aged over 75 compared to those aged between 43-54, 

most evident in the prevalence of late-stage disease, which rose significantly with 

increasing age while being almost absent in younger participants.  Increasing age was also 

found to associated with increased prevalence of features of early AMD, such as hard 

drusen  (˂125 µm) present in 24% of participants >75 compared to 1.9%  in those aged 
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43-54’s,  soft drusen present in 44.3% compared to 7.1%, retinal pigmentary changes in 

26.6% compared to 7.3%. (Klein, Klein, & Linton, 1992). This was shortly corroborated 

by another population cohort, the Blue Mountain Eye Study (BMES), which found 

increased prevalence of AMD features associated with increasing age (Paul Mitchell, 

Smith, Attebo, & Wang, 1995). Furthermore, both of these groups and others have shown 

that the prevalence of AMD subtypes increase significantly with increasing age,  while in 

Ireland the TILDA study found that the prevalence of  any form of AMD increases from 

5% in 50-64 age group to 13.2% in those aged over 75 (Akuffo et al., 2015), in agreement 

with the BDES and BMES findings. Several features of natural aging in the retina overlap 

with early signs of AMD, however aging alone isn’t a direct cause of AMD. Typical aging 

is associated with a number of structural and functional changes such as increased 

lipofuscin accumulation, drusen deposition and thickening of BrM. These changes occur 

with parallel with an age-induced decrease in immunoregulatory features of the retina, 

such as the breakdown of physical barriers, and reduction in ocular immune privilege, a 

result of which can leave the neural retina more susceptible to insult and degradation (M. 

Chen, Luo, Zhao, Devarajan, & Xu, 2019). 

1.12.2   Oxidative stress 

Reactive oxygen species (ROS) formed under normal physiological conditions are 

required at low levels to maintain physiological functions such as host defence, 

proliferation, and signal transduction. Steady-state levels of ROS are maintained though 

the clearance by ROS scavenger mechanisms such as antioxidative enzymes superoxide 

dismutase, glutathione peroxidase and catalase and non-enzymatic antioxidants α-

tocopherol (Vitamin E), β-carotene and ascorbate (Vitamin C) (Droge, 2002). However, 

an increase in ROS production  can overwhelm intrinsic antioxidant capacity leading to 

oxidative stress causing inadequate cellular function and tissue damage.  

The retina is exposed to a high level of ROS due in part to the high oxygen consumption 

of retinal tissue, almost constant exposure to light and the high polyunsaturated fatty acid 

(PUFA) content in photoreceptors and subsequent phagocytosis of POS by the RPE. The 

high PUFA content in the retina predisposes it to oxidative damage resulting from lipid 

peroxidation, and as such, the deleterious effects of oxidative stress has been implicated 

in a number of retinal diseases (Nishimura, Hara, Kondo, Hong, & Matsugi, 2017) 

Approximately 80% of the POS discs are composed of docosahexaenoic acid (DHA), 
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which is highly susceptible to free radical damage. In AMD the most extensively studied 

lipid peroxidation product of DHA is carboxymoethyl pyrrole (CEP), with CEP-adducted 

proteins having been found to be more abundant in BrM, RPE and choroid of AMD cases 

when compared to controls (Gu et al., 2003).   

1.12.3   Smoking 

Tobacco smoke contains up to 5,000 chemical components, of which 98 have been 

identified as hazardous to human health. Worldwide, smoking is associated with over 7 

million deaths per year and is the leading cause of respiratory diseases such as chronic 

obstructive lung disease and lung cancer, while also being the single most modifiable risk 

factor associated with many vascular and inflammatory diseases (Talhout et al., 2011; 

WHO, 2017). As noted above, oxidative stress has been implicated as a major contributor 

in the pathogenesis of AMD,  and both the tar phase and gas phase of cigarette smoke has 

been found to be rich in free radicals and non-radical oxidants (Pryor & Stone, 1993). 

Perhaps not surprisingly smoking has consistently been associated with increased risk of 

AMD in longitudinal and cross-sectional studies from across the globe. Current smokers 

frequently show a high association with late-stage AMD when compared to non-smokers, 

with the increased Odd’s Ratio (OR) varying between 2.6 - 6.6 within these studies. Past 

smokers also show increased risk, although to a lesser extent than current smokers, with 

OR’s between 1.3 – 3.2, when compared to non-smokers (Chakravarthy et al., 2007; Khan 

et al., 2006; Klein, Knudtson, Cruickshanks, & Klein, 2008; Vingerling, Hofman, 

Grobbee, & de Jong, 1996). There is an apparent dose-response in terms of the number of 

packs and years participants smoked indicated in some studies with heavier smokers, 

older age at quitting or longer duration of smoking being associated with incidence of 

exudative AMD. Longitudinal data from the Beaver Dam and Blue mountain studies over 

a -10, -15 and 20 year period also indicate that current smoking was associated with 

increased incidence of late AMD while increased number of packs/years as being 

associated with  progression to a later stage of AMD (Khan et al., 2006; Ronald Klein, 

Knudtson, Cruickshanks, & Klein, 2008(Myers et al., 2014).  

1.12.4   Population and gender differences  

A systematic review and meta-analysis of prevalence of AMD in population-based studies 

from around the globe, covering 7 regions and 5 ethnicities found prevalence of early 

AMD and geographic atrophy to be higher in populations of European ancestry, compared 
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to African ancestry and Asian and Hispanics populations. While no difference in the 

prevalence of neovascular AMD was found between ethnicities (Wong et al., 2014). 

Differences could be due to environmental or genetic factors, and analysis of known AMD 

risk variants between ancestry groups has reported population differences. Differences 

reported include the ARMS2 rs10490924 SNP, which has a higher frequency in Asian 

populations compared to Europeans approximately 40% minor allele frequency (MAF) 

compared to 20%. The C3 variant rs2230199 is common in Europeans while rare in 

African and Asians (Lars G. Fritsche et al., 2014), while SNPs reported to be protective 

in Europeans have been found to increase risk in Asian cohorts, such as complement 

factor B (CFB) and superkiller viralicidic activity 2-like (SKIV2L) (Fang Lu et al., 2013). 

While some early studies indicate that being female was associated with increased risk of 

late neovascular AMD, more recent data refutes this, reporting no significant association 

between being female and the incidence of late AMD, or increased risk for any AMD 

between genders (Chakravarthy et al., 2010; Wong et al., 2014).   

1.12.5   Diet and BMI 

Dietary changes are one of the more prominent modifiable factors associated with AMD 

progression along with smoking cessation. Several epidemiological studies focusing on 

the association between AMD with vitamins and mineral intake led to the development 

of The Age-related Eye Disease Study (AREDS) and ARED2 formulations, which 

indicated that daily supplementation with antioxidant vitamins and minerals was 

associated with a reduced risk of developing advanced AMD by 25% in 5 years (Age-

Related Eye Disease Study Research, 2001). Meanwhile, adherence to a Mediterranean 

diet with high consumption of fruits, vegetables, legumes, whole grains and nuts; with 

moderate fish, poultry and dairy consumption is preferable over a western diet, consisting 

with high of red and processed meat, high fat dairy products, fried potatoes and refined 

grains. Suggesting that increased intake of nutrient rich food that support the retina while 

avoiding foods that induce oxidative damage may play an important role in protecting 

against AMD (Chapman, Jacobs, & Braakhuis, 2019). 

Excess body weight and obesity have been associated with an increased risk of several 

conditions such as cardiovascular disease, high blood pressure and type 2 diabetes. 

Increasing body weight can induce physical changes such as increased oxidative stress, 

inflammation and imbalance of blood lipids, which have all been associated with AMD 
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pathogenesis (Haas, Kubista, Krugluger, Huber, & Binder, 2015). Several studies have 

investigated the possible association between obesity and AMD using the body mass 

index (BMI) with inconsistent results, however meta-analysis has shown that increasing 

BMI is weakly associated with increasing risk of AMD, particularly late-stage disease (Q. 

Y. Zhang et al., 2016).   

 

1.13   Genetic risk factors  

It is well understood that there is a strong genetic component to AMD risk. It was first 

observed in familial studies which found increased prevalence of exudative AMD among 

first degree relatives with AMD (26.9%) than relatives of control cases (11.6%) (Johanna 

M. Seddon, Ajani, & Mitchell, 1997). This was further supported in twin studies with 

monozygotic and dizygotic siblings investigating the contribution of genetics and 

environmental factors. This study found that genetic factors played a significant role in 

the overall severity of the disease, explaining between 46% to 71% of variation (J. M. 

Seddon, Cote, Page, Aggen, & Neale, 2005). However, it is only in the last 15 years 

through several large genome wide association studies (GWAS) that single nucleotide 

polymorphisms (SNPs) associated with AMD in genetic regions associated with a diverse 

range of functions such as immunity, lipid metabolism and growth factors have been 

identified. Identifying these SNPs has enabled further investigation to try elucidating the 

many pathways and mechanisms involved in the pathogenesis of this multifactorial 

disease. One of the most significant findings was the identification of a common variant 

in the CFH gene encoding a tyrosine to histidine change was highly associated with AMD. 

Three studies published simultaneously in 2005 were the first to identify that risk of AMD 

increased >2.5-fold for heterozygous carriers of the CFH risk allele, while homozygous 

carriers had a  >5-fold  increase in AMD risk. To date the CFH SNP rs1061170 remains 

one of the most highly associated AMD genetic risk factors.  (Edwards et al., 2005; Haines 

et al., 2005; Robert J. Klein et al., 2005).  

CFH is a key regulatory of the alternative complement pathway. Generally expressed by 

the liver, it is also expressed by the RPE and crucially acts locally on C3b deposited on 

host cells and the extracellular matrix of BrM, where it inhibits amplification of the 

complement cascade. The Y402H SNP in CFH lies within the complement control protein 

7 (CCP7)  domain and affects binding of CFH to surface heparan sulfate necessary for its 
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regulatory influence on deposited C3b. This SNP has also been associated with increased 

systemic levels of complement factors C3d and Ba, along with anaphylatoxins C3a and 

C5a  in plasma of AMD cases (H. P. Scholl et al., 2008)  

The identification of CFH as a risk factor for AMD was not surprising, as previous 

histopathology studies had identified complement factors in drusen deposits and remarked 

on their possible association with disease (L. V. Johnson, Ozaki, Staples, Erickson, & 

Anderson, 2000; Mullins et al., 2000). Following the association of CFH with AMD risk, 

several other SNPs in complement factor genes have been identified to be associated with 

AMD, the most frequent being variants in C3 the central protein in all complement 

pathways, who’s cleavage is necessary for downstream effector function. Several SNPs 

in the C3 gene have been associated with AMD risk, the most highly associated being the 

rs2230199 polymorphism that causes a glycine substituted for an arginine at position 102, 

affecting C3b regulation (Heurich et al., 2011). Risk variants have also been found in 

gene’s encoding complement component 9 (C9), complement factor I (CFI), while SNPs 

found in the region of complement component 2 (C2) and complement factor B (CFB) 

have been found to confer protection (Thakkinstian et al., 2012).   

Outside of complement, common SNP variants associated with increased AMD risk have 

been found in genes encoding  proteins associated with lipid and cholesterol transport, 

MMP inhibitors, TLRs and VEGF. Lipid deposition and aggregation in the eye in the 

form of drusen is one of the hallmarks of AMD, and variants in the cholesterol transport 

protein apolipoprotein E (APOE) is a frequently observed AMD-associated SNPs after 

those in complement genes. Two SNPs in the  APOE gene rs429358 and rs7412 results 

in three variants with attenuated binding affinity to the LDL receptor, called ε2, ε3, and 

ε4, pooled studies have showed the variant ε4 has been significantly associated with 

decreased risk in AMD, while homozygous carriers of the variant ε2 has been associated 

with increased risk for late AMD (Cipriani et al., 2012; Gareth J. McKay et al., 2011).  

In 2016 the International AMD Genomics Consortium (IAMDGC) performed the largest 

study of AMD genetics to date which included over 16,000 patients and 17,800 controls 

identifying 52 independently associated common and rare genetic variants distributed 

across 34 loci. This study highlights the shift of focus from common variants to variants 

with low minor allele frequency (MAF) between 1-5% or rare variants with MAF ≤1% 

with large effect. Analysis of rare variants has identified more complement variants such 
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as CFH R1210C which has high penetrance and is associated with earlier onset of disease, 

and others in CFI and C3. The IAMDGC study corroborated previous reports on common 

and rare variants, particularly those that affected the complement pathway while 

identifying two rare variants in SLC16A8 and TIMP3, which are associated with increased 

risk of AMD and a third MMP9 that was associated with neovascular AMD alone. This 

study highlights the need in future for large sample size population studies in the study of 

AMD genetics, to identify those rare variants with frequencies within the range of 0.01-

1.0% that impose a strong impact on disease risk and might reveal unknown mechanisms 

of disease (L. G. Fritsche et al., 2016). 

 

1.14   Treatments in AMD 

Treatment options for wet AMD have been available since the 1990’s, in the form of laser 

photocoagulation and photodynamic therapy (PDT). While both treatments were effective 

at inhibiting neovascular growth they were ineffective at restoring visual acuity (VA), 

however PDT treatment was shown to slow VA loss. Without addressing the underlying 

cause of neovascularisation recurring CNV was frequently observed (Virgili & Bini, 

2007). 

Since the approval of Ranibizumab (Lucentis®) as a treatment of wet AMD by the FDA 

in 2006, the use of monoclonal antibodies targeting VEGF have become the gold standard 

in care for treatment of ocular neovascular related diseases such as diabetic retinopathy, 

retinal vein occlusion as well as AMD. Ranibizumab, a humanized monoclonal antibody 

fragment (Fab) that neutralises active forms of VEGF-A, was superior to contemporary 

treatments in not only preventing visual acuity loss at 12 months, but also facilitated in 

improving visual acuity (Brown et al., 2009; Rosenfeld et al., 2006). Running 

concurrently to these efficacy trials, was an investigation into the use of Bevacizumab 

(Avastin®), the full length ‘parent’ monoclonal antibody of Ranibizumab, as a potential 

therapeutic for intra-ocular neovascularisation. Approved by the FDA in 2004 as a 

systemic infusion for the treatment of metastatic colorectal cancer, Bevacizumab was one 

of the first anti-angiogenesis agents clinically available (Ferrara, Hillan, Gerber, & 

Novotny, 2004) and while not registered for use in AMD, it is commonly used “off-label” 

due to the cost-effectiveness when compared  to Ranibizumab and Aflibercept (Eyelea®) 

(van Asten et al., 2018). Initial studies show that systemic and intra-vitreal administration 
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of Bevacizumab was effective in preventing vision loss and improving visual acuity in 

patients with neovascular AMD (Michels, Rosenfeld, Puliafito, Marcus, & Venkatraman, 

2005). While large randomised clinical trials (RCT) such as the IVAN and CATT trials 

that followed showed Bevacizumab was not inferior to Ranibizumab in the treatment of 

AMD in terms of its effect on visual acuity, nor was there any difference in terms of 

adverse effects (Chakravarthy et al., 2012; Martin et al., 2012). Currently in Ireland 

Bevacizumab has become the first-line treatment, with 70-80% of patients receiving it for 

wet AMD (Bro, Derebecka, Jørstad, & Grzybowski, 2020). 

While anti-VEGF monotherapy was sufficient in improving visual acuity in most cases, 

the improvement can only be sustained with repeated intravitreal injections. In an effort 

to maintain visual improvement but reduce the burden of frequent injections, 

investigations into different treatment combinations and strategies have been utilised, 

such as the ‘pro-re nata’ (PRN) approach with discontinuous anti-VEGF treatments 

administered as needed or the ‘treat and extend’ approach which gradually increases the 

intervals between treatments, after the initial ‘loading-dose’ phase to control exudation.  

However, improvements in VA observed during the RCTs that ultimately showed the 

safety and efficacy of anti-VEGFs has failed to fully translate into the clinical setting were 

approximately 15% of patients do not respond (Krebs, Glittenberg, et al., 2013b). This 

may be due to the strict treatment and monitoring protocols employed during RCTs, while 

less stringent protocols, PRN variation, and differences in baseline characteristics such as 

VAS and age at the start of therapy, have resulted in inferior treatment outcomes in the 

clinical setting (Frank G. Holz et al., 2016). While intra-vitreal injection is associated with 

a transient increase in intraocular pressure, other rare adverse effects due to these 

injections can include infectious endophthalmitis, acute intraocular inflammation, 

spontaneous RPE tears and retinal detachment (Ghasemi Falavarjani & Nguyen, 2013). 

In contrast to wet AMD, there is currently no approved treatment that can halt or improve 

GA. On-going clinical trials for potential GA treatments primarily target the complement 

pathway and include inhibitors of the complement factor’s C3 (Clinical Trial identifier: 

NCT04014777, NCT03777332), and C5 (NCT02515942). Current options available to 

people with early signs of AMD or GA are to reduce risk factors, i.e., smoking and BMI.  

Increasing dietary supplement intake has also been associated with reduced risk, with the 

Age-related Eye Disease Study (AREDS) 2 formulation which contains high doses of 
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antioxidants, zinc and dietary xanthophylls, lutein and zeaxanthin, was associated with a 

reduced risk of disease progression ((AREDS2), 2013).  

 

1.15   Ocular neovascularisation 

Angiogenesis, the growth of new blood vessel from pre-existing vessels, is highly 

dynamic process involving strict co-ordination of signalling molecules that give rise to 

complex vascular networks that reflects the needs of the local environments to support 

physiological function. It is a multistep process requiring breakdown of the extracellular 

matrix (ECM), endothelial proliferation and migration, followed by vascular stabilisation 

and maturation.  Cell to cell communication, through cell bound, paracrine or extracellular 

pro- and anti-angiogenic factors is key for adequate vessel development and integrity. 

Instances such as ischemia, hypoxia and inflammation can influence the local 

microenvironment to induce neovascularisation. Aberrant angiogenesis is a feature of 

several retinal neurogenerative diseases and in cases such as AMD, DR, and retinal vein 

occlusion, pathological neovascularisation can lead to significant vision impairment. 

Understanding the factors and mechanisms involved in angiogenesis can help identify 

new therapeutic targets for pathogenic neovascularisation.  One of the most famous and 

well characterised is mediators of vascular development and angiogenesis is VEGF. 

 

1.16   Vascular endothelial growth factor (VEGF) 

Discovered in 1983, VEGF-A is the prototype member of a family of mitogens that 

include VEGF-B, VEGF-C, VEGF-D and VEGF-E along with placental growth factor 

(PlGF) and the structurally similar PDGF. First identified as a vascular permeability 

factor, VEGF is a 40kDa disulphide-linked dimeric glycoprotein with functions in vessel 

permeability, endothelial cell growth and angiogenesis. There are multiple isoforms of 

VEGF-A with the isoform VEGFA165 is considered to the most physiologically relevant 

and is the most abundant isoform. VEGFA expression is stimulated by hypoxia, mediated 

through hypoxia-inducible factor-1 (HIF-1), a pivotal regulator of vascular responses to 

hypoxia and ischaemia. VEGF plays a key role in the pathogenesis of several ocular 

pathologies, such as features of DR including proliferative DR (PDR), and diabetic 

macular oedema (DME); ischemic retinopathies including retinal vein occlusion (RVO) 
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and retinopathy of prematurity (ROP), and  neovascular AMD (nvAMD). For several of 

these  pathologies nvAMD, DME and RVO, treatment with anti-VEGF has become the 

first line of treatment.  

VEGF signalling occurs through 3 members of the receptor tyrosine kinase (RTKs) 

family, VEGFR-1, VEGFR-2 and the highly homologous VEGFR-3 also known as FLT-

1, KDR (FLK-1 in mice) and FLT-4 respectively. VEGF receptor structure consists of an 

extracellular domain of seven immunoglobulin-like domains, a single transmembrane 

segment and an intracellular protein-tyrosine kinase domain with a carboxyterminal tail. 

Binding of VEGF to the extracellular domain leads to receptor dimerization, protein 

kinase activation and trans-autophosphorylation and initiation of the signalling cascade. 

VEGF-A, VEGF-B and PlGF bind to VEGFR-1, while only VEGF-A binds to VEGFR-

2. VEGF-C and VEGF-D bind to VEGFR-3 which is expressed in lymphatic endothelial 

cells where plays a role in the development of lymphatic vessels (Alitalo & Carmeliet, 

2002). VEGFR signalling is enhanced by VEGF binding to the neuropilin co-receptors, 

transmembrane glycoproteins of which there are two forms NRP1 and NRP2. Neuorpilin 

receptors bind to most isoforms of VEGF-A, and enhances VEGF signalling through 

optimal presentation of VEGF and by stabilizing the VEGF and VEGFR complex 

(Kawasaki et al., 1999; Shen et al., 2004)  (Soker, Takashima, Miao, Neufeld, & 

Klagsbrun, 1998). 

VEGFR-1 and VEGFR-2 are both expressed on endothelial cells and have been 

implicated in vasculogenesis and angiogenesis. Reports of targeted knockouts of  FLT-1 

and FLK-1 show them to be embryonic lethal. Of the two, it is VEGFR2 that is the main 

mediator of endothelial proliferation, angiogenesis and vessel permeabilization. Binding 

with VEGF leads to VEGFR2 dimerization followed by autophosphorylation to propagate 

downstream signalling pathways associated with endothelial cell proliferation, migration 

and extracellular matrix degradation. The phosphorylated tyrosine residue Tyr1175 binds 

to the Src Homology 2 (SH2) domain of phospholipase C gamma (PLCγ) mediating 

activation of the mitogen-activated protein kinase (MAPK) and extracellular-signal-

regulated kinase 1/2 (ERK 1/2) facilitating activation of cell proliferation (Doanes et al., 

1999), while phosphorylation of the Src domain-containing adaptor protein B (Shb) 

mediates phosphatidylinositol 3-kinase activation which leads to AKT/PKB mediated 

survival of endothelial cells   (Holmqvist et al., 2004; Olsson, Dimberg, Kreuger, & 

Claesson-Welsh, 2006).  
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1.17   Sterile inflammation  

Inflammation is the rapid response instigated by cells upon recognition of foreign material 

or damaged cells in tissue injury. Recognition of this threat is through pattern-recognition 

receptors (PRRs), evolutionary conserved receptors, which initiates a cascade of 

signalling molecules and recruitment of resident and systemic phagocytes to facilitate the 

removal of the insulting material and ideally the process is dampened and suppressed. 

Chronic low-grade inflammation has been implicated in AMD pathogenesis and analysis 

of drusen has shown numerous inflammatory mediators make up a large share of drusen 

components (Crabb, 2014). Traditionally, initiation of the immune response by PRRs is 

in recognition of microbes or foreign matter recognised through pathogen-associated 

molecular patterns (PAMPs), molecular motifs conserved within microbes not found on 

mammalian cells, such as peptidoglycan, bacterial lipopolysaccharides (LPS) and 

endotoxins found on bacterial cell membranes. However, the eye is an immune privilege 

site, so initiation of the immune response is generally in response to alarm signals which 

are released by damaged or stressed cells. In this instance PRRs recognise DAMPs which 

are endogenous molecules released from stressed or dying cells or modified host proteins, 

leading to what is known as sterile inflammation. 

1.17.1   Toll-Like Receptors 

Toll-like receptors (TLRs) are an evolutionary conserved family of membrane bound 

PRRs  found on the cell surface or contained intracellularly in endosomes. In humans 10 

TLRs have been identified, five membrane bound receptors mediating recognition of 

microbial PAMPs (TLR1, TLR2, TLR4, TLR5, TLR6) and four intracellular receptors 

mediating viral detection (TLR3, TLR7, TLR8, TLR9). TLRs are type 1 transmembrane 

proteins with extracellular domains containing leucine-rich repeats, a transmembrane 

domain, and an intracellular Toll-interleukin 1 receptor (TIR) domain required for 

intracellular signalling. TLR ligation leads to homo- or hetero- dimerization of TLRs, for 

recognition of a variety of molecular patterns. Individual signalling events in response to 

specific PAMPs is mediated by the selective recruitment of distinct TIR adaptor proteins, 

Myeloid differentiation primary response 88 (MyD88), TIR domain containing adaptor 

protein (TIRAP) also known as MyD88 adaptor-like protein (Mal), TIR domain-

containing adaptor inducing IFN-β (TRIF) and TRIF-related adaptor molecule (TRAM).  
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1.17.2   NOD-like Receptors 

NOD-like receptors (NLRs) are cytosolic PRRs whose members are composed of three 

distinct domains. First, there is the N-terminal domain, which is used for structural sub-

classification of the NLR family. Subfamilies can contain either a pyrin domain (PYD) as 

seen in NLRP proteins, a caspase recruitment domain (CARD) found in NLRC proteins, 

a baculovirus inhibitory repeat (BIR)-like domain, found in NLRB proteins, or an acidic 

transactivation domain which is found in NLRA proteins. The second domain contains  a 

central nucleotide-binding domain (NBD) or NAIP, CIITA, HET-E and TP1 (NACHT) 

domain, responsible for oligomerization post activation. The C-terminus of  lucine-rich 

repeats (LRR) for ligand sensing (Kauppinen, Paterno, Blasiak, Salminen, & Kaarniranta, 

2016). The NLRs recognise a broad range of ligands, both microbial and host derived, to 

mediate activation of the inflammatory response, and members can be categorised by the 

various function produced by NLRs in response to activation, which included 

inflammasome formation, signalling transduction, transcription and autophagy (Motta, 

Soares, Sun, & Philpott, 2015).  

The inflammasome is a multimeric protein complex that facilitates in the activation of the 

cystine protease caspase-1. Caspases are a family of proteases that facilitate regulated cell 

death through apoptosis and pyroptosis, in this family caspase-1 is considered an 

inflammatory caspase due to its fundamental role in IL-1β activation.  The most well 

characterised inflammasome complex is the NLRP3 inflammasome, containing the 

NACHT, LRR and PYD domains. Activation of the NLRP3 inflammasome recruits pro-

caspase 1 through its CARD domain, as NLRP3 does not contain a CARD domain, it 

utilizes the adaptor protein Apoptosis-associated Speck-like protein containing CARD 

(ASC). Pro-caspase-1 autoactivates by autoproteolysis and proteolytically cleaves the 

inflammatory cytokines pro-IL-1β and pro-IL-18 into their active forms, while also 

cleaving the pore-forming protein gasdermin D into its active form to mediate pyroptosis.  

1.17.3   The Complement System  

The complement system consists of plasma and membrane bound proteins that are critical 

for the defence against infection and modulation of immune and inflammatory responses. 

There are three distinct pathways that activate complement, namely the classical (CP), the 

alternative (AP) and the Lectin pathways (LP). While instigation of each pathway differs, 

they all converge on a pivotal step which is the formation of the complex C3 convertase. 
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Activation of C3 convertase leads to the release of biologically active anaphylatoxins C3a, 

C4a and C5a, along with activation of the terminal pathway cumulating in the formation 

of membrane attack complex (MAC). Deposition of MAC on a cell surface can lead to 

the formation of pores and causing cell lysis. Through the AP, the complement system is 

activated at a low level under physiological conditions. However, dysregulation of 

complement has been implicated in AMD where increased plasma levels of complement 

components have been observed in AMD patients while SNPs in a major regulator of the 

AP is strongly associated with increased AMD risk (Lechner et al., 2016).   

 

1.18   Inflammation in AMD 

AMD has been associated with a state of low-grade inflammation termed ‘para-

inflammation’, the concept that age-related increases in tissue stress results in a moderate 

increase in inflammatory mediators that function in a protective manner to restore 

homeostasis. However, in cases where tissue damage or malfunction is sustained, such as 

increased oxidative stress or drusen deposition, this can lead to chronic para-inflammation 

which can contribute to further disease progression. Mediating the inflammatory response 

in the retina are tissue resident Microglia and Macrophage. Microglia are specialized 

myeloid-derived cells that reside in the inner retina under normal homeostasis. Low-level 

activation and migration of Microglia to the outer retina and sub-retinal space has been 

observed with increasing age, while activated microglia have been observed near the RPE 

overlying drusen in retinal sections from dry AMD patients (N. Gupta, Brown, & Milam, 

2003). Furthermore, RPE cells in response to activated microglia are found to express 

higher levels of proinflammatory cytokines IL-1β, TNF-α, IL-6 as well as VEGF and 

metalloproteinases MMP-1, -2, and -9) in vitro, fostering a proinflammatory and chemo-

attractive environment in the subretinal space, thereby promoting further microglial 

recruitment (Ma, Zhao, Fontainhas, Fariss, & Wong, 2009). 

Mononuclear phagocytes such as monocytes and macrophage, have been implicated in 

AMD pathogenesis, where they have been found to associate with drusen in GA and 

within the proximity of CNV in nvAMD. While experimental models have presented 

conflicting evidence for the role of macrophage in AMD, with some indicating a 

beneficial role for macrophage in CNV lesions (Apte, Richter, Herndon, & Ferguson, 

2006), while others found depletion of macrophage diminishes the severity of 
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experimental CNV (Espinosa-Heidmann et al., 2003). This contradictory role may be 

explained by macrophage plasticity, the ability to alter their expression profile in response 

to environmental cues. Macrophage can largely be categorised into two distinct 

phenotypes, the classically activated pro-inflammatory (M1) phenotype, and the less 

inflammatory, pro-angiogenic (M2). Histopathological evaluation and PCR analysis of 

macrophage in the macular region of late AMD eyes found that M1 macrophage associate 

with GA lesions while M2 were found in nvAMD lesions. Furthermore, a study by Yang 

et al. demonstrated that in a mouse model of laser-induced CNV, infiltrating macrophage 

displayed M1-related markers in the early stage of lesion formation, while M2 markers 

were upregulated in the middle and sustained until later stages. While in aqueous humor 

of human nvAMD patients showed a predominance of M2 macrophage, suggesting that 

this subset promote angiogenesis (Yang et al., 2016). 

Several studies have analysed the expression patterns of cytokines and chemokines in 

various biological samples from patients with AMD in an effort to understand their 

association with AMD progression. Surgically excised CNV membranes have 

demonstrated the presence of growth factors VEGF, Fibroblast growth factor (FGF) and 

TGFβ, while CNVs associated macrophage have been found to express TNFα which 

stimulate RPE expression of VEGF, IL-8 and monocyte chemotactic protein (MCP-1), 

propagating an inflammatory active CNV state (Hans E Grossniklaus et al., 2002). 

Analysis of systemic cytokines have found elevated levels of MCP-1 and IL-8 in nvAMD 

patients, while IL-6, IL-1β, IL-18 and TNF-α have be found to be elevated in the plasma 

of a dry AMD cohort carrying the CFH Y402H risk allele (S. Cao et al., 2013; Lechner et 

al., 2017), while IL-6 is correlated with the incidence and progression of AMD (Johanna 

M Seddon, George, Rosner, & Rifai, 2005). 

 

1.19   IL-1 superfamily  

The IL-1 superfamily comprises of 11 cytokines primarily associated with innate and 

adaptive immune responses. These inflammatory cytokines consist of 7 agonists (IL-1α, 

IL-1β, IL-18, IL-33 and three IL-36 isoforms α, β and γ) and four members with 

antagonistic activity (IL-1 receptor antagonist (IL-1a), IL-36a, IL-37 and IL-38). Many 

members of the IL-1F are expressed in full-length precursor forms that require proteolytic 
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cleavage to become active, however, both IL-1α and IL-38 remain biologically active in 

their precursor form.  

Receptors for cytokines the IL-1 family (IL-1F) share a similar structural composition, 

containing three immunoglobulin (Ig)-like extracellular domains and an intracellular 

Toll/IL-1R (TIR) domain which is also found in Toll-like receptors. Signalling occurs 

through 10 receptor members which dimerise to form 4 distinct receptor complexes: IL-

1R (IL-1 receptor and IL-1 receptor accessory protein (IL-1RAcP)), IL-33R (ST2 and IL-

1RAcP), IL-18R (IL-18Rα and IL-18Rβ) and IL-36R (IL-1 receptor-like 2 (IL-1RL2) and 

IL-1RAcP).  

Ligand binding and recruitment of appropriate accessory protein or co-receptor allows 

dimerization of the intracellular TIR domains to initiating a signalling cascade through 

recruitment of adaptor proteins. The first is the myeloid differentiation primary response 

88 (MyD88) adaptor protein, recruited to the receptor complex through homotypic 

interactions between TIR domains. The death domain (DD) of MyD88 allows recruitment 

of the IRAK family of proteins, followed by activation of TRAF6 and subsequent 

signalling proteins of the mitogen associated protein kinase (MAPK) and Inhibitor of κB 

Kinase (IKK) complexes. Ultimately, this signalling cascade leads to activation and 

translocation of NFκB and AP-1 to the nucleus and transcription of inflammatory genes 

(Boraschi, Italiani, Weil, & Martin, 2018). 

Regulation of IL-1 signalling occurs through its antagonist IL-1Ra, which competes with 

IL-1α/β to bind to IL-1R1 and block IL-1RAcP recruitment. A similar regulatory 

mechanism is observed between IL-36 and its inhibitor IL-36a. An array of decoy 

receptors also regulates the biological activities of IL-1F members. IL-1R2 can be 

expressed both on the cell surface and in the extracellular environment (sIL-1R2) acts as 

a decoy receptor for IL-1α/β. IL-1RAcP can also be expressed as a soluble protein (sIL-

1RAcP) aiding IL-1 inhibition, while also having a role in regulation of IL-33 signalling 

along with sST2. IL-18 signalling is regulated through its own soluble inhibitor, the 

constitutively expressed IL-18 binding protein (IL-18BP) to which it binds with high 

affinity (400pM). Structurally, IL-18BP is composed of one Ig domain which has some 

sequence homology to the third Ig domain of IL-1Rα, but without transmembrane or 

cytoplasmic domains, it inhibits IL-18 signalling by preventing IL-18 from binding to its 

receptor (S.-H. Kim et al., 2000). 
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Figure 1.7  IL-1F Receptors and signalling pathways. The IL-1F consists of eleven 

members. 7 agonists IL-1α, IL-1β, IL-18, IL-33 and three IL-36 isoforms α, β and γ, and 

four members with antagonistic activity IL-1a, IL-36a, IL-37 and IL-38. Members initiate 

signalling pathways by binding a primary subunit e.g. IL-1R1, IL-18Rα, IL-1RL2 or ST2 

which then recruits an accessory receptor to activate receptor complex. Signalling is 

initiated through homotypic interactions between TIR domains on IL-1F receptors and 

MyD88 which forms a complex with IRAK4, facilitates activation of MAPK and IKK 

complexes resulting in NFκB and AP-1 transcription factors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.19.1   IL-1 in inflammatory diseases 

Since they were first reported in 1974 as acidic pyrogens purified from monocytes and 

neutrophils that could induce fever (C. A. Dinarello, Goldin, & Wolff, 1974), IL-1α and 

IL-1β, have emerged as two key activators of innate immunity. Increased expression of 

IL-1 in response to TLR signalling, together with conserved expression of the TIR domain 

between TLRs and IL-1Rs, has suggested that the IL-1 signalling pathway may have 

evolved as a mechanism by which to amplify the TLR danger signal, and as such, share 

many overlapping functions with TLR activation. Both  IL-1α and β share numerous 

similarities, they signal through the same receptor, both are produced in precursor forms 

and elicit similar biological responses. There are notable differences, IL-1β requires 
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assembly of the NLRP3 inflammasome and cleavage of its pro-form by caspase-1  to be 

biologically active, while the IL-1α precursor is biologically active. IL-1β is expressed 

primarily by cells of a haematopoietic origin and secreted systemically, IL-1α expression 

is more widespread, however it associates with the plasma membrane and acts locally. 

Together, IL-1 is expressed by multiple different cell types, namely monocytes and 

macrophage, where it invokes a potent pro-inflammatory response through a multitude of 

immune processes, such as increased expression of cytokines, prostaglandins, and 

leukocyte adhesion molecules. IL-1 also serves as an important link between innate and 

adaptive immunity through the promotion of T Cell responses. Specifically, IL-1 has 

implicated in the differentiation of TH17 cells the key producer of IL-17, while inducing 

increased survival and expansion on antigen driven TH2 responses (Ben-Sasson et al., 

2009).  

Given the potency of IL-1 to induce a proinflammatory response, tight regulation is 

necessary to prevent tissue damage. Increasing IL-1 has been associated in the  

pathogenesis of  a number of inflammatory and autoimmune diseases with the increased 

presence of IL-1 attributed to the pathogenic influx of myeloid-derived cells infiltrating 

the joints of those with rheumatoid arthritis (RA) and gout (F. Zhang et al., 2019), along 

with elevated systemic IL-1β observed in systemic-onset juvenile idiopathic arthritis 

(sJIA) and adult-onset Still’s disease (AoSD). Mutations in IL-1β processing mechanism 

NLRP3, has been determined as the cause for several autoinflammatory diseases. 

Mutations in the gene NLRP3 encoding the protein cryopyrin, has been identified in 

several conditions collectively referred to as Cryopyrin-Associated Periodic Syndrome 

(CAPS) causing chronic local and systemic inflammation due to increased IL-1β 

activation. Similarly, in Familial Mediterranean Fever (FMF), mutations in the MEFV 

gene encoding pyrin causes NLRP3 dysregulation leading to recurrent bouts of fever and 

pain, in a mechanism distinct from that seen in CAPS. Treatments approved for rheumatic 

diseases and associated comorbidities targeting the IL-1 pathway include Anakinra 

(recombinant IL-1Ra), Rilanocept (IL-1R1/IL-1RAcP fusion protein) and Canakinumab 

(IL-1β neutralizing protein). These have been found to be effective therapeutics in a 

number of IL-1 associated diseases including RA, CAPS, gout, SJIA, AoSD, 

osteoarthritis, type-2 diabetes mellitus and cardiovascular disease (Charles Anthony 

Dinarello, 2019) .  

 



34 
 

1.19.2   IL-1 cytokine and its role in endothelial cell biology 

At the tissue level IL-1 is highly potent proinflammatory cytokine mediating tissue 

response during early stages of the wound healing through vasodilatation, upregulation of 

adhesion molecules attracting granulocytes and inducing expression of prostaglandins and 

cytokines necessary for wound repair. IL-1 is generated primarily by myeloid cells, which 

can directly impact the nearby endothelium during injury through endothelial activation 

and upregulation of adhesion molecules and facilitating in leukocyte trafficking to the site 

of inflammation. (Bochner et al., 1991). Furthermore, In vivo and vitro studies have 

demonstrated the effects of IL-1 on several other parameters of endothelial cell 

physiology as well as activation including migration, proliferation and tube formation, 

implicating IL-1 in driving tumour angiogenesis (Voronov et al., 2003). In the eye, both 

IL-1α and IL-1β have been found in the inflammatory milieu following injury to the 

ocular surface, with subsequent upregulation of adhesion molecules ICAM-1, VCAM-1, 

and VEGF supporting corneal neovascularisation, which was found to be reduced 

following IL-1RA induction (Moore et al., 2002). While direct stimulation of corneal 

endothelial cells (CECs) with IL-1β induces FGF-2 expression in an NFκB dependent 

manner, mediating endothelial-to-mesenchymal transition observed during wound 

healing in the corneal endothelium (J. G. Lee & Kay, 2012).  IL-1α has been shown to 

induce several stages of angiogenesis as well as expression of key angiogenic markers in 

brain endothelial cells in vitro implicating a role for IL-1α in tissue repair following acute 

CNS inflammation (Salmeron, Aihara, Redondo-Castro, Pinteaux, & Bix, 2016) 

1.19.3   IL-18 cytokine in inflammatory diseases 

IL-18 was first identified as an ‘IFN-γ inducing factor’ in TH1 cells where it was observed 

to have a synergistic effect with IL-12 (Okamura et al., 1995). While having low sequence 

homology to IL-1, its similarity in structure and overlapping functions and receptors have 

ensured its inclusion in the IL-1 family. Similar to IL-1β, IL-18 is synthesised as an 

inactive precursor whose cleavage is mediated by caspase-1 and the NLRP3 

inflammasome into its biological active form. However, unlike IL-1β whose expression 

is induced in response to inflammatory stimuli, IL-18 is constitutively expressed in many 

cell types, particularly endothelial cells, keratinocytes. intestinal epithelial cells and blood 

monocytes. Due to its ability to enhance the induction of IFN-γ, nitric oxide and ROS in 

phagocytes, IL-18 plays an important role in host defence and has been shown to enhance 
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resolution of  infection against  a number of pathogens including Escherichia coli, 

Pseudomonas aeruginosa and Staphylococcus aureus; while IL-18-/- mice have been 

shown to be more susceptible to numerous intracellular pathogens, such as 

Mycobacterium tuberculosis and L. monocytogenes (Yasuda, Nakanishi, & Tsutsui, 

2019).  

Investigation into the role of IL-18 in autoimmune and autoinflammatory diseases initially 

focused on its role in TH1 mediated disease involving IFN-γ, particularly inflammatory 

bowel diseases (IBD) such as Crohn’s disease (CD), where treatment with anti-IL-12 

caused a reduction in TNF-α and IFN-γ and is associated with good clinical outcome 

(Mannon et al., 2004). However, the role IL-18 plays in gut homeostasis and 

inflammatory bowel disease is somewhat controversial. It was initially reported that IL-

18 was found in affected tissues of patients with CD. This was further supported by studies 

that found neutralization of IL-18 reduces severity in murine dextran sulfate sodium 

(DSS) induced colitis (Pizarro et al., 1999; Siegmund et al., 2001). While a gain of 

function mutations in NLCR4 lead to chronic elevations of IL-18 and early onset 

enterocolitis (Romberg et al., 2014), negatively associating IL-18 with intestinal 

homeostasis. However, numerous studies using the DSS mouse model of colitis have 

shown that caspase-11, caspase-1 and NLRP3 deficient mice have increased susceptibility 

to disease due to impaired IL-18 production. The  protective effect of NLRP3 has been 

shown to be mediated through caspase-1 and IL-18, with caspase-1 susceptibly to DSS 

injury reversed through administration of exogenous IL-18. These studies highlight IL-

18’s role in intestinal epithelial cell regeneration and repair, indicated that IL-18 has a 

protective role in intestinal homeostasis by maintaining intestinal barrier. While in a 

disease state and a loss of barrier function, microbial stimulation of macrophage in the 

lamina propria and subsequent caspase-1 dependent processing of IL-18 result in 

inflammation.  (Dupaul-Chicoine et al., 2010; Oficjalska et al., 2015; Zaki et al., 2010).  

Elevated serum IL-18 levels have been indicated as a biomarker for disease activity in 

sJIA, an autoinflammatory disease affecting children causing  joint swelling, whilst also 

affecting the heart, liver and lungs. Patients with sJIA have been found to have elevated 

levels of IL-18, and those with active disease having significantly higher IL-18 levels than 

those without (Yasin et al., 2019). Increasing IL-18 is also indicative of Macrophage 

activation syndrome (MAS), a severe complication of sJIA. MAS characterised by 

uncontrolled proliferation and activation of T lymphocytes and macrophage. While IL-18 
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does not appear to increase during active MAS, high IL-18 levels appear to predispose 

sIJA patients to develop MAS, possibly due to increased IFN-γ production (Put et al., 

2015). Similar to sIJA, elevated IL-18 levels have been found to correlate with active 

disease in other auto inflammatory and autoimmune diseases, such as Systemic Lupus 

Erythematosus (SLE), AoSD and Sepsis. (Colafrancesco et al., 2012; Grobmyer et al., 

2000; Mende et al., 2018) 

1.19.4   IL-18 and its role in endothelial cell biology 

The pleiotropic effects of IL-18 are apparent vascular biology, where it has been indicated 

to have both pro- and anti-angiogenic effects. During retinal vascular development, IL-18 

deficit mice appear to show angiectasis and vascular leakage at P7 with abnormal vascular 

formation by P14, when compared to WT mice. This data suggests that IL-18 has a 

specific role in the formation of retinal vessels, potentially regulating pro-angiogenic 

factors, as the absence of IL-18 was associated with increased expression of VEGF, basic 

fibroblast growth factor (bFGF), PDGF and PEDF (Hong Qiao et al., 2004). This pro-

angiogenic effect has been further demonstrated in RA, where IL-18 mediates 

inflammation and angiogenesis by both direct and in direct mechanisms. Direct 

stimulation of human dermal microvascular endothelial cells (HMVECs) with IL-18 can 

induce migration and tube formation in vitro, with increased expression of the adhesion 

molecules intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 

(VCAM-1) and E-selectin, also having been observed (M Asif Amin et al., 2010; Park et 

al., 2001) (J. C. Morel, Park, Woods, & Koch, 2001). Indirectly, IL-18 promotes synovial 

angiogenesis by acting on synovial fibroblasts to  produce chemokines IL-8 and MCP-1, 

along with VEGF (Mohammad A Amin et al., 2007).  In the brain, IL-18 has been found 

to localise to endothelial cells in the damaged vasculature in experimental models of 

induced status epilepticus, where it promotes repair of the damage vascular through 

angiogenesis (E. A. Johnson, Guignet, Dao, Hamilton, & Kan, 2015). While status 

epilepticus induced vasogenic oedema was found to be decreased following 

intracerebroventricular IL-18 injection, which suggests an anti-permeability role for IL-

18 in brain endothelium (Jung et al., 2012). 

While these studies support a pro-angiogenic role for IL-18, there are several that indicate 

that IL-18 has a role in negatively regulating angiogenesis.  In fact, one of the earliest 

studies demonstrating IL-18’s involvement in angiogenesis is by Cao et al. who found 
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that IL-18 had the ability to inhibit tumour angiogenesis and corneal neovascularisation 

in vivo. While in vitro, IL-18 treatment was capable of inhibiting FGF-2 induced 

proliferation of bovine capillary endothelial cells (R. Cao, Farnebo, Kurimoto, & Cao, 

1999). A model of ischemia-induced angiogenesis also demonstrates its anti-angiogenic 

qualities through the use of  IL-18KO mice, or by inhibition of IL-18 by IL-18BP, showing 

that a loss of IL-18 was found to enhance neovascularisation, which was associated with 

an increase in local VEGF expression (Mallat et al., 2002). More recently, a reciprocal 

relationship between IL-18 and VEGF has been reported in the eye, with VEGF 

suppression correlating with increased intraocular IL-18, and increased IL-18 expression 

from myeloid cells. Meanwhile intraocular injection of IL-18 suppresses retinal 

neovascularisation and excessive vascular permeability in a model of ischemic 

retinopathy (Shen et al., 2014). Indicating that the anti-angiogenic qualities induced by 

IL-18 may be through its influence on VEGF synthesis and action. Our lab has shown that 

in an experimental model of laser induced CNV in both mice and non-human primates, 

administration of IL-18 significantly reduced the volume of CNV lesions when compared 

to vehicle controls. While in JR558 mice which develop bilateral spontaneous  CNVs  and 

RAP, intraperitoneal injection of IL-18 was not only capable of preventing progression 

but enhanced regression of these neovascular lesions, while demonstrating that IL-18 

negatively regulated VEGFR2 (Doyle et al., 2015; Doyle et al., 2014).  
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1.20   Objectives 

The overall objective of this thesis is to investigate the role IL-18 plays in the eye within 

the context of AMD. Recently, IL-18 has been shown by several groups to induce anti-

angiogenic and anti-permeability functions in the eye. Late-stage AMD is characterised 

by aberrant retinal/choroidal neovascularisation, and in previous studies it has been shown 

that IL-18 can attenuate CNV development in mice and non-human primates, but little is 

known about the relationship between endogenous IL-18 levels in patients with AMD. In 

collaboration with the Irish Longitudinal Study on Ageing (TILDA), we investigate the 

relationship between plasma IL-18 in a population-representative cohort to determine  if 

systemic IL-18 levels vary between those with or without AMD, through examining 

association with AMD stage and progression over a four-year period. Within this cohort, 

we characterise the prevalence of some known genetic risk variants in the Irish population 

and determine if these risk variants exert any influence on plasma IL-18 levels. 

Following this, we investigate intraocular levels of IL-18.  Data suggests that within the 

eye IL-18 and VEGF reciprocally influence each other’s expression, where suppression 

of VEGF has been found to correlate with increased intraocular IL-18 levels in patients 

with retinal vein occlusion. Using a cohort of neovascular AMD patients undergoing anti-

VEGF therapy we investigate intraocular IL-18 levels, along with 12 other inflammatory 

cytokines, examining changes in response to treatment. With this cohort we investigate if 

a similar relationship is found in patients with neovascular AMD in response to VEGF 

suppression and if these levels correlate with patient’s functional outcome following 

therapy.  

This is followed by examining IL-18’s function in vitro through direct stimulation of 

retinal and brain microvascular endothelial cells and examining its effect on angiogenic 

processes and endothelial permeability. These studies aim to deduce how IL-18 influences 

angiogenesis in the eye, and to further explain how exogenous IL-18 may attenuated CNV 

growth as previously observed in both mouse and non-human primates.  
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2.1   Human  study cohorts 

2.1.1   The TILDA cohort 

Participants in the TILDA cohort were recruited using the RANSAM system as previously 

described by Whelan et al (Whelan & Savva, 2013). The first wave of collection (Wave 

1) took place between October 2009 and July 2011. In total, 8,504 people were enrolled 

in the study. The criteria for inclusion in our study required participants attend a health 

care assessment to have blood samples drawn and have retinal images taken a summary 

of this selection process is found in Figure 2.1. In brief, 3,140 participants were excluded 

for not attending their healthcare assessment, with 176 were excluded for not having 

retinal images taken while 59 did not donate a blood sample. A further 327 participants 

with no AMD were also excluded as they had poor retinal images leaving us with a total 

of 4,473 samples for Single Nucleotide Polymorphism sequencing, 300 participants with 

some form of  AMD as determined by their fundus images and 4,173 participants without 

any evidence of AMD on fundus images who were classified as ‘No Disease’ controls.  

2.1.2   Retinal Image grading 

Retinal photography was undertaken using NIDEK AFC-210 non-mydriatic auto fundus 

camera through a non-dilated pupil. A single 45o monoscopic colour photograph was 

captured for each eye, centred on the macula (Early Treatment Diabetic Retinopathy 

Study standard field 2). The images were anonymised using a unique identifier and 

grading was completed by a dedicated Ophthalmologist (Dr. Maedbh Rhatigan) trained 

at the Belfast Ophthalmic Reading Centre at Queen’s University, Belfast. Images were 

graded within TILDA at the Mercer’s Institute for Successful Ageing (MISA), St. James’s 

Hospital, Dublin. Subsequently, 10% of images were reviewed by a senior Consultant 

Ophthalmologist (Dr. Mark Cahill) for reproducibility.  The grading system utilized was 

the modified version of the International Classification and Grading System for AMD 

(Bird et al., 1995), a collaborative effort that generated a uniform grading systems to be 

applied for future epidemiological studies, here we replaced the age-related maculopathy 

(ARM) category of this scheme to with three categories of early AMD.   Table 2.1 outlines 

our current grading system and how it compares with those used in the Beaver Dam eye 

study (BDES)(Klein et al., 1992) which was included in the formation of the International 

Classification and Grading System for AMD. This table also includes the Rotterdam 

Staging system which stratified early ARM into specific sub-groups (Klaver et al., 2001) 
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Table 2.1 Comparison of the current grading system with those utilized in previous studies. 

and the more recent grading system proposed by the Beckman Initiative for Macular 

Research Classification committee (F. L. Ferris, 3rd et al., 2013).   

 Participants were defined as: 

- No Disease: when free from age-related macular abnormalities.  

- Early Mild: with >10 hard macular drusen <63µm. 

- Early Moderate: At least one soft druse >125µm. 

- Early Severe: having soft drusen and hyperpigmentation. 

- Late Neovascular: presence of Choroidal Neovascularisation (CNV). 

- Late Atrophic: signs of Geographic Atrophy (GA). 

- Late Mixed: presence of both CNV and GA.  

Final grade for each patient is based on worst eye in terms of severity and progression 

was defined as worsening to a higher stage of AMD. 
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5035 participants with 
health centre assessment 

3140 participants did not 
have a health centre 

assessment 

4859 participants with 
retinal photographs 

176 participants with no 
retinal photographs 

59 participants with no 
buffy coat sample 

4800 participants with 
buffy coat sample 

In total 4,473 samples for 
sequencing 

Excluded 327 participants 
with No AMD and poor 

retinal photographs 

4,173 = No Disease 

8,175 participants aged 
≥50 years with complete 

questionnaire   

300 = AMD 

196 AMD participants 
returned for health 

assessment and retinal 
photography during Wave 3 

collection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3   DNA Isolation 

Blood samples were collected from 4,473 TILDA participants during their health 

assessment. 10mls of blood was collected in EDTA vacutainers which were centrifuged 

at 1,300g for 10 minutes to separate the buffy coat layer containing leukocytes and 

thrombocytes from plasma and erythrocytes. After centrifugation, plasma was removed, 

and the thin buffy coat layer was carefully aspirated off and placed into bar coded 1ml 

Figure 2.1   Selection of study participants 
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aliquots. These aliquots were initially frozen at -20oC for one week before being 

transferred to -80oC for long term storage.   

DNA isolation was carried out using the QIAcube HT System (Qiagen) which allows for 

automated isolation of genomic DNA from 96 buffy coat samples simultaneously. The 

QIAcube HT instrument and software were set up as per the manufacturer’s instructions 

and all wash buffers were prepared before running instrument. 200µl of buffy coat was 

loaded into a well of an S-Block and placed into the QIAcube. Immediately prior to 

running instrument, lysis buffer was prepared by adding 2.12ml of proteinase K to 8.48ml 

of buffer VXL (600 mAU/ml) and loaded into the reagent trough. The protocol was 

initiated using the QIAcube HT Prep Manager Software, the procedure is fully automated 

with the QIAcube lysing the cells and transferring lysate to a QIAamp 96 filter plate where 

DNA was washed and eluted into individual microtubes which were sealed and 

transferred for storage at 4oC. The DNA yield (ng/µl) and quality (A260/A280) were 

assessed using a NanoDrop™ 100 spectrophotometer (Thermo Scientific), with an 

average yield of 70ng/μl with A260/A280 and A260/A230 ratios of 1.8 and 1.9, respectively.  
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     Figure 2.2  Schematic of QIAamp 96 DNA QIAcube HT procedure. 

2.1.4   SNP Genotyping 

SNP Genotyping of 4,473 TILDA participants was carried out by LGC Biosearch 

Technologies™ utilizing the KASP® genotyping technology which allows for highly 

accurate bi-allelic scoring of SNPs. SNP sequences and IUPAC codes can be found in 

table 2.2. DNA was loaded onto barcoded 384-well plates and dried before shipping. 10ng 

of DNA per SNP was sent for sequencing, with an additional 50ng added to cover the 

potential loss of sample during re-suspension. For quality assurance, each plate contained 

4 ‘No Template Controls’ (NTCs), as well as 2 samples duplicated on each plate and 1 

sample duplicated across plates. Results from LGC showed a >95% call rate, as well as 

100% accuracy for quality controls.  
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Table 2.2   SNP sequences 

 

2.2   The clinical cohort 

To examine changes in the inflammatory profile within the eye of AMD patients 

undergoing anti-VEGF treatment, a hospital cohort of treatment naïve AMD patients were 

recruited from the Royal Victoria Eye and Ear hospital in Dublin (RVEEH). A total 46 

participants were enrolled in the study, of whom, 33 were recently diagnosed with 

neovascular AMD and 13 “Healthy” controls having cataract surgery. Inclusion criteria 

for the study depended on patients being newly diagnosed with exudative AMD requiring 

treatment with intra-vitreal anti-VEGF; no previous intra-ocular treatment in the study 

eye; no ocular co-morbidities and patient’s ability and willingness to consent to treatment 

and participation in the study. Informed written consent was obtained at the beginning of 

treatment course.  

 

2.2.1  Aqueous sampling and anti-VEGF treatment  

Sample collection and treatment was carried out in a dedicated room under sterile 

conditions. Three drops of 1% proxymethacaine was administered and allowed to act for 

ten minutes. One drop of 1% tropicamide was instilled in relevant eye to dilate pupil. With 

patient lying semi-supine anti-sepsis was carried out using bethadine drops in the eye as 

well as the peri-orbital area. A single use spring speculum was placed and a drop of 1% 

proxymethacaine was instilled over the injection site. Aqueous sampling was carried out 

using a 30-gauge needle attached to a 1ml syringe with approach from the temporal side 

just medial to limbus and in the horizontal plane. A sample of 0.05ml to 0.1ml of aqueous 
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humour was obtained and transferred immediately to a -80oC freezer for storage. For intra-

vitreal injection of anti-VEGF, patients were asked to look in the opposite direction to the 

injection site. A 28-gauge needle was inserted pointing to the posterior pole of the eye 

and 125mg/0.05ml of Bevacizumab (Avastin®) was injected.  

 

2.2.2:   Functional Assays  

2.2.2.1   Best corrected visual acuity (BCVA) 

Visual acuity was examined on all patients at recruitment using a Snellen chart via 

projector (Nidec) at a distance of 6 meters with the patient seated. All visual acuities were 

obtained at the same centre and by the same member of staff. The best corrected visual 

acuity (BCVA) was obtained for each eye alone, with fellow eye fully occluded while 

using the patient’s most up to date correction (spectacles or contact lenses) and then with 

the addition of a pin-hole. Snellen visual acuities were recorded and then converted to 

Visual Acuity Score (VAS) using the visual acuity notations table by spectrum eyecare 

software (Table 2.2). VAS notation offers a score per letter read correctly, with a score of 

100 for all letters read correctly. Visual acuities were repeated at the 12-week follow up, 

before the 3rd anti-VEGF treatment..  

2.2.2.2   Ocular coherence tomography (OCT)  

OCT was conducted on all eyes at recruitment and at the 12-week follow up assessment 

using the Cirrus HD-OCT 5000 (Zeiss). Central macular thickness (CMT) was recorded 

in micro-meters (µm).  

2.2.2.3   Objective Impression 

A final determination of response to treatment was made following observation of the 

anatomical structure of the eye along with OCT and BCVA measurements by the 

Consultant Ophthalmic Surgeon with extensive experience in treating patients with 

macular conditions and this decision was recorded as the Objective Impression.  
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Table 2.2   Visual Acuity score conversion table 

 

 

 

Visual Acuity Notations 

LogMAR 
Visual Acuity 

Score 

Snellen 

Feet 20/ 

Metric 

Meter 6/ 
Decimal 

-0.3 115 10 3.0 2.00 

-0.2 110 12.5 3.8 1.60 

-0.1 105 16 4.8 1.25 

0.0 100 20 6.0 1.00 

0.1 95 25 7.5 0.80 

0.2 90 32 9.5 0.63 

0.3 85 40 12 0.50 

0.4 80 50 15 0.40 

0.5 75 63 19 0.32 

0.6 70 80 24 0.25 

0.7 65 100 30 0.20 

0.8 60 125 38 0.16 

0.9 55 160 48 0.13 

1.0 50 200 60 0.10 

1.1 45 250 75 0.08 

1.2 40 320 95 0.06 

1.3 35 400 120 0.05 

1.4 30 500 150 0.04 

1.5 25 630 190 0.03 

1.6 20 800 240 0.025 

1.7 15 1000 300 0.02 

1.8 10 1260 380 0.016 

1.9 5 1600 480 0.013 

2.00 0 2000 600 0.01 
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2.3 Cell Culture Methods 

2.3.1 Buffer compositions 

Radioimmunoprecipitation Assay Buffer (RIPA): PBS, 1% (w/v) NP-40, 0.5% (w/v) 

sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS). 

Transfer Buffer: 25mM Tris, 192mM Glycine, 20% (v/v) Methanol. 

Running Buffer: 25mM Tris, 192mM Glycine, 0.1% (w/v) SDS. 

Tris-buffered Saline (TBS): 50mM Tris, 137mM NaCl, 2.7mM KCl (pH to 7.4) 

TBS-Tween (TBS-T): 50mM Tris, 137mM NaCl, 2.7mM KCl, 0.05% (v/v) Tween™20.  

IL-18 ELISA wash buffer: 10mM Tris, 150mM NaCl, 0.1% (v/v) Tween™20. 

IL-18 ELISA reagent diluent: 1% (w/v) Bovine Serum Albumin (BSA), 10mM Tris, 

150mM NaCl, 0.1% (v/v) Tween™20. 

DuoSet® IL-18BP ELISA wash buffer: 0.05% (v/v) Tween™20 in PBS. 

DuoSet® IL-18BP ELISA Reagent Diluent: 1% BSA (w/v), 0.05% (v/v) Tween™20 in 

PBS. 

 

2.3.2 HRMEC cell culture 

Primary Human retinal microvascular endothelial cells (HRMECs) (Angio-proteomie) 

were cultured in Endothelial Growth media MV 2 Kit (Promocell) comprised of Basal 

Medium MV 2 supplemented with 5% Fetal Calf Serum (FCS; Sigma), 1% 

Penicillin/Streptomycin (P/S; Sigma) and a supplement pack containing 5ng/ml 

Epidermal Growth Factor (recombinant human), 10ng/ml Basic Fibroblast Growth Factor 

(recombinant human), 20ng/ml Insulin-like Growth Factor (long R3 IGF), 0.5ng/ml 

Vascular Endothelial Growth Factor 165 (recombinant human), 1µg/ml Ascorbic Acid 

and 0.2µg/ml Hydrocortisone. 

HRMECs were grown on flasks and plates coated with Fibronectin at 1µg/cm2 (Sigma) 

diluted in Dulbecco’s Phosphate Buffer Saline (DPBS; Sigma). Cells were maintained as 

monolayers with media changes every 2 days and passaged once a week. To passage cells,  

culture media was removed, and cells were washed twice with 5ml of DPBS, the second 

wash was left on the cells for 5 minutes before removing. After the DPBS was removed 

cells were incubated with 2mL of 0.25% Trypsin-EDTA (Sigma) for 30 seconds before 

being aspirated off. The flask was placed into an incubator for 1 minute at 37oC to allow 

adherent cells to dissociate. After incubation the cells were suspended in 4ml of EGM-
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MV2 culture media. Cells were split 1:4 or seeded at a density of 1-2x105 cells/ml. Cells 

were maintained at 37oC with 5% CO2.  

 

2.3.3 Primary Mouse Brain microvascular endothelial cell isolation 

The following protocol for isolation of primary brain microvascular endothelial cells 

(pBMVECs) was adapted from the methods of Abbott et al (Abbott, Hughes, Revest, & 

Greenwood, 1992) and Assmann et al (Assmann et al., 2017). 

The following buffers were prepared prior to isolation: 

Working Buffer:  

• Ca2+/Mg2+ free HBSS  

• 10mM HEPES    

• 0.5% (w/v) BSA 

• 1% P/S 

 

 

Complete digestion medium: 

• HBSS 

• 1mg/ml collagenase/dispase  

• 10mM HEPES  

• 20u/ml DNase I  

• 0.147µg/ml TLCK 

• 1% P/S

The following instruments were disinfected with 70% EtOH and irradiated with UVC 

light prior to isolation: 

• 1 large surgical scissors  

• 1 mini dissection scissors 

• 1 fine point straight forceps 

• 1 fine point curved forceps  

• 1 Scalpel with holder  

• 1 dounce tissue grinder  

• 1 sheet of Whatman filter paper 

 

Prior to beginning isolation, culture plates were coated with 100µg/ml Collagen IV 

(Sigma) and 50µg/ml Fibronectin in PBS, plates were incubated at 37OC for 2 hours. 

Wildtype (WT) C57BL/6J mice were sacrificed by CO2 asphyxiation followed by cervical 

dislocation. The head was sprayed with 70% ethanol and removed with large surgical 

scissors posterior to the ears. The skin was peeled back to expose the skull and excess 

tissue was removed. Using fine dissection scissors two horizontal incisions were made at 

the base of the skull on both sides and along the midline towards the anterior of the skull 
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where it was cut vertically between the eyes. Using forceps, the skull was peeled back to 

reveal the brain which was gently lifted and placed in ice-cold working buffer. On a sheet 

of whatman® filter paper in the laminar flow hood, the olfactory bulb and cerebellum 

were removed using a scalpel. The meninges is removed by rolling the brain on the filter 

paper twice using curved forceps and cut in half using a scalpel along the midline. The 

brain sections were placed into a dounce tissue grinder with 5ml of working buffer and 

homogenize until a smooth consistency.  The homogenate was transferred to a 50ml tube, 

the tissue grinder was rinsed with working buffer and added to the homogenate before 

centrifuging at 600g for 5 mins at 4oC. The supernatant was removed, and the pellet was 

resuspended in 10ml of 22% (w/v) BSA in PBS and centrifuged at1000g for 20 mins at 

4oC. This spin produced a thick myelin plug which was carefully recovered and 

resuspended in again in 22% BSA to recover more vessels. The remaining supernatant 

was aspirated off and the pellet was resuspended in complete digestion medium and 

incubated at 37oC for 1 hour and 15 mins, shaking every 15mins.  

Following digestion, the cell suspension was centrifuged at 600g for 5 mins, supernatant 

was discarded, and pellet resuspended in warm DPBS and spun down for a final time. 

During this centrifuge step the pre-coated culture plates were removed from the incubator 

and the coating buffer was aspirated and wells were washed once with DPBS and allow 

to air dry.  

Following centrifugation in PBS, the vessel fragments were resuspended in selection 

media which is EGM-MV2 medium with all supplements plus 5µg/ml Puromycin, before 

seeding onto culture plates. BMVECs are resistant to toxic levels of puromycin due to 

their high expression of P-glycoprotein (Pgp) an integral membrane bound efflux protein 

(Tsai et al., 2002). The cells were first incubated in this medium for 24 hours, then 

medium was aspirated to remove dead cells, and wells were washed with warm DPBS 

before a second incubation with puromycin supplemented EGM-MV2 medium for 24 

hours. On day 3 post seeding the puromycin supplemented medium was removed and 

cells maintained in EGM-MV2 growth media for 5 days until confluent.  

 

2.3.4 Cell Counting 

Cells were counted using the trypan blue exclusion assay. An equal volume of cell 

suspension was mixed thoroughly by pipetting with HyClone™ trypan blue solution 
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(Fisher) at a ratio of 1:1 and 10µL of this mixture was loaded into the counting chamber 

of a Haemocytometer (Neubauer). The number of viable cells were counted in three large 

1mm2 grids and an average was taken. 

 

 

 

 

 

 

 

 

 

 

The total number of cells per millilitre of cell suspension was calculated using the 

following equation: 

Cells per mL = Average number of cells per 1mm2 square x Dilution factor 

                          Volume (mL) of 1mm2 square 

 

2.3.5 Cryopreservation of cells 

For the maintenance of cell lines frozen stocks were prepared by harvesting cells as 

described above. Following trypsinization, the cell suspension was centrifuged at 1,200 

rpm for 5 mins to pellet cells. Supernatant was removed and cells were resuspended in 

1mL FBS containing 10% dimethylsulfoxide (DMSO) and transferred to a cryogenic vial 

(Corning). Cryovials were frozen down slowly by placing into a Mr.Frosty™ cryo-

freezing container containing 100% isopropanol and stored at -80oC for 24 hours. 

Cryovials were then placed in liquid nitrogen for long term storage. 

 

Area = 1mm2 

Volume = 0.0001mL 
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2.3.6   Cell stimulations 

Confluent HRMECs were stimulated with 50 or 100 ng/ml of  recombinant human IL-18 

(SB-485232; GSK); 10 ng/ml of human IL-1α (R&D systems) or 50 ng/ml of human 

VEGF165 (Peprotech) diluted in complete growth medium, with complete growth media 

added to wells alone for ‘no treatment’. Primary BMVECs were treated with 100 ng/ml 

of recombinant mouse IL-18 (SB-528775; GSK), mouse IL-1α at 10 ng/ml (Peprotech) 

or 50 ng/ml of mouse VEGF164 (R&D Systems) diluted in complete growth medium with 

growth media added to wells alone for ‘no treatment’.  

 

2.3.7   MTS cell viability assay 

Cell viability was assessed using the CellTiter 96 AQueous One Solution cell proliferation 

MTS assay (Promega) as per the manufacturer’s instructions. Cell monolayers were 

treated for times indicated where treatment supplemented media was then removed and 

incubated with 20µl of CellTiter 96 AQueous One Solution in 100µl of complete growth 

medium in a humidified incubator at 37oC with 5% CO2 for 1-4 hours. The absorbance of 

each well was measured at 490 nm using a SynergyMX plate reader (Biotek, Gen5™). 

 

2.3.8 Trans-endothelial electrical resistance (TEER) measurement 

Trans-endothelial electrical resistance of endothelial monolayers grown on 0.4µM 

transwell inserts (VWR-Corning) were measured using the EVOM2 epithelial volt/ohm 

meter, with STX2 hand-held “Chopstick” electrodes (World Precision Instruments). The 

STX2 electrodes were sterilized in 70% ethanol for 30 secs and washed in DPBS to 

remove excess alcohol. The electrodes were calibrated in culture media before taking the 

first measurement. To measure the endothelial barrier resistance the EVOM2 function 

was set to Ohms and a ‘blank’ measurement was taken of a transwell insert with no cells 

in culture media. The electrode was positioned perpendicular to the transwell with the 

longer electrode in the external media touching the bottom of the outer well and the shorter 

electrode in the internal media inside the transwell insert. The electrode was held constant 

in this position to achieve consistent readings between wells. When changing between 

treatment wells the electrode was washed and calibrated again to avoid cross-

contamination.  
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The true tissue resistance was calculated using the following equation: 

   ΩTrue Tissue = ΩTotal - ΩBlank  

Where: 

ΩTotal is the resistance of the treatment well. 

ΩBlank is the resistance of the blank well.  

ΩTrue Tissue is the resistance across the endothelial cell monolayer.  

The unit area resistance was calculated by multiplying the ΩTrue Tissue by the surface area 

of the membrane and expressed as Ωcm2. 

 

2.3.9    Permeability Assay 

Permeability flux assays were performed on HRMECs and mouse primary BMVECs. For 

HRMECs cells were seeded at a density of 2 x 105 cells/mL onto 6.5mm Transwell® 

inserts with 0.4µm pore size (Corning) pre-coated with Fibronectin.  Cells were 

maintained for a minimum of 5 days before start of treatments, with medium changed in 

the apical and basolateral chambers every 2 days. For primary BMVECs, transwells were 

coated with Collagen IV and Fibronectin as previously described (Section 2.4.2). 

Following isolation, 200µl of vessel fragments were seeded onto transwells in EGM-MV2 

growth medium supplemented with puromycin. This medium was replaced with fresh 

EGM-MV2 and puromycin after 24 hours and then maintained in EGM-MV2 alone 

following a further 24 hours.  Cells were left to reach confluency for a minimum of 5 days 

before beginning treatments.  

Experimental wells were treated with either IL-18 (100ng/ml), IL-1α (10ng/ml) or VEGF 

(50ng/ml) for 24 hours before assay, or 48 hours in pre-treatment wells. Prior to starting 

assay, fresh EGM-MV2 medium was placed in the basolateral chamber and the apical 

chamber medium was replaced with 1mg/ml of FITC-isothiocyanate Dextran (4 or 70 

kDa) (Sigma) diluted in EGM-MV2 medium. Immediately following this, for a baseline 

0 timepoint, a 100µl aliquot was taken from the basolateral chamber of treatment and 

control wells and transferred to a 96-well plate (Corning), wells were replenished with 

100µl of fresh EGM-MV2 medium and further samples were taken at 20-minute intervals 

for 2 hours. 
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The amount of FITC-dextran that passed through the endothelial monolayer into the 

basolateral chamber was determined using a spectrofluorometer (Optima Scientific) at an 

excitation wavelength of 485 nm and an emission wavelength of 520 nm. The relative 

fluorescent units were converted to ng/ml by use of a FITC-dextran standard curve 

(ranging from 1mg/ml to 0.001µg/ml) and the apparent permeability coefficient (Papp)  

was calculated as follows: 

   Papp (cm/s) = dQ/dT / (A x Co) 

Where: 

 dQ/dT (mg/s) is the rate of appearance of FITC-dextran in the basolateral chamber after 

application, dQ/dT is the slope m(y=mx+c) calculated by plotting the cumulative amount 

(Q) versus time (T).  

A (cm2) is the effective surface area of the insert size. 

Co (mg/ml) is the initial FITC-dextran concentration in the apical chamber.  

  

2.3.10 Wound healing (Scratch) assay 

Cells were seeded on to a 12-well plate and grown until they reached confluency. 24 hours 

prior to the scratch, culture medium was replaced with 0.5% Serum media without 

supplements for 24 hours to induce cell quiescence. Cell monolayers were scratched once 

down the centre of the well using a p200 pipette tip and washed once with warmed DPBS 

to remove debris then replaced with 0.5% serum supplemented media with experimental 

treatments. Images were acquired using an Olympus IX51 inverted microscope with 

Cell^A imaging software (Olympus). Images were taken at baseline immediately 

following scratch and at suitable timepoints for up to 24 (HRMECs) or 48 hours 

(BMVECs). The area within the scratch was quantified using ImageJ software, and each 

timepoint was normalised to its baseline and expressed as % closure.  

 

2.3.11   Tube formation assay 

Cells were grown in complete growth media until 80% confluent. Media was aspirated 

and replaced with growth media supplemented with 0.5% serum overnight prior to start 
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of experiment. A 96 well plate was coated with 60µl of growth factor reduced Matrigel® 

Basement Membrane Matrix (Corning) and incubated at 37℃ for 30 minutes before 

addition of cells. HRMEC’s were seeded into wells at a density of 8 x 104 cells/ml and 

treated with IL-18 (100ng/ml), VEGF (50ng/ml) or growth media alone for ‘no treatment’. 

Plate was placed in an Incucyte® Live-cell Analysis System, with phase contrast images 

of individual wells were taken at 10X every 30 minutes for 24 hours. Images were 

analysed using ImageJ imaging software with the Angiogenesis Analyzer plugin (Giles 

Carpentier). 

 

2.4    Protein Analysis    

2.4.1    Protein Isolation from cells 

Cell culture supernatant was aspirated, and wells were washed once with ice cold DPBS. 

On ice, cells were lysed in RIPA buffer (PBS, 1% NP40, 0.5% sodium deoxycholate and 

0.1% SDS) containing a 1:100 dilution of a protease and phosphatase inhibitor cocktail 

(Sigma). Wells were scraped with a p200 pipette tip and lysates were transferred to an 

Eppendorf tube and centrifuged for 15 mins at 14,000g to remove cell debris and 

immediately stored at -20oC. 

2.4.2    Determination of protein concentration 

Protein was quantified using the Pierce™ Bicinchoninic acid assay kit (BCA assay) 

(Thermo Fisher Scientific) as per the manufacturer’s instructions. Protein standards were 

made by serial dilution of bovine serum albumin (BSA) in the range of 0 – 2,000 µg/ml. 

Samples were added to wells of a 96 well plate in duplicate. Working BCA reagent was 

prepared by mixing 50 parts of BCA reagent A to 1-part BCA reagent B. This working 

reagent was added to wells and plate was incubated at 37℃ for 30 minutes. Absorbance 

was measured on a Synergy™Mx microplate reader (BioTek) at 562nm. 

2.4.3    SDS-PAGE Gel Preparation 

SDS-PAGE resolving and stacking gels were handmade as specified in Table 2.1. Gels 

were made and run using the mini-PROTEAN® tetra hand cast system (Bio-Rad). Casting 

plates consisting of a short and 1.5mm spacer plate were assembled and held in place by 

clamps in a casting frame. Resolving gel was poured into the plates leaving enough space 
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 Stacking Gel 

H2O 5 ml 

1.5M Tris-HCl (pH 8.8) 0.9 ml 

Acrylamide:Bisacrylamide 1.21 ml 

10% SDS 72.5 µl 

10% APS 72.5 µl 

TEMED 7.25 µl 

 
Resolving Gel 

 6% 8% 10% 12% 

H2O 11.85 ml 10.35 ml 8.85 ml 7.35 ml 

1.5M Tris-HCl (pH 8.8) 5.7 ml 5.7 ml 5.7 ml 5.7 ml 

Acrylamide:Bisacrylamide 4.5 ml 6 ml 7.5 ml 9 ml 

10% SDS 225 µl 225 µl 225 µl 225 µl 

10% APS 225 µl 225 µl 225 µl 225 µl 

TEMED 9 µl 9 µl 9 µl 9 µl 

for the stacking gel, corresponding to the length of the comb plus 1cm. An overlay 

solution of water saturated n-butanol was applied to prevent drying out of the gel as it set. 

Following polymerisation, the n-butanol was removed, and the top of the resolving gel 

was washed thoroughly with distilled water before addition of the stacking gel and comb. 

Once set, gels were taken out of the casting frame, the comb was removed, and gels were 

inserted into a vertical electrophoresis module with short plates facing the inner chamber. 

The module was placed into a gel tank and the inner and outer buffer chambers were filled 

with 1X Running buffer. Gels were loaded with protein samples and standards and 

initially run at 100 volts to allow samples to stack then increased to 150 volts for 

separation in the resolving gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Table 2.3. Composition of resolving and stacking SDS-PAGE gels 
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2.4.4    Sample Preparation 

5µl of 5X sample buffer (250nM Tris pH 6.8, 10% w/v SDS, 50% Glycerol, 0.5% 

Bromophenol Blue, 500mM DTT) was added to 20ul of protein samples and boiled at 

95oC for 5 mins and allowed to cool. An equal volume of sample was loaded into each 

well alongside 8µl of PageRuler™ Plus prestained ladder (Thermo-Fisher). 

2.4.5    Transfer of proteins 

Proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore) 

using the mini Trans-Blot® cell system (Bio-Rad). Following electrophoresis, the short 

casting plate was carefully separated from the gel and the stacking gel was discarded. 

PVDF, activated in 100% Methanol, was placed on top of the gel and the gel/PVDF was 

sandwiched between filter paper soaked in 1X Transfers buffer and placed inside the 

transfer cassette. A cooling unit was added to the gel tank to prevent the buffer 

overheating and the tank was filled with 1X transfer buffer and run at 100 volts for 1 hour.  

2.4.6    Immuno-blotting 

Following transfer, membranes were blocked by incubating in 5% non-fat dried milk 

(Marvel) in TBS-T for 1 hour at room temperature whilst shaking. Membranes were 

incubated with primary antibody diluted in either 5% Marvel or BSA, depending on 

antibody specification, overnight at 4oC with gentle agitation. Primary antibody was 

recovered and stored at -20. Membranes were washed three times in TBS-T for 5 minutes 

and membranes were incubated with secondary antibody, diluted in 5% Marvel, for 1 hour 

at room temperature. Secondary antibody was removed and discarded, and excess 

secondary was removed from the membranes by three 5-minute washes in TBS-T.  

Membranes were removed from TBS-T and allowed to dry for 20 seconds before marking 

proteins standards using a WesternBright™ ChemiPen™ (Advansta). Proteins were 

detected using an in-house enhanced chemiluminescence (ECL) reagent or the 

WesternBright™ ECL HRP substrate kit (Advansta). In both cases, equal volumes of 

substrate A and B were mixed and immediately pipetted over membrane following 

marking of protein standards. The membrane was sandwiched between to sheets of acetate 

in a film cassette, and in the dark room, a sheet of X-Ray film (FujiFilm) was placed over 

the membrane and sealed in the cassette. Exposure time varied with each antibody. 

Following exposure, the X-Ray film was removed and submerged in a bath of developer 

solution until protein signal was observed. The film was washed in a bath of water before 
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being placed in a bath of Fixer solution and left to incubate for 30 seconds with gentle 

agitation. Excess fixer was washed away, and film was left to dry. Alternatively, after 

incubating with ECL reagent, membranes were placed in the LAS-3000 Imager (Fujifilm) 

using the LAS-3000 software to focus and control exposure times. Densitometry on 

images was carried out using ImageJ software to calculate the band intensity for each 

treatment sample and normalising these to the band intensity of the loading control protein 

β-Actin. 

Primary Antibody Blocking Solution Dilution 

Rabbit anti-phospho P38  5% BSA 1:1000 

Rabbit anti-phospho p65 5% BSA 1:1000 

Rabbit anti-Occludin 5% Marvel 1:1000 

Rabbit anti-Claudin-5 5% Marvel 1:1000 

Rabbit anti ZO-1 5% Marvel 1:1000 

Mouse anti-β-Actin 5% Marvel 1:1000 

 

Table 2.4: Primary antibodies used for western blotting. 

2.5   ELISA 

2.5.1   TILDA Plasma collection  

Whole blood was collected from TILDA participants during a healthcare assessment 

during the first round of data collection (Wave 1). A balanced cohort containing 273 

participants with AMD and 271 randomly selected age and sex matched controls were 

chosen for assessing systemic levels of IL-18. Whole blood was collected in EDTA tubes 

and centrifuged at 10,000g for 5 minutes. Plasma was carefully transferred into 1ml 

aliquots and stored at -80oC until assessment. 123 participants with AMD were available 

for a follow up assessment 4 years later (Wave 3). 

2.5.2    IL-18 ELISA 

Plasma levels of IL-18 were measured by sandwich ELISA. A 96 well plate was coated 

with 100µl of 0.5µg/ml anti-human IL-18 capture antibody (R&D Systems) diluted in 

50mM sodium carbonate-bicarbonate buffer (pH 9.4) (Thermo Scientific) and incubated 

overnight at 4oC. Plate was washed in TBS with 0.1% Tween X3 and blocked using 

SuperBlock™ TBS for 1 hour at room temperature. Plate was washed X3 and 50µl of 
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plasma was added in triplicate to the plate. Samples were left to incubate for 2 hours at 

room temperature while shaking. Plate was incubated with 100µl of 100ng/ml 

biotinylated anti-human IL-18 detection antibody (R&D Systems), diluted in reagent 

diluent, and incubated for 1 hour at room temperature while shaking. Excess antibody was 

washed away X3 in TBS-T and plate was incubated with Streptavidin-HRP reporter tag 

(Thermo Scientific) for 20 minutes whilst shaking. Plate was protected from light from 

this step onwards. Plate was washed X3 before the addition of 3,3’,5,5; -

Tetramethylbenzidine (TMB) (Sigma) and left at room temperature to allow oxidisation 

of the solution by HRP and form a blue precipitate. This reaction was stopped using a 

STOP solution of 1:12 parts HCl to water. The absorbance was read on a Synergy™Mx 

microplate reader (BioTek) at 450nm. 

2.5.3    IL-18 Binding Protein (IL-18BP) ELISA 

The concentration of IL-18BP was in plasma was determined using a DuoSet® ELISA 

kit (R&D Systems). Capture antibody was diluted to a working concentration of 2µg/ml 

in DPBS and a clean ELISA plate (Greiner Bio-One) was coated with 50µl of this 

solution, sealed, and allowed to incubate overnight at room temperature. Plate was washed 

X3 in PBS-T (0.05%) wash buffer and 200µl of reagent diluent, 1% BSA in PBS, was 

added to block wells. Plate was blocked for 1 hour at room temperature with gentle 

agitation before being washed, as before, and 50µl of plasma was added. Plasma samples 

were added in triplicate and allowed to incubate for 2 hours at room temperature while 

shaking. Plasma was removed and plate washed before the addition of detection antibody, 

diluted to a working concentration of 25ng/ml in reagent diluent and left to incubate for 

1 hour at room temperature while shaking. Following this, the plate was washed and the 

Streptavidin-HRP, included in the kit, was diluted 1:20 in reagent diluent and 50µl added 

to each well. The plate was protected from light from this stage forward. The Strep-HRP 

solution was washed off, and 50µl of TMB solution was added and left to incubate until 

a blue colour was observed, after sufficient time an equal amount of STOP solution was 

added to each well to stop the reaction and the absorbance was read at 450nm. 

2.5.4   Free IL-18 Calculation 

The concentration of free IL-18 which is the fraction of cytokine not bound to its inhibitor 

IL-18BP, was calculated using the law of mass action (Migliorini et al., 2010). Following 

measurement of  total IL-18 and IL-18BP concentrations by ELISA, the calculation was 
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applied based on knowing the molecular weight of IL-18 (18.4 kDa) and IL-18BP (17.6 

kDa), the 1:1 stoichiometry of the IL-18/IL-18BP complex and the dissociation constant 

(Kd) of 0.4nM.  

The law of mass action: 

 

Was applied as followed: 

 

Where: 

            x = [IL-18]free 

           b = [IL-18BP] – [IL-18] + Kd 

                 c =  −Kd x [IL-18] 

 

2.5.5   LEGENDplex™ Assay 

The concentration of pro-inflammatory cytokines in the aqueous humor of AMD patients 

was determined using a LEGENDplex™ bead-based immunoassay (Biolegend). The 

assay utilizes beads conjugated with a specific antibody on its surface for an analyte, that 

differ in size and fluorescent intensities allowing them to be differentiated by flow 

cytometry. 

The assay was prepared as per the manufacturer’s instructions. Prior to running the assay, 

the 20X wash buffer and Human Inflammatory Panel Standard Cocktail, and standard 

serial dilutions were prepared. For the assay, equal volumes of assay buffer, sample or 

standard, mixed beads and detection antibody were added to each well of a 96-well V-

bottom microplate (Greiner).  Plate was covered with foil to protect from light and 

allowed to incubate for 2 hours at room temperature while shaking. Without washing the 

plate, Streptavidin-phycoerythrin (SA-PE) was added to each well, this binds to the 

biotinylated detection antibody providing a fluorescent intensity in proportion to the 

amount of analyte bound to the bead. The SA-PE was left to incubate for 30mins, shaking, 

at room temperature, before the pate was centrifuged at 1,000g for 5 mins and supernatant 

was carefully removed without disturbing beads. Wells were washed using 200µl of 1X 

Wash buffer and beads resuspended before centrifuging again at 1,000g for 5 mins and 
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supernatant was discarded. Beads were resuspended in 300µl of 1X wash buffer and 

samples/standards were transferred to polystyrene FACS tubes before being acquired 

using a BD LSR Fortessa cell analyser.  

 

2.6   Gene expression analysis 

2.6.1   RNA Isolation 

RNA from all cell lines was isolated using the E.N.Z.A.® Total RNA kit I (Omega BIO-

TEK) according to the manufacturer’s instructions. Following treatments, culture medium 

was removed, and wells were washed once with DPBS. Cells were lysed by the addition 

of 350µl of TRK Lysis Buffer directly onto the cell monolayer and homogenised by 

repeated pipetting up and down. An equal volume (350µl) of 70% ethanol was added to 

the homogenate and mixed by pipetting. 700µl of sample was transferred to a HiBind® 

RNA Mini Column inserted into a collection tube and samples were centrifuged at 

10,000g for 1 minute, the filtrate in the collection tube was discarded. The HiBind® Mini 

column was washed once with 500µl of Wash Buffer I, centrifuged at 10,000g for 30 

seconds and filtrate discarded, then twice with RNA Wash Buffer II supplemented with 

200ml of 100% Ethanol (EtOH). Following these washes, the empty HiBind Mini column 

was spun at maximum speed for 2 minutes to remove any remaining ethanol or trace 

contaminants. The column was transferred to a clean 1.5ml Eppendorf tube and 41µl of 

Nuclease-free water was applied directly onto the filter membrane and samples were 

centrifuged at maximum speed for 2 minutes to elute RNA.  

RNA yield (ng/µl) and quality (A260/A280) was assessed using a NanoDrop™ 1000 

spectorphotometer (Thermo Scientific). 

 

2.6.2   cDNA Synthesis 

All RNA samples were diluted to 50ng/µl before cDNA synthesis. Reverse transcription 

of RNA was done using 0.25µl M-MLV Reverse Transcriptase (10units/µl) (Promega) in 

a master-mix consisting of 2µl 5X M-MLV buffer (Promega), 2µl dNTP’s (10mM)(New 

England Biolabs), 0.5µl Random Hexamer (2µM) (IDT) and 0.25µl RNase out 

(40units/µl)(Invitrogen).Equal volume of RNA to master-mix was added to 
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RNAase/DNAse free pcr tube and run on a Veriti 96-well thermo cycler (Applied 

Biosystems) and run at 20oC for 10 minutes, 42oC for 40 minutes and 95oC for 3 minutes. 

Following synthesis, cDNA was diluted 1 in 2 (25ng) or 1 in 10 (5ng) in RNAse free H20 

and stored at 4oC.  

 

2.6.3   Real-Time quantitative PCR (qPCR) 

All RT-PCR assays were carried out using the SensiFAST SYBR Hi-ROX Kit (Bioline) 

with primers designed using Primer-BLAST (NCBI) using mRNA transcript as template. 

For each target a master-mix comprising of 4µl SYBR Green mix, 0.5µl of Forward 

primer (4µM) and 0.5µl of Reverse primer (4µM) along and 3µl of RNAse free H20 was 

prepared and mixed thoroughly by vortexing. 8µl of master-mix was added to each well 

of a 0.1mL MicroAMP® Fast 96-well Reaction Plate (Applied Biosystems), along with 

2µl of cDNA and sealed using Optical adhesive film (Applied Biosystems) and spun down 

for 30 seconds in a centrifuge fitted with microplate rotor (Eppendorf) before running. 

Plates were run using a QuantStudio 3 real-time PCR System (Applied Biosystems) or 

the StepOnePlus Real-Time PCR System (Applied Biosystems), with run conditions set 

as: 50oC for 2 mins, 95oC for 20 seconds, 40 cycles of 95oC for 3 seconds then 60oC for 

1 minute. To assess the quality of Primers a melt-curve stage was added: 95oC for 15 

seconds, 60oC for 1 minute, 95oC for 15 seconds. Data was analysed using the 

QuantStudio™ Design & Analysis software (Applied Biosystems) and using the 

comparative Ct (ΔΔCt) method where test samples were normalised to endogenous control 

(β-Actin) followed by normalising the ΔCt of test samples to sample control (untreated 

sample), then calculating 2-ΔΔCt to find the relative fold change of test samples over sample 

control.  
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Gene name Primer Sequences 

   

Human Forward 5’– 3’ Reverse 5'– 3’ 
IL-18R CTTCACATTCTTGCCCCAAT GCAGCTGCATCCAGTTATGA 

   
IL-18RacP CTCGGCTCCTAGGGCTCTC CAAGGGGTCCAGCTTCTCAG 

   
IL-1R CATCAGCAGGCCCTAGAAGC TCTAGTCCCCAGTCATCGCA 

   

IL-1RacP CATCAGCAGGCCCTAGAAGC TCTAGTCCCCAGTCATCGCA 
   

VCAM-1 ACGCTGACAATGAATCCTGTT AATCTGAGCAGCAATCCGGG 

   
ICAM-1 CGACTGGACGAGAGGGATTG GATAGGTTCAGGGAGGCGTG 

   
E-Selectin AAGGCTTCATGTTGCAGGGA AGCATCGCATCTCACAGCTT 

   
Occludin GTGTTGTGGATCCCCCAGGAG CCTGATCCAGTCCTCCTCCA 

   
Claudin-5 CTGGACCACAACATCGTGA CACCGAGTCGTACACTTTGC 

   
ZO-1 CGGGAAGTTACGTGGCGAA CTCGGACAAAAGTCCGGGAA 

Mouse   

VCAM-1 GAAGCCGGTCACAGTCAAGT CCTCGCTGGAACAGGTCATT 

   
ICAM-1 TGTCAGCCACCATGCCTTAG CAGCTTGCACGACCCTTCTA 

   
E-Selectin GCTACCCATGGAACACGACA CTTTGCATGATGGCGTCTCG 

   
Occludin ACAGTCCAATGGCCTACTCC ACTTCAGGCACCAGAGGTGT 

   
Claudin-5 TTTTCTTCTATGCGCAGTTGG GCAGTTGGTGCCTACTTCA 

   
Human & Mouse 

β-Actin 
GGGAAATCGTGCGTGACAT GTGATGACCTGGCGTCAG 

 

Table 2.5   Primer Sequences 
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2.7   Statistical analysis 

IBM SPSS Statistics, version 23 (IBM Corp.) and GraphPad Prism version 7.00 

(GraphPad) were used for statistical analysis. 

Hardy-Weinberg Equilibrium (HWE) was calculated for each SNP using the Chi-Square 

goodness of fit test.  

Associations between SNP distribution and AMD was analysed, with Odd’s Ratios (ORs) 

and 95% Confidence Intervals (CIs) calculated using the Chi-Square test for 

independence.  

Multinomial Logistic Regression was performed to evaluate the relationship between 

SNP genotypes with early or late AMD, or SNP genotypes and AMD progression or 

regression. This analysis was carried out using unadjusted associations for each SNP 

alone, then by adjusting for age, sex, education, smoking history, hypertension, body mass 

index (BMI) and cholesterol levels. These co-variates selected specifically due to previous 

evidence in the literature showing associations with AMD.   

Model 1: which included the demographic categorical variables, age (<65 or ≥65), 

sex, and education (none/primary or secondary/tertiary).  

Model 2: included the previous variables but also added location (city or rural) 

and smoking (never/past smoker or current smoker).  

Model 3: included all previous variables and added in biological factors, 

hypertension (not hypertensive or hypertensive), BMI and Cholesterol. Both BMI 

and Cholesterol were scale measurements and added into the model as covariates. 

The relationship between IL-18 with age and AMD status was performed using log 

transformed data with non-parametric Kruskal-wallis test with Dunn’s multiple 

comparison test. for analysis between 3 or more groups. Progression analysis between 

waves 1 and 3 was performed using Wilcoxon matched pairs t-test. Grouped data was 

analysed using Two-way ANOVA. All data was presented as Mean ±SEM 

Analysis of aqueous cytokines was performed using non-parametric Kruskal-Wallis test 

with Dunn’s multiple comparison for comparison of independent groups of 3 or more. 

Mann-Whitney t-test was used for 2 independent groups. Correlation analysis of cytokines 

with ΔBCVA or ΔOCT was done using Spearman’s rank correlation. Analysis of change 
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in cytokine levels between baseline and week 12 between those who improved or 

deteriorated was carried out using Two-way ANOVA with samples matched between 

timepoints, with Sidak’s multiple comparison test between Improved/Deteriorated groups 

and Tukey’s multiple comparison test between timepoints.  

Analysis of the effect of IL-18 or IL-1α was carried out using Two-way ANOVA  with 

Tukey’s multiple comparison between groups for analysis between timepoints within the 

two groups or Two-way ANOVA with Dunnett’s multiple comparisons for comparison 

between treatment groups and control.  
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Chapter 3 

Analysis of AMD risk variants and IL-18 

levels in the TILDA cohort 
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Prevalence of age-related macular degeneration associated genetic risk 

factors and 4-year progression data in the Irish population. 

Some of the data presented in this chapter has been published in: 

Connolly E, Rhatigan M, O'Halloran AM, Muldrew KA, Chakravarthy U, Cahill M, 

Kenny RA, Doyle SL.   

Br J Ophthalmol. 2018 Dec;102(12):1691-1695.  

doi: 10.1136/bjophthalmol-2017-311673. 

 

3.1   Introduction 

Age-related macular degeneration (AMD), is the leading cause of irreversible vision loss 

in people aged >55 years in developed countries and is the most common cause of 

blindness in the Republic of Ireland (ROI) accounting for 29% of people registered with 

the National Council for the Blind of Ireland (Green et al., 2016) and in 2015, The Irish 

Longitudinal study on Ageing cohort reported that the prevalence of AMD in the ROI is 

7.2% (Akuffo et al., 2015) .  

3.1.1   The Irish Longitudinal Study on Ageing  

The Irish longitudinal study on Ageing (TILDA)  is a national survey of residents in the 

ROI aged 50 or over,  as a prospective cohort study TILDA aims to provide population-

representative data relating to the ageing population in ROI.  In 2010, utilizing the 

RANSAM selection procedure, the TILDA study had recruited over 8.500 participants 

from across Ireland, who completed a comprehensive interview and self-completion 

questionnaire (SCQ) relating to participant’s social, demographic, and socioeconomic 

status, as well as general health and well-being. Over 6,000 participants also completed a 

health assessment this first wave of data collection (Wave 1), assessing participant’s 

neuropsychological and cardiovascular health, as well as collecting bone density, 

strength, gait, balance, and sensory data. Macular pigment optical density and retinal 

photography were also included in the health assessment. The longitudinal design of the 

study follows participants through subsequent data collection waves every two years. In 

Wave 2, completed in 2012, participants were interviewed again and completed another 

SCQ, no health assessment was offered at this wave. Collection of follow up data for the 

healthcare assessment recommenced during the wave 3 collection phase, completed in 
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2015, and to date, TILDA have completed 2 more waves of participant interviews and  

SCQ’s over 2016 and 2018, with a third health assessment wave commencing in 2020.  

3.1.2   Genetic risk factors in AMD 

AMD is a multifactorial disease, while several environmental risk factors have been 

associated with the incidence and progression of AMD, the exact etiology remains 

unclear. Over the last two decades it has become increasing clear that there is a strong 

genetic component associated with AMD development. Early familial studies found 

strong evidence for the heritability of AMD (J. M. Seddon et al., 2005) and more recently 

genome-wide association studies (GWAS), screening  single nucleotide polymorphisms 

across the genome  in AMD patients, comparing to unaffected controls, has identified 

numerous loci associated disease risk.  

Activation of the innate immune system has been implicated in AMD, in particular the 

alternative complement system. The complement cascade is an innate immune system of 

proteases activated by three distinct pathways, the classical pathway (CP), the lectin 

pathway (LP) and the alternative pathway (AP), an overview of the 3 pathways and 

regulatory proteins involved is outlined in Figure 3.1. Both risk and protective 

polymorphisms in genes in the complement pathway have been associated with AMD. 

The most heavily studied, and strongly associated genetic risk variant is a nonsynonymous 

coding SNP variant, (rs1061170), in complement factor H (CFH) gene on chromosome 1 

region q31 causing a histidine to be substituted for a tyrosine at position 402 (R. J. Klein 

et al., 2005; J. M. Seddon et al., 2007; Zareparsi et al., 2005). CFH is one of the most 

abundant systemic complement proteins and it exerts its immune-regulatory effects by 

inhibiting of alternative pathway (AP) by interacting with C3b preventing assembly of the 

alternative pathway C3 convertase. In the CP and LP pathways the generation of C3b  and 

C3a is catalysed by hydrolysis of C3 by the CP/LP C3 convertase (C4bC2a). In the AP, 

C3b is a highly reactive thioester which can bind directly to a nearby cell surface 

membrane by forming a covalent bond with a nucleophile. C3b then forms a complex 

with factor B (CFB) which is cleaved by factor D, stabilized by Properdin, into Bb which 

leads to the formation of the AP C3 convertase (C3bBb). The formation of this complex 

amplifies the complement cascade in a positive feedback loop by the continual generation 

of C3b.  However, the generation of C3b in the AP can also be the result of spontaneous 

hydrolysis of C3 into C3(H20) in a process called “Tick-over”(Z. A. Chen et al., 2016). 
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C3(H2O) can also bind to factor B which is subsequently cleaved forming C3 convertase 

C3(H20)Bb thereby amplifying the C3b feedback loop. This means that unlike the CP and 

LP, the AP is constitutively active, arbitrarily detecting foreign and non-self, and therefore 

must be tightly regulated. 

Regulation of the AP pathway is facilitated by complement factor H (CFH) in both the 

fluid phase and on cell surfaces. CFH is comprised of 20 Complement control proteins 

(CCP) domains, the first four of which contain the complement regulatory domains 

“Decay acceleration activity” (DAA) and “Co-factor Activity” (CA) facilitating in  the 

degradation of C3b by complement factor I (CFI), while CCP domains 6-8 and 19-20 bind 

to glycosaminoglycans (GAGs) and sialic acids (SAs) found on self surfaces. The single 

nucleotide polymorphism in CFH at position 402 affects the herparin binding domain 

CCP7 (Blackmore, Sadlon, Ward, Lublin, & Gordon, 1996), thereby interfering with 

CFH’s ability to attach to surfaces, and regulating the feedback loop initiated by C3 

convertase formation. As well as protection of host tissue against complement damage, 

CFH has also been implicated in protecting against oxidative stress by binding to 

Malondialdehyde (MDA), a common lipid peroxidation product within the eye. MDA 

adducts and modified proteins are highly immunogenic and CFH binding to MDA was 

shown to inhibit complement by inducing factor I degradation of C3b, a process that is 

affected by reduced CFH/MDA binding in the CFH Y402H variant (Weismann et al., 

2011). More recently, a non-canonical role for CFH has been implicated, challenging the 

idea that the role of the Y402H polymorphism in AMD pathogenesis is merely poor 

control of the alternative complement pathways. A study by Calippe et al. showed that 

CFH binds to CD11b, an integrin strongly expressed in mononuclear phagocytes (MP). 

When CFH is expressed locally in the eye, such as during MP infiltration into the 

subretinal during age-related inflammation, it mediates MP accumulation by inhibiting 

MP elimination through interfering with thrombospondin-1 (TSP-1)/CD47 mediated 

clearance. This study showed that the AMD risk variant of CFH Y402H had an increased 

capacity to inhibit MP clearance suggesting the pathogenic role of this variant may also 

be through increased MP accumulation and subsequent chronic inflammation within the 

subretinal space (Calippe et al., 2017).  

All three complement pathways converge on the cleavage of component 3 into its 

anaphylatoxin C3a and opsonin C3b. A nonsynonymous substitution in Complement 3 

(C3) (rs2230199), located on chromosome 19p13, has been reported as a risk factor in 
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AMD (Grassmann et al., 2015; Havvas, Marioli, Deli, Zarkadis, & Pharmakakis, 2014; 

G. J. McKay, Dasari, Patterson, Chakravarthy, & Silvestri, 2010). The C3R102G 

polymorphism results in the positively charged arginine being substituted with a neutral 

glycine amino acid. This substitution impairs C3 binding with CFH leading to reduced 

interaction with inhibitory molecule co-factor CFI, resulting in continued amplification 

of the complement system. (Heurich et al., 2011). 

As mentioned, membrane bound C3b readily binds to the plasma protein CFB which is 

cleaved into the fragment Bb thereby generating the alternative C3 convertase. Many 

studies have suggested a protective effect of  a SNP in the CFB gene 

(rs641153)(R32Q)(Gold et al., 2006; Richardson, Islam, Guymer, & Baird, 2009; Spencer 

et al., 2007). R32Q results in reduced binding of CFB to C3b thereby decreasing potential 

to form C3 convertase and reduced amplification of the AP (Montes, Tortajada, Morgan, 

Rodriguez de Cordoba, & Harris, 2009). 

Like CFH Y402H, Age-related maculopathy susceptibility 2 (ARMS2) (rs10490924), has 

consistently been highly associated with AMD (Chakravarthy et al., 2013; Schwartz et 

al., 2012). Located at Chromosome 10q26, the ARMS2 SNP results in a nonsynonymous 

A69S change in the sequence of a 12 kDa protein (Kanda et al., 2007). The  molecular 

function of ARMS2 remains somewhat unclear, however a recent study suggests a role 

for ARMS2 in the alternative complement pathway whereby expression of ARMS2 

protein by monocytes attaches to the cellular surface of late apoptotic or necrotic cells and 

stabilizes properdin, a co-factor necessary for C3b binding to cell surfaces and subsequent 

cleavage of CFB, enhancing C3b opsonization and removal of cellular debris. A 

deficiency of ARMS2 protein was observed in monocytes homozygous for the 

rs10490924 SNP (Micklisch et al., 2017). 
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Figure 3.1: Diagram representing the 3 distinct pathways of complement cascade, the 

classical, lectin and alternative pathways. Activation of the classical pathway is 

mediated by binding of C1q to antibody-antigen complexes, the lectin pathway is 

activated by recognition of mannose residues on the microbial surface, while the 

alternative pathway is activated by spontaneous cleavage of C3. All pathways converge 

on formation of C3 convertase and cleavage of C3 with subsequent activation of the 

terminal pathway MAC formation. Regulatory proteins of the alternative pathway 

include: Complement factor H (CFH); Complement factor I (CFI); Decay accelerating 

factor (DAF); membrane cofactor protein (MCP); Thrombomodulin (THBD). (Noris et 

al. 2012) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3   Non-complement related SNPs 

Toll-like receptors (TLRs) are an ancient family of membrane or endosome bound pattern 

recognition receptors (PRRs) that play a role in recognising both pathogenic and 
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endogenous molecules and initiating the innate immune response. Many TLRs have been 

investigated for their association to AMD however reports are conflicting or indicate 

population specific associations (Edwards et al., 2008). The TIR domain-containing 

adaptor protein (TIRAP), also known as the MyD88 adaptor-like (Mal), is a cytoplasmic 

TIR adaptor protein implicated in TLR2 and TLR4 mediated MyD88-dependent 

signalling pathway (Yamamoto et al., 2002). TIRAP forms a bridge between MyD88 and 

TLR2 and 4 allowing for signal transmission following ligation and eliciting downstream 

activation of NFκB and MAP kinases to produce a robust pro-inflammatory response. The 

TIRAP SNP rs8177374 substitutes a serine for leucine and has been shown to be 

associated with increased cytokine production, with heterozygous carriers of the allele 

having increased protection against Tuberculosis infection where a more robust response 

can enhance clearance of the bacterium (Khor et al., 2007; Q. Liu, Li, Li, Feng, & Tao, 

2014), while those who are homozygous for the 180L allele are more susceptible to the 

deleterious effects of overproduction of pro-inflammatory cytokines (Ferwerda et al., 

2009).  

Within the same region as CFB on chromosome 6p21 is superkiller viralicidic activity 2-

like (SKIV2L) (rs429608), an intronic SNP whose molecular function is yet to be fully 

understood but is suggested to have a role in autophagy or immunomodulation (Fernando 

et al., 2007). SKIV2L has found to be associated with protection against AMD in western 

populations (Kopplin et al., 2010), however variations between populations have been 

observed (Fang Lu et al., 2013) (Shuai et al., 2017).  

The blood retinal barrier, like the blood brain barrier is formed of tightly packed , highly 

selective endothelial cells. The highly selective nature of the BRB/BBB is regulated by 

several tight junction proteins that restrict movement of molecules from the blood into the 

neuronal tissue, critical to maintaining homeostasis within the retina and brain 

parenchyma for effective neural function. Claudin-5 is highly expressed  in the retinal 

vasculature (Voigt et al., 2019), localised apically on  endothelial cells, its association 

with claudin proteins on neighbouring cells is important in the paracellular barrier to small 

molecules (Nitta et al., 2003). A SNP located in the 3’ -UTR of Claudin-5 has been 

reported to be associated with schizophrenia, where data suggests a leakier barrier may 

contribute to disease pathology and showed rs10314 cDNA-expressing vectors were to 

decrease Claudin-5 protein expression by 50%  compared to normal (Greene et al., 2018).  
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3.1.4   IL-18 and AMD 

Previous work has indicated that the cytokine IL-18 may have a protective role in AMD. 

A study by Doyle et al. using a laser induced mouse model of wet AMD, found that the 

NLRP3 inflammasome, the multi-protein complex whose activation is necessary for 

cleavage of  IL-18 and IL-1β into their biologically active forms, is activated by drusen 

components in AMD. After administering a laser burn to NLRP3-/- mice, they found these 

mice had increased CNV development and subretinal haemorrhaging compared to WT. 

Comparison of this exacerbated CNV development to IL-1R1-/- mice indicated that this 

protection was conferred through IL-18. This was confirmed by IL-18-/- mice and WT 

mice injected with IL-18 neutralising antibodies both having increased CNV development 

(Doyle et al., 2012). This study was subsequently followed by another that showed 

systemic and intravitreal injection of mature IL-18 could attenuate laser induced CNV 

development and this effect was most potent when used in conjunction with an anti-VEGF 

therapy, presenting  a possible therapeutic approach in the treatment of wet AMD (Doyle 

et al., 2014). Following these studies, we were curious to investigate systemic levels of 

IL-18 in the TILDA cohort, to characterise changes with increasing age and if we could 

identify any associations with AMD status or severity and how levels change with AMD 

progression.  

The complement system plays a central role in innate immunity and is one of the most 

effective protagonists of the inflammatory response. The CFH SNP variant has been 

shown to influence systemic levels of the pro-inflammatory cytokines IL-1β, IL-6, IL-18 

and TNF-α in a study of 44 dry AMD patients, showing that there was significant variation 

in cytokine levels between CFH genotypes (S. Cao et al., 2013). We were interested to 

see if this would translate to levels of  IL-18 and its inhibitor protein IL-18BP in our 

population representative cohort, and if  we could detect differences between genotypes 

of the 7 complement and non-complement related SNPs, between AMD and no disease 

participants.  
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3.2   Objectives: 

• In collaboration with the TILDA study, report on the association of previously 

identified genetic risk factors for AMD and investigate two novel SNPs in the Irish 

population.  

• Measure the levels of systemic Free IL-18 and IL-18BP in the TILDA population 

and examine changes in free IL-18 and IL-18BP concentrations in participants  

with regards to increasing age, AMD status and disease severity.  

• To examine levels of systemic IL-18 with regards to participant’s genotype.  

• To investigate SNP contribution to AMD progression over a 4-year period in a 

sample of participants.  

• To examine changes in participants IL-18 and IL-18BP levels after 4 years and 

investigate associations with AMD and severity and progression.     
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3.2 Results 

3.2.1   Prevalence of genotypes in the TILDA cohort 

Demographic characteristics of TILDA participants genotyped are reported in Table 3.1. 

The mean age of participants with AMD of 64 years was significantly higher than those 

without AMD of 60 years (p = <0.0001). We also found a significant reduction in AMD 

risk in participants who reached secondary level education when compared to those who 

only attended primary or had no formal education (p = 0.037); however, we did not 

observe a similar effect when comparing primary to tertiary/higher level.  We did not find 

a notable difference in smoking status, reported hypertension or lipid levels between 

AMD cases and controls, while body weight was found to be significantly lower in AMD 

cases (p = 0.001). 

All SNPs were assessed for Hardy-Weinberg Equilibrium (HWE) in the total population 

and separately in cases and controls. We found that total population for CFH, ARMS2, 

SKIV2L, TIRAP and C3 were all within HWE, reaffirming that the sampling method 

designed by TILDA is population representative. However, the total population for CFB 

and CLDN5 deviated significantly (p = <0.0001), this effect was observed in the control 

group (p = <0.0001), but not in AMD cases. Total population and control cases are within 

HWE for CFH (p = 0.119 and p = 0.691), however AMD cases deviate significantly (p = 

0.00). For each SNP, allele frequencies were calculated and checked against published 

literature and genetic databases with a focus on European sub-populations. Table 3.2 

shows these frequencies categorised by total population, controls, and AMD cases. For 

all SNPs minor allele frequency in the total and control populations are within the range 

found for the British and combined European population however the MAF for the AMD 

population in CFH (0.48) and ARMS2 (0.29) were significantly higher than controls (p = 

<0.0001 and 0.0012 respectively).  
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Table 3.1  Demographic Characteristics of the TILDA cohort 

 

 

 

 

 

 

Demographic characteristics of TILDA participants 

 Tilda Population (n=4473)   

 
Controls 

(n=4173) 

Cases 

(n=300) 
P Value OR (95% CI) 

Gender (M/F) 1843/2330 136/164   

Age (years) 60 ± 9 64 ± 9 <0.0001 (****)  

Location:     

                Dublin 1227 (29%) 79 (26%)  Ref. 

                Other Urban 1098 (26%) 90 (30%) 0.129 0.785 (0.575 – 1.080) 

                Rural 1843 (44%) 130 (43%) 0.535 0.912 (0.680 – 1.214) 

Education:     

              Primary/None 823 (20%) 74 (25%)  Ref. 

              Secondary 1792 (43%) 117 (39%) 0.037 (*) 0.726  (0.536 – 0.977) 

              Tertiary/Higher 1557 (37%) 109 (36%) 0.109 0.778 (0.576  – 1.056) 

Smoker:      

Never 1923 (46%) 140 (47%)  Ref. 

Past 1615 (39%) 115 (38%) 0.865 1.022 (0.793 – 1.325) 

Current 635 (15%) 45 (15%) 0.879 1.027 (0.724 – 1.448) 

Hypertension:     

             Hypertensive 1588 (38%) 127 (43%)  Ref. 

             Not Hypertensive 2570 (62%) 170 (57%) 0.131 1.201 (0.943 – 1.060) 

BH (cm) 167.67 ± 11.38 166.07 ± 14.59 0.063  

BW (kg) 77.95 ± 15.86 74.81 ± 16.07 0.001 (**)  

BMI (kg/m2) 28.52 ± 4.90 28.02 ± 4.78 0.081  

W:H (mean) .90 ± .09 .91 ± .10 0.862  

Cholesterol (mmol/L) 5.17 ± 1.04 5.13 ± 1.09 0.538  

HDL (mmol/L) 1.56 ± .44 1.56 ± .44 0.999  

LDL (mmol/L) 2.95 ± .93 2.91 ± .97 0.489  

TRIG (mmol/L) 1.70 ± 1.09 1.74 ± 1.09 0.539  

Interval data presented as mean±SD. Categorical data presented as n (%). 

Ref.: Reference group. 

BH: Body Height; BW: Body Weight; BMI: Body Mass Index; W:H: Waist/Hip Ratio. 

HDL: High-density lipoprotein cholesterol; LDL: Low-density lipoprotein cholesterol; TRIG: Triglyceride. 

Data analysis of categorical variables by Chi-square test with Welch’s t-test for continuous variables. 
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Minor Allele Frequency for TILDA cohort  

  Population Controls Cases Ref.   

 Allele Count (Freq) Count (Freq) Counts (Freq) Eur.   GBR P Value OR (CI) 

CFH T 5219 (0.62) 4925 (0.63) 294 (0.52) 0.64    0.60 <0.0001 1.55 (1.31-1.84) 

rs1061170 C 3221 (0.38) 2947 (0.37) 274 (0.48) 0.36    0.40   

          

ARMS G 6527 (0.77) 6127 (0.77) 400 (0.71) 0.81   0.77 0.0012 1.36 (1.12-1.65) 

rs10490924 T 1979 (0.23) 1817 (0.23) 162 (0.29) 0.19   0.23   

           

SKIV2L G 7144 (0.83) 6662 (0.83) 482 (0.85) 0.85   0.84 0.4329 0.91 (0.72-1.15) 

rs429608 A 1424 (0.17) 1336 (0.17) 88 (0.15) 0.15   0.16   

           

TIRAP C 7177 (0.84) 6688 (0.84) 489 (0.84) 0.81   0.87 0.9492 0.99 (0.78-1.25) 

rs8177374 T 1345 (0.16) 1254 (0.16) 91 (0.16) 0.19   0.13   

           

CFB G 7716 (0.90) 7184 (0.90) 532 (0.91) 0.91   0.90 0.2504 0.84 (0.62-1.12) 

rs641153 A 886 (0.10) 834 (0.10) 52 (0.09) 0.09   0.10   

           

C3 G 6488  (0.75) 6045 (0.75) 443 (0.76) 0.78   0.74 0.9441 0.99 (0.81-1.20) 

rs2230199 C 2108 (0.25) 1965 (0.25) 143 (0.24) 0.22   0.26   

           

CLDN5 C 7497 (0.87) 6978 (0.87) 519 (0.89) 0.87   0.85 0.1717 0.82 (0.63-1.08) 

rs10314 G 1085 (0.13) 1022 (0.13) 63 (0.11) 0.13   0.15   

           

Table 3.2   Minor Allele Frequency for the TILDA population 
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3.2.2   Association of genotype with all, early or late AMD  

Both CFH and ARMS2 genotypes were significantly associated with AMD, for CFH this 

association with AMD occurs only with the homozygous CC genotype (TT vs CC: OR 

2.45, p = <0.0001, 95% CI 1.79 – 3.36) and (TC vs CC: OR 2.40, p = <0.0001, 95% CI 

1.78 – 3.25), see Table 3.3. ARMS2 carriers of the T allele showed significant increase in 

OR for AMD compared to wildtype G allele, (GG vs TG: OR 1.342, p = 0.028, 95% CI 

1.04 – 1.73) and (GG vs TT: OR 1.91, p = 0.009, 95% CI 1.21 – 3.01) with an increase in 

OR between the heterozygous and homozygous risk allele (OR 1.42, 95% CI 0.89 – 2.26) 

however this did not reach significance (p = 0.148). Another SNP found to be significantly 

associated with AMD in the TILDA population was CLDN5, however its association 

implies that homozygous carriers of the SNP appear protected with the OR between wild-

type and homozygous carriers being significantly reduced (C:C vs G:G: OR 0.263, p = 

0.045, 95% CI (0.064-1.071). We found this reduced association was present between 

heterozygous and homozygous carriers of the SNP (G:C vs G:G: OR 0.272, 95% CI 

(0.065 – 1.129) almost reaching significance (p = 0.054).  
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Table 3.3   Distribution of genotypes in the TILDA population 

 

 

 

 

 

  

Distribution of Genotypes in the TILDA Population 

Polymorphism Genotype 
Controls  Cases  

 P Value OR (CI) 
N (%) N (%) 

CFH  T:T 1553 (39.5) 92 (32.4) T:T / T:C .942 1.021 (.768-1.358) 

rs1061170 T:C 1819 (46.2) 110 (38.7) T:T / C:C <0.0001 2.454 (1.795-3.356) 

 C:C 564 (14.3)  82 (28.9) T:C / C:C <0.0001 2.404 (1.779-3.249) 

         

ARMS2 G:G 2362 (59.5) 143 (50.8) G:G / T:G 0.028 1.342 (1.040-1.732) 

rs10490924 T:G 1403 (35.3) 114 (40.6) G:G / T:T 0.009 1.915 (1.215-3.019) 

 T:T 207 (5.2) 24 (8.5) T:G / T:T 0.148 1.427 (0.897-2.269) 

         

SKIV2L G:G 2761 (69.0) 203 (71.2) G:G / G:A .496 .907 (.690-1.191) 

rs429608 G:A 1140 (28.5) 76 (26.6) G:G / A:A .843 .833 (.361-1.922) 

 A:A 98 (2.5) 6 (2.1) G:A / A:A 1.000 .918 (.390-2.162) 

         

TIRAP  C:C 2804 (70.6) 209 (72.1) C:C / T:C .407 .882 (.668-1.165) 

rs8177374 T:C 1080 (27.2) 71 (24.5) C:C / T:T .221 1.542 (.790-3.012) 

 T:T 87 (2.2) 10 (3.4) T:C / T:T .129 1.748 (.871-3.511) 

         

CFB  G:G 3255 (81.2) 243 (83.2) G:G / G:A .628 .914 (.660-1.266) 

rs641153 G:A 674 (16.8) 46 (15.7) G:G / A:A .375 .502 (.157-1.602) 

 A:A 80 (2.0) 3 (1.0) G:A / A:A .232 .549 (.167-1.807) 

         

C3 G:G 2274 (56.8) 172 (58.7) G:G / G:C .335 .874 (.677-1.129) 

rs2230199 G:C 1497 (37.4) 99 (33.8) G:G / C:C .372 1.243 (0.782-1.976) 

 C:C 234 (5.8) 22 (7.5) G:C / C:C .172 1.422 (0.878-2.302) 

         

CLDN5 C:C 3080 (77.0) 230 (79.1) C:C / G:C .881 .996 (.718-1.299) 

rs10314 G:C 818 (20.5) 59 (20.2) C:C / G:G .045 .263 (.064-1.071) 

 G:G 102 (2.6) 2 (0.6) G:C / G:G .054 .272 (.065-1.129) 
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3.2.3   Multinomial Regression analysis of the TILDA cohort 

Multinomial Logistic Regression analysis was used to derive OR’s for each SNP for either 

Early or Late AMD with No Disease as reference group (Model 1), adjusting for 

demographic, environmental and biological variables (Models 2 and 3). The data for the 

CFH and ARMS2 risk alleles is summarised in Table 3.4. In an unadjusted model, the 

CFH C risk allele was associated with increased risk of Early AMD versus No Disease 

when compared to the non-risk genotype (TT vs CC: OR=2.497, p = 0.000, 95% CI 1.81 

– 3.44). When adjusted for age, sex and education (Model 1) homozygotes for the C risk 

allele remained a significant indicator for Early AMD over no disease (TT vs CC: OR 

2.47, p = 0.000, 95% CI 1.79 – 3.42), this was retained when CFH was adjusted for all 

variables (Model 3) (OR 2.40, p = 0.000, 95% CI 1.73 – 3.33), however, being 

heterozygous did not show any association. Similarly, ARMS2 alone was a significant 

indicator for Early AMD but only for those homozygous for the T risk allele when 

compared with wildtype, (GG vs TT: OR 1.81, p = 0.013, 95% CI 1.13 – 2.92), this 

remained when adjusted for the basic characteristic variables (Model 1) and for all 

variables (Model 3) (OR 1.77, p = 0.021, 95% CI 1.09 – 2.87). When adjusted for all 

variables the OR for the heterozygous genotype increased (GG vs GT: OR = 1.28, 95% 

CI 0.98 – 1.68) however this was not a significant indicator of Early AMD (p = 0.063). 

Heterozygosity for ARMS2 was a strong indicator for Late AMD when adjusted for basic 

demographic variables (GG vs GT: OR = 3.03, p = 0.048, 95% CI = 1.01 – 9.09) 

increasing when adjusted for models 2 and 3. Homozygosity for ARMS2 risk allele 

increased risk for Late AMD (GG vs TT: OR 4.69, 95% CI 0.86 – 23.75) but was not 

significant (p = 0.074). SKIV2L, C3 and CFB variants were not indicators of AMD and 

showed no association with early or late AMD either alone or when adjusted for all 

variables.  

Being >65 is significantly associated with both early and late AMD (p = 0.000, for all 

SNPs) and in the fully adjusted model. BMI is significantly associated with late AMD 

where an increase in BMI increases the OR for late AMD, however being a smoker did 

not predict any significant association with either early or late AMD. 
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3.2.4   Inclusion of additional Late AMD samples.  

Following analysis with the TILDA population we had the opportunity to utilize DNA 

from a hospital cohort of late AMD patients collected by the Humphries lab in Trinity 

College Dublin. By including these additional late AMD cases into the analysis, we 

continued to see significant HWE deviations within the CFB and CLDN5 control 

populations (p = <0.0001 for both) as well as deviations in the CFH AMD population (p 

= <0.0001), but also found a significant deviation in the C3 AMD population (p = 

<0.0001). Table 3.5 show the minor allele frequency for this combined cohort, as before, 

the CFH and ARMS2 genotypes have significantly higher frequencies of the risk allele in 

their AMD population over control, (CFH: p = <0.0001, ARMS2: p = <0.0001). We found 

that C3 also had an increased frequency of the risk allele in the AMD population when 

compared to control (p = 0.015). Interestingly, CFB showed a reduced frequency of the 

minor allele in the AMD population compared to control, (p = 0.026). 
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Minor Allele Frequency for combined cohort  

  Population Controls Cases Ref.   

 Allele Count (Freq) Count (Freq) Counts (Freq) Eur.   GBR P Value OR (CI) 

CFH T 5380 (0.61) 4925 (0.63) 455 (0.48) 0.64    0.60 <0.0001 1.82 (1.59-2.09) 

rs1061170 C 3444 (0.39) 2947 (0.37) 497 (0.52) 0.36    0.40   

           

ARMS2 G 6745 (0.76) 6127 (0.77) 618 (0.65) 0.81   0.77 <0.0001 1.83 (1.59-2.11) 

rs10490924 T 2153 (0.24) 1817 (0.23) 336 (0.35) 0.19   0.23   

           

SKIV2L G 7500 (0.84) 6662 (0.83) 838 (0.85) 0.85   0.84 0.1366 0.86 (0.72-1.04) 

rs429608 A 1482 (0.16) 1336 (0.17) 146 (0.15) 0.15   0.16   

           

TIRAP C 7520 (0.84) 6688 (0.84) 832 (0.84) 0.81   0.87 0.5818 1.05 (0.87-1.25) 

rs8177374 T 1418 (0.16) 1254 (0.16) 164 (0.16) 0.19   0.13   

           

CFB G 8097 (0.90) 7184 (0.90) 913 (0.92) 0.91   0.90 0.0266 0.76 (0.60-0.96) 

rs641153 A 915 (0.10) 834 (0.10) 81 (0.08) 0.09   0.10   

           

C3 G 6763 (0.75) 6045 (0.75) 718 (0.72) 0.78   0.74 0.0152 1.2 (1.03-1.39) 

rs2230199 C 2245 (0.25) 1965 (0.25) 280 (0.28) 0.22   0.26   

        

CLDN5 G 7861 (0.87) 6978 (0.87) 883 (0.89) 0.87   0.85 0.1496 0.85 (0.69-1.05) 

rs10314 C 1133 (0.13) 1022 (0.13) 111 (0.11) 0.13   0.15   

        

 

Table 3.5   Minor allele frequency in the combined population 
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3.2.5   Association of genotype with AMD in the combined cohort 

In the combined cohort we found that homozygous carriers of the CFH SNP continued to 

have a strong association with AMD (TT vs CC: OR = 3.18,  p = <0.0001, 95% CI ) and 

(TC vs CC: OR 2.6 , p = <0.0001, 95% CI ). ARMS2 becomes highly significant with an 

increase in OR between wildtype and heterozygous groups (GG vs TG: OR  1.59, p = 

<0.0001, 95% CI 1.29 – 1.95) and wildtype and homozygous groups (GG vs TT: OR 3.75, 

p = <0.0001, 95% CI 2.756-5.10). By including the additional AMD samples, we also 

found an increase in OR between heterozygous and homozygous carriers of ARMS2 that 

is highly significant (GT vs TT: OR 2.36, p = <0.0001, 95% CI 1.73-3.22) (Table 3.6). 

Homozygous carriers of the CLDN5 SNP also maintained a reduced association with 

AMD following the inclusion of additional AMD samples when compared to wild-type 

carriers (C:C vs G:G: OR 0.310, p = 0.016, 95% CI (0.113-0.846)), with homozygous 

versus heterozygous carriers also becoming significant (G:C vs G:G: OR 0.311, p = 0.018, 

(95% CI 0.112-0.864)). Other SNPs that become significantly associated with AMD 

following the inclusion of additional AMD samples include TIRAP and C3. In the analysis 

of the TILDA population alone, both TIRAP and C3 show increases in OR between 

wildtype and SNP carriers, and interestingly, there was a greater increase in OR between 

heterozygous and homozygous carriers of the risk allele for both SNPs, however this 

failed to reach significance in the TILDA population alone. Following inclusion of the 

additional late AMD samples, this trend is maintained for TIRAP, with heterozygous 

versus homozygous being significant, (T:C vs T:T: OR 1.75, p = 0.041, 95% CI 1.02-

2.99) with wild type versus homozygous genotype carriers almost reaching significance, 

(C:C vs T:T: OR 1.648, p = 0.057, 95% CI 0.98-2.77). Similar to CFH, only the C3 

homozygous genotype appears to be associated with AMD in this combined cohort (G:G 

vs C:C: OR 1.78, p = 0.001, 95% CI 1.27-2.48) and (G:C vs C:C: OR 1.72, p = 0.002, 

95% CI 1.22-2.43) with the OR for wild type versus the heterozygous genotype being ~1.   
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Table 3.6   Distribution of genotypes in the combined cohort. 

 

 

 

 

 

 

  

Distribution of Genotypes in the combined cohort 

Polymorphism Genotype 
Controls  Cases  

 P Value OR (CI) 
N (%) N (%) 

CFH  T:T 1553 (39.5) 133 (27.9) T:T / T:C .102 1.213 (.962-1.530) 

rs1061170 T:C 1819 (46.2) 189 (39.7) T:T / C:C <0.0001 3.188 (2.480-4.099) 

 C:C 564 (14.3) 154 (32.4) T:C / C:C <0.0001 2.628 (2.082-3.317) 

         

ARMS2  G:G 2362 (59.5) 210 (44.0) G:G / T:G <0.0001 1.587 (1.293-1.949) 

rs10499024 T:G 1403 (35.3) 198 (41.5) G:G / T:T <0.0001 3.749 (2.759-5.096) 

 T:T 207 (5.2) 69 (14.5) T:G / T:T <0.0001 2.362 (1.732-3.222) 

         

SKIV2L G:G 2761 (69.0) 356 (72.4) G:G / G:A .159 .857 (.692-1.062) 

rs429608 G:A 1140 (28.5) 126 (25.6) G:G / A:A .486 .791 (.409-1.531) 

 A:A 98 (2.5) 10 (2.0) G:A / A:A .817 .923 (.470-1.815) 

         

TIRAP  C:C 2804 (70.6) 352 (70.7) C:C / T:C .599 .944 (.762-1.170) 

rs8177374 T:C 1080 (27.2) 128 (25.7) C:C / T:T .057 1.648 (.980-2.771) 

 T:T 87 (2.2) 18 (3.6) T:C / T:T .041 1.746 (1.018-2.994) 

         

CFB  G:G 3255 (81.2) 422 (84.9) G:G / G:A .083 .790 (.604-1.032) 

rs641153 G:A 674 (16.8) 69 (13.9) G:G / A:A .194 .578 (.251-1.334) 

 A:A 80 (2.0) 6 (1.2) G:A / A:A .480 .733 (.308-1.741) 

         

C3 G:G 2274 (56.8) 268 (53.7) G:G / G:C .760 1.032 (.845-1.259) 

rs2230199 G:C 1497 (37.4) 182 (36.5) G:G / C:C .001 1.777 (1.274-2.479) 

 C:C 234 (5.8) 49 (9.8) G:C / C:C .002 1.722 (1.221-2.430) 

         

CLDN5 C:C 3080 (77.0) 390 (78.5) C:C / G:C .962 .994 (.790-1.252) 

rs10314 G:C 818 (20.5) 103 (20.7) C:C / G:G .016 .310 (.113-.846) 

 G:G 102 (2.6) 4 (0.8) G:C / G:G .018 .311 (.112-.864) 
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3.2.6   Plasma IL-18 concentration in the TILDA cohort 

To determine if there is an association between plasma IL-18 levels and incidence of 

AMD, we measured total IL-18, along with IL-18 Binding Protein (IL-18BP) levels in the 

plasma of 544 age and sex matched participants of the TILDA cohort at wave 1 and  used 

these measurements to calculate the concentration of free IL-18. Table 3.7 outlines the 

demographic characteristics of this balanced cohort. We included all AMD cases in the 

analysis, however due to the low number of 80+ ‘No disease’ participants with SNP data 

available, we were unable to age and sex match two AMD participants generating a cohort 

of 271 no disease ‘Controls’ and 274 ‘AMD’ cases. There was no difference in age (65 ± 

9 years), or in gender distribution between AMD (124 men and 149 women) and control 

groups (123 men and 148 women). There was no significance association between current 

smoking and AMD in this cohort (Never/Past smoker vs current smoker: OR 1.51, 95%CI 

0.92 to 2.47, p = 0.12), or high cholesterol (No vs Yes: OR 1.25, 95%CI 0.88 to 1.76, p = 

0.19) however we did note a significantly higher waist-to-hip ratio in our AMD cases (p 

= 0.020).  

Age is the greatest risk factor for AMD, however plasma levels of free IL-18, IL-18BP or 

total IL-18 did not alter with age (Figure 3.2.A-C). Each age group was also broken down 

by AMD status there we found no significant changes between AMD status with within 

each group (Figure 3.2 A2, B2, C2)  

Next, we looked at levels grouped by AMD status for all three measurements  (Figure 3.3. 

1A, 1B, 1C) , but found no difference between AMD cases and controls. Interested to see 

if IL-18 levels change between AMD severity we first separated the 273 AMD cases by 

early or late AMD (Figure 3.3. A2, B2, C2) but found no significant difference between 

these two groups. The early AMD participants were further broken down by AMD grade 

at wave 1 (Figure 3.4 A-C). There was no variation between groups for IL-18BP levels, 

and while there was no significant difference between groups for the Free IL-18 and total 

IL-18 levels, there was a noticeable reduction between the early mild, moderate and 

severe groups and late neovascular, with early mild vs late neovascular almost reaching 

significance (Free IL-18: p = 0.086; Total IL-18: p = 0.090).  
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Demographic characteristics of the Balanced Population. 

 Balanced Population (n=544)   

Variables Controls (n=271) Cases (n=273) P Value OR (95% CI) 

Gender (M/F) 123/148 124/149   

Age (years) 65 ± 9 65 ± 9 0.999  

Smoker:      

Never 125 (46.1%) 123 (45.1%)  Ref. 

Past 117 (43.2%) 108 (39.6%) 0.728 1.066 (0.746 – 1.524) 

Current 29 (10.7%) 42 (15.4%) 0.155 1.472 (0.851 – 2.536) 

High Cholesterol     

No 157 (57.9%) 143 (52.4%)  Ref.  

Yes 114 (42.1%) 130 (47.6%) 1.302 1.252 (0.889 – 1.768) 

     

BH (cm) 167.55 ± 10.03 166.07 ± 15.04 0.177  

BW (kg) 76.92 ± 14.63 74.64 ± 16.09 0.084  

BMI (kg/m2) 24.75 ± 62.57 24.26 ± 62.34 0.927  

W:H (mean) .89 ± .10 .91 ± .10 0.020 (*)  

     

Cholesterol (mmol/L) 5.12 ± 1.07 5.14 ± 1.09 0.082  

HDL (mmol/L) 1.51 ± .41 1.56 ± .45 0.176  

LDL (mmol/L) 2.90 ± .92 2.94 ± .96 0.620  

TRIG (mmol/L) 1.75 ± 1.29 1.70 ± 1.04 0.619  

Interval data presented as mean±SD, Categorical data presented as n (%). Ref.: Reference group.  

BH: Body Height; BW: Body Weight; BMI: Body Mass Index; W:H: Waist/Hip Ratio. 

HDL: High-density lipoprotein cholesterol; LDL: Low-density lipoprotein cholesterol; TRIG: Triglyceride.  

Data analysis of categorical variables by Chi-square test with Welch’s t-test for continuous variables.  

 

Table 3.7   Characteristics of the balance population 
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Figure 3.2: Concentration of Free IL-18 (A1-2), IL-18BP (B1-2) and Total IL-18 

measured in the plasma of TILDA participants at Wave 1. Participants were grouped by 

age, 50-59 (n=170), 60-69 (n=200), 70-79 (n=146) and 80+ (n=28) and levels were 

compared (A1, B1, C1). Participants were then grouped by age and AMD status (A2, B2, 

C2), 50-59 (No Disease n= 85, AMD n=85), 60-69 (No Disease n=100, AMD n=100), 70-

79 (No Disease n=73, AMD n=73) and 80+ (No Disease n=13, AMD n=15). All data show 

mean ±SEM, the Kruskal-wallis test was used for analysis between age groups between 

groups with Dunn’s multiple comparison test. Analysis of age groups with AMD status 

was done using Two-way ANOVA with Sidak’s multiple comparisons test (ns = not 

significant).  
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Figure 3.3: Concentration of Free IL-18 (A1-2), IL-18BP (B1-2) and Total IL-18 

measured in the plasma of TILDA participants at Wave 1. Participants were grouped by 

AMD status (No Disease n=271, AMD n=273)(A1,B1,C1) and by AMD stage (Early 

AMD n=259, Late AMD n=14) (A2, B2, C2), All data show mean ±SEM. Data analysed 

using the Mann-Whitney t-test (ns = not significant).  
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Figure 3.4:  Concentration of Free IL-18 (A), IL-18BP (B) and Total IL-18 (C) 

measured in the plasma of 255 TILDA participants grouped by AMD grade at Wave 1. 

Participants were grouped based on their retinal image grading at Wave 1, Early Mild 

(n = 95), Early Moderate (n = 111), Early Severe (n = 36), Geographic Atrophy (GA) (n 

= 9) and Neovascular (NV) (n = 4). Data was analysed using Kruskal-wallis test with 

Dunn’s multiple comparison post hoc test to compare groups. Data shows mean ±SEM 

(ns = not significant). 
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3.2.7   Association between IL-18 levels and SNP variants 

Single nucleotide polymorphisms in complement factors, complement regulators, and 

various inflammatory molecules are associated with increased risk for AMD 

(Chakravarthy et al., 2013; G. J. McKay et al., 2010; J. M. Seddon et al., 2007). To 

investigate whether any of the 7 genetic risk variants influenced the level of Free IL-18 

in the TILDA cohort we analysed levels between each genotype of complement-related 

SNPs (Figure 3.5.1 A – D) and non-complement-related SNPs (Figure 3.5.2 A-C) with 

separate analysis between AMD cases and controls within each genotype, but no 

significant differences were observed for any genotype or between participants with or 

without AMD. 
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Figure 3.5.1  Levels of free IL-18 in complement related SNP genotypes. IL-18 levels 

in the TILDA population were groups by genotype for complement-related SNPs CFH 

(A), ARMS2 (B), C3 (C) and CFB (D). Data presented as mean ±SEM. Data analysed by 

Kruskal-wallis test with Dunn’s multiple comparison between 3 genotypes and 2way 

ANOVA with Tukeys multiple comparison between genotypes and AMD status.   
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Figure 3.5.2  Levels of free IL-18  in non-complement related SNP genotypes. IL-

18 levels in the TILDA population were groups by genotype for non-complement-

related SNPs TIRAP (A), SKIV2L (B),and CLDN5 (C) Data presented as mean ±SEM. 

Data analysed by Kruskal-wallis test with Dunn’s multiple comparison between 3 

genotypes and 2way ANOVA with Tukeys multiple comparison between genotypes 

and AMD status.   



94 
 

3.2.8   Disease Progression in the TILDA cohort 

Table 3.8 outlines the number of participants in each grade of AMD in Wave 1 and how 

they subsequently present in Wave 3. Overall, 46 people (23%) progressed in 4 years to 

a higher grade of AMD, 22 people (11%) regressed to a lower grade and 123 people (63%) 

did not progress or regress in the 4 years and are categorised as ‘No Change’. Multinomial 

regression analysis was just to examine SNP association with AMD progression or 

regression with no change as the reference group, adjusting for demographic, 

environmental and biological variables (Models 1-3). In all models we found being ≥65 

was associated with a 2.7-fold increase risk of progression, (OR 2.77, p = 0.013, 95% CI 

1.24 – 6.21). Likewise, being a current smoker was associated with a 4.6-fold increase 

risk of disease progression, (OR 4.67, p  = 0.015, 95%CI 1.36 – 16.08). 

Table 3.9 summarises this regression analysis for the CFH and ARMS2 risk alleles. We 

found that homozygosity (OR 3.92, p = 0.016, 95%CI 1.29 – 11.95) or heterozygosity 

(OR 4.09, p  = 0.010, 95% CI 1.40 – 11.97) for CFH C risk allele was a strong indicator 

for disease progression in Model 1 and increased when adjusted for all variables (CC: OR 

4.37, p = 0.012, 95% CI 1.38 – 13.82) (TC: OR 4.52, p  = 0.008, 95%CI 1.49 – 13.74). In 

model 1, the homozygous risk genotype TT for ARMS2 was associated with a 2.9-fold 

increase in the risk of progression but did not reach significance (p = 0.065) and reduced 

when adjusted for all variables (OR 2.73, 95% CI 0.82 – 9.11). Neither SKIV2L, TIRAP, 

CLDN5, C3 nor CFB predicted progression or regression of AMD.  
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3.2.9   Additive and Recessive genotypes and AMD 

Using multinomial regression analysis, we examined combined homozygous and 

heterozygous carriers of the CFH or ARMS2 risk alleles compared with wild type carriers 

(Additive model) or homozygous risk allele carriers against combined heterozygous and 

homozygous wild type allele carriership (Recessive model) and associations with early or 

late AMD or AMD progression and regression.  Homozygous risk allele carriership was 

compared to heterozygous and wildtype genotypes combined (recessive model). We 

found in the recessive model that CFH CC carriership was strongly associated with Early 

AMD when compared to heterozygous CT and wildtype combined (OR 2.40, p = <0.001, 

95% CI 1.81 - 2.48), and ARMS2 TT was associated with Early AMD in models 1 (OR 

1.64, p = 0.035, 95% CI 1.03 – 2.60), 2 (OR 1.64, p = 0.034, 95% CI 1.03 – 2.61) and 3 

(OR 1.59, p = 0.051, 95% CI 0.99 – 2.55)(Table 3.10). 

Meanwhile, the additive model showed that CFH and ARMS2 risk allele carriership 

remain strongly associated with early AMD (CFH: OR 1.31, p = 0.037, 95% CI 1.01 – 

1.69), (ARMS2: OR 1.34, p = 0.020, 95% CI 1.04 – 1.73), ARMS2 TT+TG, but not CFH, 

was also strongly associated with Late AMD (OR 3.33, p = 0.027, 95% CI 1.14 – 9.70) 

(Table 3.10). 

In recessive models, no SNP had any association with either progression or regression. 

However, when combining homozygous and heterozygous risk allele carriership versus 

wildtype (additive model), we found CFH to be a significant indicator for progression 

(CC+CT: OR 5.18, p = 0.002, 95% CI 1.85 - 14.49), When adjusted for all variables, 

ARMS2 (TT+TG: OR 2.04, p = 0.068, 95% CI 0.94 – 4.40) falls just short of significance 

(Table 3.11).  
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Table 3.10    Additive and recessive models of the CFH and ARMS2 risk 

alleles and associations with early or late AMD.  

Table 3.11    Additive and recessive models of the CFH and ARMS2 risk 

alleles and associations with AMD progression or regression.  
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3.2.10   Plasma IL-18 and disease progression 

Of the 273 TILDA participants with AMD who took part in the first wave of sample 

collection, 123 returned four years later for the wave 3 health assessment allowing for 

analysis of AMD progression and measurement of any change in plasma free IL-18 and 

IL-18BP over that time. Figure 3.6 shows the change in free IL-18, when all participants 

were matched for analysis between wave 1 and wave 3, we found that free IL-18 was 

significantly reduced between waves (x̄diff = -0.73 ±2.42, p = 0.001) . These samples were 

then grouped by AMD stage we found that this reduction in free IL-18 was only seen in 

early AMD participants (Figure 3.6 B)(x̄diff = -0.77 ±2.47, p = 0.001) and when this group 

was further broken down into the three early AMD grading categories we found that this 

reduced IL-18 is only see in participants who were early severe at wave 1 (Figure 3.6 C)( 

x̄diff = -1.14 ±1.69, p = 0.025). 

Following from this we looked at how free IL-18 changes in the three response categories 

over four years and association with AMD progression or regression. Figures 3.7 A. 

shows free IL-18 was significantly reduced in wave 3 for those individuals whose AMD 

had progressed over the four-year interval ( x̄diff = -0.70 ±1.69, p = 0.048). Those with no 

change in AMD were found to have a significant reduction in free IL-18 between waves 

( x̄diff = -0.95 ±2.65, p = 0.004), while the group with AMD regression had no change 

between waves (p = 0.68). Figure 3.7 D and E show IL-18 levels in each response group 

in each wave and we can see that there is no variation between groups, but two-way 

analysis shows that there is a decrease in free IL-18 in those who had no change in AMD 

status between the two waves (Figure 3.7 F). 
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Figure 3.6: Paired analysis of  Free IL-18 levels between wave 1 and wave 3 in TILDA 

participants with AMD. 123 TILDA participants with AMD were matched between 

wave 1 and wave 3 to examine the change in IL-18 levels between waves (A). Samples 

were broken down into early (B) or late (C), with early AMD participants being further 

grouped into early mild (D), moderate (E) or severe (F) sub-categories. Data presented 

to show match samples between waves, data was analysed using Wilcoxon matched 

pairs test (**p = 0.01, ns = not significant).  
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Figure 3.7: Change in Free IL-18 levels between wave 1 and wave 3 in TILDA 

participants and association with progression. Paired analysis showed a significant 

decrease in free IL-18 between wave 1 and 3 for those who progressed (A) or had no 

change (B) in AMD grade. There was no difference between groups at wave 1 (D) or 

wave 3 (E ), Two-way ANOVA of the three groups for both waves show a significant 

reduction in free IL-18 for those with No Change between waves. Data analysed using 

the Wilcoxon matched pairs test between waves , the Kruskal-wallis test with Dunn’s 

multiple comparison test to compare groups and Two-way ANOVA for grouped analysis 

of waves and progression (*P<0.05, **P<0.01, ns = not significant) 
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3.2.11  Plasma IL-18BP and disease progression 

Previous data has shown that like free IL-18, IL-18BP did not associate with AMD status 

or type but given that IL-18 levels do change between waves and appear associated with 

change in disease, and the close relationship between IL-18 and its neutralising protein, 

we were curious to examine if IL-18BP levels were associated with any change in AMD 

grade over the intervening four years between waves 1 and 3. 

Figure 3.8 shows the change in IL-18BP for all 123 participants between wave 1 and 3. 

Here we found that IL-18BP levels are significantly decreased in the wave 3 samples (x̄diff 

= -0.53 ±0.945, p = <0.0001)(Figure 3.8.A), this decrease is also found in all early AMD 

samples (x̄diff = -0.59 ±0.92, p = <0.0001)(Figure 3.8.B), however in all late samples we 

find that there is no change in IL-18BP levels (Figure 3.8.C). When this early AMD group 

is broken down into the three grading sub-categories, we find that early mild (x̄diff = -0.47 

±0.88, p = 0.0001), moderate (x̄diff = -0.64 ±0.99, p = <0.0001) and severe (x̄diff = -0.72 

±0.74, p = <0.001) all have a decrease in IL-18BP between wave 1 and wave 3.  

Next, we examined change in IL-18BP levels between waves in the three response 

categories and found that there was a significant decrease in IL-18BP found in those who 

regressed to a lower grade of AMD (x̄diff = -0.96 ±0.96, p = 0.0006) and those who had no 

change (x̄diff = -0.52 ±0.84, p = <0.0001) while those who progressed had a decrease, but 

this did not reach significance (Figure 3.9 A-C). Similar to free IL-18, there was no 

significant variation found between response groups within each wave (Figure 3.9 D, E) 

and Two-way ANOVA analysis confirms that there is a significant decrease in IL-18BP 

between wave 1and 3 for the regressed and no change groups (p = <0.0001 for 

both)(Figure 3.9 F) 
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Figure 3.8: Paired analysis of IL-18BP levels between wave 1 and wave 3 in TILDA 

participants with AMD. 123 TILDA participants with AMD were matched between 

wave 1 and wave 3 to examine the change in IL-18BP levels between waves (A). 

Samples were broken down into early (B) or late (C), with early AMD participants being 

further grouped into early mild (D), moderate (E) or severe (F) sub-type. Data presented 

shows match samples between waves, data was analysed using Wilcoxon matched pairs 

test.  (**p = <0.01, ***p = <0.001, ****p = <0.0001, ns = not significant) 
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Figure 3.9: Change in IL-18BP levels between wave 1 and wave 3 in TILDA 

participants and association with progression. Paired analysis showed a significant 

decrease in IL-18BP between wave 1 and 3 for those who Regressed to a lower grade of 

AMD (B) or had no change (C) in AMD grade. There was no difference between groups 

at wave 1 (D) or wave 3 (E), Two-way ANOVA of the three groups for both waves show 

a significant reduction in  IL-18BP for those who had Regressed or had No Change 

between waves. Data analysed by Wilcoxon matched pairs test between waves, the 

Kruskal-wallis test with Dunn’s multiple comparison test to compare groups and Two-

way ANOVA for grouped analysis of waves and progression (***P<0.001, 

****P<0.0001, ns = not significant) 
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3.3   Discussion 

Numerous loci are associated with development and progression of AMD (L. G. Fritsche 

et al., 2013; L. G. Fritsche et al., 2016; Naj et al., 2013). Here we aimed to elucidate the 

prevalence of well-established AMD-associated genetic risk factors in the ROI and assess 

the contribution of these genetic factors on AMD progression in the TILDA cohort. We 

find significant associations between two major risk alleles, CFH and ARMS2 and 

incidence of AMD in ROI. Similar to other reports (Chakravarthy et al., 2013; Haines et 

al., 2005; Joachim, Mitchell, Kifley, & Wang, 2015; Lechanteur et al., 2015; Tedeschi-

Blok, Buckley, Varma, Triche, & Hinton, 2007; Zareparsi et al., 2005), homozygosity for 

the minor allele, for either CFH or AMRS2, was a strong indicator of early AMD, while 

heterozygosity for ARMS2 proved a strong indicator for late AMD. There was, however, 

no significant association between AMD risk and variants in other complement factor 

genes C3 and CFB or in SKIV2L an RNA-helicase associated with protection against 

nucleic acid-induced inflammation. Numerous reports using Caucasian cohorts 

demonstrate that polymorphisms in CFB are associated with decreased susceptibility to 

AMD, whereas polymorphisms in C3 increase susceptibility to AMD (Havvas et al., 

2014; Zerbib et al., 2014). While it is possible that there is no association between these 

SNPs in the ROI, it is more likely that we do not observe this effect simply because of the 

relatively low prevalence of early or late AMD (300) in the TILDA cohort (Akuffo et al., 

2015). Similarly, SKIV2L has been associated with protection against exudative AMD in 

a number of studies (Kopplin et al., 2010; Yoneyama et al., 2014), as cases of late AMD 

in the TILDA population are infrequent, it is likely that the population-representative 

cohort plays a role in the lack of association we observed for this allele. Indeed, as 

observed by the inclusion of additional late AMD cases into our analysis, we found the 

association between C3 and TIRAP with AMD risk increased significantly, whilst further 

enhancing the risk association between CFH and ARMS2, and protective association 

observed between CLDN5 carriership and AMD. Carrying the minor CFH allele either as 

homozygote or heterozygote strongly predicted progression within the early stages of 

AMD and progression to late AMD. None of the other SNPs assessed predicted 

progression although ARMS2 falls just short of significance. Despite a lack of association 

between AMD and the CFB variant, it is interesting to note that the CFB variant deviated 

significantly from HWE in the total population and control group, but not in AMD cases, 

indicating some evolutionary pressure on this variant in this population.  
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The TILDA cohort study provides longitudinal data on AMD in an Irish population. 

Although there was a 34% loss to follow-up in AMD cases this current study is the first 

to report on progression rates of AMD in an Irish population specifically designed to 

achieve population-representative sampling of individuals aged 50 years or older. We 

found 23% of participants with any form of AMD at TILDA baseline progressed to more 

severe disease at follow up with 2% progressing from early to late disease. Our data 

correlate well with other longitudinal eye studies, where progression to any more severe 

disease was reported at 21.5% at two year follow up in the Rotterdam Eye Study (Klaver 

et al., 2001), and 25.9% at fifteen year follow up in the Beaver Dam Eye Study (BDES) 

(Klein et al., 2007). Progression from early to late disease was reported as 11.7% in BDES 

(Klein, Klein, Jensen, & Meuer, 1997) and 1.1% at five year follow up in the Blue 

Mountain Eye Study (BMES) (P. Mitchell, Wang, Foran, & Smith, 2002).  These 

differences between studies may be due to grading systems. Disease regression to a less 

severe grade or no disease was seen in 11.5% of participants in this study, with 4.2% 

regressing to no disease from hard drusen. There was no regression from late disease. 

Regression rates of early AMD features reported in the literature vary from 2.6% in a 

Moorfields study (Sallo et al., 2009), 18% in the BDES (Klein et al., 2007), with 

regression of soft drusen in 20% in the Melton Mowbray (J. M. Sparrow et al., 1997) 

study and large drusen in 34% in the Chesapeake Bay Waterman Study (N. M. Bressler 

et al., 1995). Given the increasing aging population and prevalence of AMD the ability to 

identify patients with early disease at risk of progressing to late AMD by clinical features 

would be useful to guide follow-up intervals.  In line with observations made in the 

Rotterdam, BDES and the BMES studies, that drusen and pigment change carried the 

highest risk for progression to late AMD (Joachim et al., 2015; Klaver et al., 2001; Klein 

et al., 2007), 75% of those who progressed from early to late disease (mainly GA) in 

TILDA had soft drusen and hyperpigmentation at baseline. Of interest, none of the early 

mild or moderate progressed to late-stage AMD, however of those with early severe most 

progressed to GA.  It is possible that this is due in part to the very high proportion of 

dietary supplement users in ROI. 

Current cigarette smoking is a well-established risk factor for development of AMD. Of 

note, while current smoking was not significantly associated with incidence of AMD at 

TILDA baseline (Akuffo et al., 2015) we demonstrated that current cigarette smoking was 
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significantly associated with disease progression compared to past or never smoking in 

this cohort, highlighting the importance of smoking cessation as a modifiable risk factor 

in AMD, with 43% of current smokers progressing, compared to 22% of past or never 

smokers. Pooled data from the Rotterdam, the Blue Mountain and Beaver Dam Eye 

Studies found current smoking was associated with a higher rates of incident AMD 

compared to past or never smokers which correlates with our results (Thornton et al., 

2005). Furthermore, we find that our never smokers had a greater chance of regression 

over current and past smokers.   

We found that systemic levels of total and free IL-18 or IL-18BP did not change with 

increasing age or between participants with or without AMD. However, we did find that 

there was a notable reduction in the levels of IL-18 with increasing disease severity with 

reduced levels in participants with late nvAMD trending towards significance, given the 

low number of participants with nvAMD in our cohort, it would be interesting to see if 

the inclusion of additional plasma samples from nvAMD participants would maintain this 

trend. Contrary to the report by Cao et al. we did not find any significant difference in IL-

18 levels between the CFH genotypes. Investigation into other complement and other non-

complement related  SNPs  did not appear to affect systemic levels of IL-18 (S. Cao et 

al., 2013).  

While IL-18 levels did not vary between controls or AMD cases in a sub-sample of the 

TILDA cohort, we found that levels decreased in AMD participants over a four-year 

period. A significant decrease was found in early AMD participants and further 

investigation into this group showed that only early severe participants demonstrated this 

decrease, which is interesting as participants were categorised as early severe due to the  

presence of soft drusen and hyperpigmentation on their fundus images, features that have 

been associated with increased risk of developing late AMD. 75% of our cohort who 

progressed to a late AMD had these features, so it was notable to find IL-18 was also 

significantly reduced in this group. Following this, IL-18 levels  were also decreased in 

participants whose AMD grade either stayed the same or progressed over 4 years, 

however this was not observed in participants who regressed, again suggesting that a 

reduction in systemic IL-18 levels, could be associated with progression of disease in 

those who are on the border between early and late-stage disease. 
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IL-18BP is constitutively secreted at levels far in excess of IL-18, for which it has an 

exceptionally high affinity for. Several studies in which IL-18 plays a pro-inflammatory 

and pathogenic role has highlighted a delicate balance between levels of  IL-18 and IL-

18BP in maintaining homeostasis (Hu et al., 2017; H. Zhang et al., 2018). For this reason, 

we examined levels of IL-18BP in our cohort, and similar to IL-18, found no association 

with AMD status or variations with increasing age. We found a significant decrease in 

levels between waves 1 and 3, however unlike IL-18 this was not isolated to a particular 

stage of AMD. Interestingly, we found that levels of IL-18BP were significantly lower in 

participants whose AMD regressed, while there was no change in levels of those who 

progressed over four years.  

When combined with measurements of IL-18, it is interesting that we find that in 

participants who progressed had decreasing amounts of IL-18 while levels of binding 

protein, which are expressed at higher levels, does not change. Meanwhile participants 

who regressed do not have a significant change in IL-18 levels but a highly significant 

decrease in binding protein. This data may suggest that the interplay between IL-18 and 

its neutralising protein may have implications in AMD progression. Strengths of this 

study are its population-based sampling thus avoiding bias, the longitudinal design, use 

of retinal photography and systematic grading in a recognised reading centre to determine 

presence and severity of AMD features. The population is relatively genetically 

homogenous in terms of ethnicity, >99% of TILDA participants are Caucasian, 95% of 

whom are of Irish descent. However, this is also a possible limitation as the current study 

is restricted to analysis of a mostly Caucasian population. Differences in genetic risk 

factor associations between ours and other studies likely reflect variation in grading 

methods, timing of follow up, the percentage of people available and suitable for 

progression analysis and study design, in particular this was a population-representative 

study as opposed to a case-control study. One limitation is the use of monoscopic colour 

images; this imaging modality is useful for detecting medium and large sized drusen and 

late AMD features with high fidelity. However recent studies have been shown that 

multispectral imaging and OCT tomography are superior as they detect reticular 

psuedodrusen. Furthermore, colour images can contain artefacts which may result in a 

higher proportion of eyes graded as exhibiting hard drusen and these incorrect 

assignments to the early AMD stage may be avoided through the use of OCT (Graham et 

al., 2018).   
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In conclusion,  4-year progression rates of AMD in an Irish population representative 

cohort are in broad accord with findings previously reported in other Caucasian 

populations with respect to the risk factors of age and smoking habits. Variants in CFH 

and ARMS2 genes were associated with a high risk of prevalent AMD, with CFH in 

particular as an indicator of disease progression.  In our ROI cohort some three quarters 

who progressed from early to late disease within a 4-year period had both soft drusen and 

hyperpigmentation confirming these as high-risk features of disease progression (F. L. 

Ferris et al., 2005). We did not find any of the SNP genotypes investigated associated 

with altered levels of plasma IL-18 in the TILDA cohort. While systemic levels of IL-18 

were not associated with AMD status or affected by increasing age, we did find a 

significant decrease in levels of those who progressed over a four-year period.  
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4.1  Introduction 

With a global increase in life expectancy, the UN world population prospects revised in 

2019 has estimated that the number of those aged 65 and over is expected to more than 

double by the year 2050, with the number of those aged over 80 expected to triple from 

143 million today to ~426 million by 2050. With this growing older population, it is 

expected that the prevalence of AMD will continue to rise with the projected number of 

people with AMD expected to rise globally to 288 million by 2040. (Wong et al., 2014), 

putting considerable burden on healthcare resources. Since 2009, intraocular injections of 

humanised monoclonal antibodies targeting VEGF have become the gold standard of 

treatment of neovascular ‘wet’ AMD and other exudative retinal diseases. Whilst 

revolutionary in its approach in combatting this disease, the treatment regimen is invasive 

and burdensome, requiring frequent hospital visits particularly for the introductory 

‘loading’ course needing monthly, or near monthly, visits. While the overall effectiveness 

of anti-VEGF is evident in its ability to stabilize vision loss and slow progression of the 

disease (Brown et al., 2009; Rosenfeld et al., 2006), not all patients respond equally or 

optimally, with between 10-45% reported as non-responders after the initial 3 month 

course of anti-VEGF treatment (Krebs, Glittenberg, et al., 2013a; A. Lux, H. Llacer, F. 

M. Heussen, & A. M. Joussen, 2007; Miyamoto et al., 2017; Otsuji et al., 2013; Suzuki et 

al., 2014). While inter-individual differences may play a significant role in non-response 

to therapy, a variety of factors have also been implicated, including lesion characteristics 

and duration, as well as patients age and baseline visual acuity prior to treatment. These 

non-responders highlight the requirement for further treatment options for wet AMD.  

One avenue being explored, is the use of anti-inflammatory agents such as corticosteroids, 

nonsteroidal anti-inflammatory drugs (NSAIDs) and humanised monoclonal antibodies 

to target mediators of inflammation,  cytokines and complement components either alone 

or as an adjuvant to anti-VEGF (Nussenblatt et al., 2010; Tao & Jonas, 2010; 

Wyględowska-Promieńska, Piotrowska-Gwóźdź, Piotrowska-Seweryn, & Mazur-

Piotrowska, 2015). To this end, we wanted to investigate the inflammatory profile of wet 

AMD patients at baseline and monitor how these levels changed over the course of 12 

weeks while receiving intravitreal Bevacizumab. Our main focus was to investigate 

whether there’s a relationship between plasma and aqueous levels of IL-18 in a hospital 

cohort of newly diagnosed wet AMD patients prior to and throughout the first 12 weeks 

of anti-VEGF treatment. 
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We and others have reported a potential role for the IL-1 family cytokine interleukin-18 

(IL-18) in the suppression of choroidal and retinal neovascularisation (Doyle et al., 2015; 

Doyle et al., 2014; Shen et al., 2014). Evidence suggests that an absence of IL-18 

signalling resulted in exacerbated choroidal neovascularisation (CNV) development in a 

mouse model of CNV (Doyle et al., 2012). Further pre-clinical studies in mice and 

primates revealed that recombinant IL-18 alone could attenuate CNV development when 

administered either systemically (Doyle et al., 2014) or intravitreally (Doyle et al., 2015). 

Of note, this anti-angiogenic/anti-permeability effect of IL-18 was amplified when 

administered in conjunction with anti-VEGF therapy in the laser-induced mouse model 

of CNV, over anti-VEGF therapy alone (Doyle et al., 2014). While these studies offer the 

exciting prospect of utilizing the anti-angiogenic properties of IL-18 for adjuvant therapy, 

little is known of the relationship between endogenous levels of IL-18 and AMD status in 

humans. 

In this chapter, we investigate the concentration of endogenous IL-18 within the aqueous 

of a neovascular clinical cohort comparing levels to cataract controls. We follow  the 

change in IL-18 concentration during the initial 3-month course of Bevacizumab in our 

hospital cohort analysing the change in IL-18 levels in both responders and non-

responders as determined by best corrected visual acuity (BCVA) and optical coherence 

tomography (OCT) measurements and determine whether baseline levels of plasma or 

aqueous IL-18 correlate with overall improvement in these measurements post-treatment. 

Following this, we investigate the variation in 12 other inflammatory cytokines in the 

aqueous of this clinical cohort during treatment with Bevacizumab. We examine changes 

in cytokine levels between responders and non-responders as determined by their BCVA 

score and OCT measurements as chronic low-grade inflammation of the retina and 

choroid has been implicated in AMD pathogenesis. While the use of anti-VEGF therapies 

has been effective strategy to treat CNV, it has limitations has led to continued 

investigation for alternative treatment targets, such as mediators of inflammation. To this 

end, several studies have utilized samples of aqueous humour, which mirror the levels in 

the vitreous chamber, to understand the inflammatory profile in the eyes of patients with 

AMD and changes due to anti-VEGF treatment. While initial studies in this area have 

compared the cytokine profile between  AMD and controls or the pre and post treatment 

profile and may include correlation with one or more clinical parameters, we were 

interested to investigate changes in cytokine profile in patients matched through 
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treatment, and to correlate cytokine levels with patients who were determined to have 

responded or not responded as determined by BCVA and OCT. Allowing us to get a 

clearer understanding not only of the overall change but the rate of change of these 

cytokines and their association with clinical outcome   (Funk et al., 2009; MI IN ROH et 

al., 2009). 

 

4.1.1   Objectives: 

• Determine the levels of IL-18 in the plasma and aqueous of a clinical cohort of 

exudative AMD patients from the Royal Victoria Eye and Ear hospital. 

• Examine changes in IL-18 levels between responders and non-responders as 

determined by BCVA, OCT or objective impression.   

• Correlate these levels with overall change in BCVA and OCT measurement.  

• Investigate changes of 12 pro-inflammatory cytokines in the aqueous of this 

clinical cohort. 

• Examine changes in inflammatory levels over the course of treatment, between 

responders and non-responders as determined by BCVA and OCT and objective 

impression. 

• Correlate cytokine levels with overall change in BCVA and OCT measurements. 
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4.2   Results 

4.2.1   Response to Bevacizumab in the clinical cohort.  

A recent study led by Prof. Campochiaro demonstrated that there was a significant 

increase in aqueous IL-18 following intravitreal injection of anti-VEGF in patients with 

macular oedema due to retinal vein occlusion, with higher IL-18 levels at baseline 

correlating with improved visual acuity post treatment (Shen et al., 2014). The levels of 

IL-18 in AMD eyes and alterations in these levels in response to anti-VEGF treatment 

remains unknown, for that purpose, we consented a cohort of treatment naïve men and 

women newly diagnosed with CNV secondary to AMD from the RVEEH and the Beacon 

Clinic. Power analysis was carried out to determine the sample size necessary to see an 

effect and 33 participants were enrolled into the study, demographic characteristics are 

summarised in Table 4.1. Prior to administering the first dose of Bevacizumab to our 

treatment naïve clinical cohort, blood and aqueous samples were collected to measure the 

baseline levels of IL-18. IL-18 levels were then grouped based on participant’s response 

to treatment as determined by BCVA (Figure 4.1A), OCT measurements (Figure 4.1B) 

and objective impression. Table 4.2 gives a record of the number of participants who 

improved or deteriorated post treatment determined by these measurements and shows a 

discrepancy between BCVA and OCT outcomes, highlighting inconsistency between 

these two outcomes for determining response. The mean change in visual acuity and 

central macular thickness is visualised in bar charts in figure 4.1 A and B, for visual acuity 

we see there is little change from pre to post treatment for patients altogether (Pre: 72.2 

±18.5, Post: 71.3 ±22.9) however, when broken down into response groups we find that 

the improved group have an average increase of over 5 letters (x̅ = 5.6 ±8) while the 

deteriorating group have a significant loss post treatment (x̅ = -12.2 ±14.6).  The average 

central macular thickness (CMT) for all patients decreases from pre to post treatment (x̅ 

= -55.5 ±75, p = <0.0001), which is influenced by the overall decrease in CMT seen in 

responders to treatment (x̅ = -75.7 ±66.5, p = <0.0001). There is an increase in CMT seen 

in the deteriorated group (x̅ = 36 ±25.7) which does not reach significance.  
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Table 4.1:  Characteristics of clinical cohort 

 

 

 

 

 

 

 

Table 4.2:  Measure of functional outcome 

 

 

 

  

Characteristics of Hospital cohort 
    
Variables Patients (n=33) 

Gender (M/F) 11/22 

Age (years) 77 ± 7 

BMI (kg/m
2
) 21.25 ± 1.40 

Smoker:    

Never 14 (42.4%) 

Past 10 (30.3%) 

Current 6 (18.2%) 

Unknown 3 (9.1%) 

Interval data presented as mean±SD, Categorical data presented as n (%).  
BMI: Body Mass Index.  

Measure of functional outcome. 
  Improved   Deteriorated 

Measurement  n (%)   n (%) 
BCVA 21 (64)   12 (36) 
OCT 27 (82)   6 (18) 

Objective Impression 27 (82)   6 (18) 
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Figure 4.1   Measure of functional outcome in a clinical neovascular cohort. Table 

2 outlines the number and percentage of patients who improved or deteriorated over 

the 12-week course of treatment with 1.25mg/0.05ml of Bevacizumab as determined 

by BCVA and OCT measurements. Changes in visual acuity score (A) or central 

macular thickness (B) was compared pre- and post-treatment for all patients then by 

those who had improved or deteriorated. Bar graphs show mean ±SEM analysed using 

Two-way ANOVA with Sidak’s multiple comparison test (**P < 0.01, ****P <0.0001, 

ns = not significant). 

A. 

B. 
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4.2.2   Plasma IL-18 in clinical AMD cohort 

Similar to what we found in the TILDA cohort there is no difference in plasma IL-18 

levels between age groups (Figure 4.2).  There was no significant difference in baseline 

plasma IL-18 concentration between responders and non-responders based on their 

BCVA measurement (Figure 4.3A), with a weak positive correlation between baseline 

plasma IL-18 concentration and BCVA measurement (Figure 4.3C). In contrast, it is very 

clear that those who responded to anti-VEGF treatment with reduced retinal 

thickness/oedema after the course of treatment, as measured by OCT, had significantly 

higher levels of plasma IL-18 at baseline than those patients that did not respond to 

treatment (Figure 4.3B). Furthermore, IL-18 levels strongly correlated with the overall 

change in OCT during the course of treatment (Figure 4.3D), with higher baseline plasma 

IL-18 correlating with a greater reduction in retinal thickness (Spearman r = -0.47, *p = 

0.01). 
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Figure 4.2. IL-18 concentration in plasma of clinical cohort. IL-18 levels were 

measured in plasma from 33 participants undergoing anti-VEGF treatment at baseline. 

Participants were grouped based on age with no significant difference between groups. 

Data analysed using Kruskal-Wallis test with Dunn’s multiple comparisons, Data 

presented using mean±SEM.(ns = not significant). 
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Figure 4.3 Plasma IL-18 and functional measurements in clinical cohort. 

Participants were grouped based on functional outcome measurements post treatment 

and found that there was no difference in baseline IL-18 levels between those who 

improved or deteriorated based on BCVA (A), however plasma IL-18 at baseline was 

significantly higher in those who had improved OCT measurement post treatment (B). 

Correlation analysis found no significant association with baseline IL-18 levels and 

overall change in BCVA (C), but higher levels of IL-18 at baseline correlated with a 

greater decrease in retinal thickness during treatment (P=0.01) (D). Data analysed using 

Mann-Whitney t-test between groups and Spearman’s rank correlation. Data presented 

using mean±SEM. (* p <0.005, ** p =<0.001, ns = not significant). 
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4.2.3   IL-18 in Aqueous Humour 

A previous study in non-human primates (NHP) (Doyle et al., 2015) indicates that 

administration of IL-18 by intravitreal injection reduces the numbers of grade 4 lesions, 

those that most closely resemble a human CNV, in a laser-induced model of wet AMD, 

however levels of endogenous IL-18 in the AMD eye are unreported. To investigate this, 

we measured the concentration of IL-18 in the aqueous of our clinical cohort. From 33 

participants we assayed aqueous IL-18 concentration 3 times over a 12-week period. One 

baseline sample and two further samples taken at six-week intervals immediately prior to 

intravitreal bevacizumab injection. When comparing concentrations of IL-18 in plasma 

with aqueous, we found that the levels of IL-18 were ~200-fold lower in aqueous, and as 

Figure 4.4 shows there is no correlation between IL-18 levels in the aqueous and plasma 

IL-18 (r = -0.25, p = 0.438). Despite this, we found that there was a significant increase 

in the levels of aqueous IL-18 between baseline measurements and week 12 (p = 0.01), 

with the incremental increase in IL-18 levels also significant from week 6 to week 12 (p 

= 0.02). It has previously been reported that anti-VEGF treatment for BRVO increases 

IL-18 in the aqueous (Shen et al., 2014), and here our data indicates a gradual increase in 

IL-18 levels over time in line with treatment of anti-VEGF for wet AMD (Figure 4.5A). 

During our study we also sampled aqueous harvested during 13 cataract surgeries as 

controls. Of note, we found that IL-18 levels were significantly higher in the cataract 

controls than in the aqueous of AMD patients at both baseline and Week 6 (Fig. 5B). This 

may be due to some inflammation in the cataract eyes, or it may be a limitation of the 

numbers of our cataract controls compared with our numbers for the AMD cohort. 
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Figure 4.4   Correlation of plasma and aqueous IL-18 levels at baseline in the clinical 

cohort. IL-18 levels were measured in the plasma and aqueous of 33 AMD cases at 

baseline. Data analysed by Spearman’s correlation with graph showing ‘r’ coefficient.  
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Figure 4.5 IL-18 concentration in aqueous humour of clinical cohort. IL-18 levels 

were measured in aqueous of 33 AMD cases at taken 6-week intervals (BL, W6, W12) 

and 13 cataract controls. Baseline and week 6 levels of IL-18 were significantly lower 

than cataract controls (A), with a significant change in aqueous IL-18 from baseline to 

week 12 and week 6 to week 12 (B). Data analysed using Kruskal-wallis test with Dunn’s 

multiple comparisons test. All data presented using mean±SEM. (*p = <0.05). 
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4.2.4   IL-18 and functional measurements 

We categorised the aqueous samples based on a patient’s response to bevacizumab using 

the three measures of function into cases that improved or deteriorated over the course of 

treatment. We found no significant difference in IL-18 levels overall between responders 

and non-responders. However, one striking difference observed between those who 

responded to treatment and those who did not was that IL-18 concentration in the aqueous 

rose significantly between baseline and week 12 for those who improved based on all 

methods of measurement; BCVA (p = 0.01)(Figure 4.6A), OCT (p = 0.01)(Figure 4.6B), 

and objective impression (p = 0.003)(Figure 4.6C) while improvers as measured by 

objective impression also saw a significant increase in IL-18 between week 6 and week 

12 (p = 0.02).  

We did not find a significant increase in IL-18 levels between baseline and week 12 for 

the BCVA, OCT or objective impression in those who did not respond to treatment, 

however we did find a significant increase in IL-18 levels from week 6 to week 12 for 

non-responders as determined by OCT (P=0.04), perhaps indicating a delayed or sub-

optimal response to anti-VEGF treatment.  

Correlation between overall change in BCVA or OCT over the course of treatment 

(ΔBCVA and ΔOCT) and log-transformed IL-18 levels at the 3 sampling stages were 

assessed. While those who had improved visual acuity after 12 weeks is denoted by a 

positive spearman ‘r’ coefficient, it should be noted that a positive response to treamtnet 

inducing a reduction in OCT with a reduction in CMT yields an inverse correlation, or 

negative spearman ‘r’ coefficient. In this analysis we found no significant association 

between IL-18 and change in BCVA (Table 4.3 and Figure 4.7 A-C) although we did see 

a positive correlation between IL-18 levels at week 12 and ΔBCVA (Spearman r = 

0.24)(Table 4.3 and Figure 4.7C). There was a moderate inverse correlation between IL-

18 at week 6 and ΔOCT (Spearman r = -0.40)(Table 4.4 and Figure 4.7B) where higher 

levels of IL-18 correlated with a greater reduction in retinal thickness, a trend that 

continues at week 12, albeit a weaker correlation (Spearman r = -0.25)(Table 4.4 and 

Figure 4.7C), however these did not reached significance. 
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Figure 4.6 IL-18 concentration in patients who improved or deteriorated after 

treatment. IL-18 was measured in samples taken during the course of anti-VEGF treatment 

and participants were grouped based on response. IL-18 was found to increase significantly 

between baseline and week 12 in participants who had improved BCVA (A), OCT (B) and 

Objective impression which also had a significant rise between week 6 and week 12 (C). 

Only those who did not respond as based on OCT measurement had a significant change in 

IL-18 levels during treatment. Data analysed by Two-way ANOVA with Tukey’s multiple 

comparison test. All data presented using mean±SEM. (*p = <0.05, **p = <0.01, ns = not 

significant). 
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Table 4.3 Correlation of ΔBCVA and IL-18 levels at baseline, week 6 and week 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Correlation of ΔBCVA and IL-18 at BL, W6 and W12. 

 BL W6 W12 

 Spearmann r (p Value) Spearmann r (p Value) Spearmann r (p Value) 

IL-18 -0.14 (0.67) -0.27 (0.41) 0.24 (0.29) 

Figure 4.7 Correlation between overall change in BCVA from pre- to post-treatment 

Correlation analysis of change in visual acuity (ΔBCVA) and IL-18 levels at baseline 

(n=11) (A), week 6 (n=11) (B) and week 12 (n=21) (C) in a clinical neovascular cohort. 

Data analysed using Spearman’s correlation with graphs showing ‘r’ coefficient.  
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Table 4.4 Correlation of ΔOCT and IL-18 levels at baseline, week 6 and week 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Correlation of ΔOCT and IL-18 at BL, W6 and W12. 

 BL W6 W12 

 Spearman r  (p Value) Spearman r  (p Value) Spearman r  (p Value) 

IL-18 0.29 (0.37) -0.40 (0.21) -0.25 (0.26) 

Figure 4.8 Correlation between overall change in OCT from pre- to post-

treatment. Correlation analysis of change in CMT (ΔOCT) and IL-18 levels at 

baseline (n=11) (A), week 6 (n=11) (B) and week 12 (n=21) (C) in a clinical 

neovascular cohort. Data analysed using Spearman’s correlation with graphs showing 

‘r’ coefficient.  
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4.2.5   Inflammatory profile in the aqueous humour of the clinical cohort 

 

To elucidate the changes in intraocular levels of cytokines in response to anti-VEGF 

Bevacizumab, a multiplex human inflammatory bead based system was utilized to 

measure 13 cytokines, including IL-18 as previously discussed, in the aqueous humor of 

the clinical neovascular cohort. Table 4.5 outlines the mean level of each cytokine 

detected at the three sampling stages. Similar to a previous study by Agawa et al (Agawa 

et al., 2014) we found an increase in intraocular inflammatory cytokines after intravitreal 

injection of Bevacizumab. This increase was only significant after the first 6 weeks for 

IL-23 (p = 0.04) and IL-33 (p = 0.02) however by week 12 IL-1β (p = 0.004), IFN-α (p = 

0.03), IFN-γ (p = 0.0001) , TNF-α (p = 0.01), MCP-1 (p = 0.009), IL-8 (p = 0.01), IL-

17A (p = 0.005), IL-18 (p = 0.009), along with  IL-23(p = 0.006)  and IL-33 (p = 0.009) 

had all increased significantly. While they did not reach significance  IL-6 and IL-10 also 

increased over the 12 weeks, only IL-12p70 remained unaltered by inhibition of VEGF  
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Mean cytokine concentration of AMD patients at Baseline, Week 6, Week 12. 

 Baseline  Week 6  Week 12 p Valueϯ p Valueϯ 

Cytokine  (pg/ml) ±SD   (pg/ml) ±SD   (pg/ml) ±SD BL vs W6 BL vs W12 

IL-1β 9.19 (1.18)  9.23 (1.73)  9.97 (1.39) 0.511 0.004 (**) 

IFN-α 2.43 (2.32)  3.56 (3.09)  4.52 (3.96) 0.177 0.036 (*) 

IFN-γ 24.41 (30.82)  29.65 (25.93)  42.32 (29.31) 0.324 0.000 (***) 

TNF-α 2.78 (3.60)  3.70 (3.60)  4.61 (3.54) 0.100 0.010 (*) 

MCP-1 201.95 (123.5)  221.73 (174.44)  260.51 (137.72) 0.685 0.009 (**) 

IL-6 2.84 (4.68)  3.22 (3.81)  6.58 (10.3) 0.541 0.073 

IL-8 2.5 (4.72)  2.93 (4.37)  4.43 (5.54) 0.753 0.010 (*) 

IL-10 1.88 (3.50)  2.84 (3.99)  3.47 (3.67) 0.084 0.063 

IL-12p70 1.07 (1.90)  0.85 (1.54)  0.94 (1.85) 0.890 0.898 

IL-17A 45.92 (52.25)  49.98 (40.60)  69.28 (47.05) 0.254 0.005 (**) 

IL-18 0.75 (1.09)  0.77 (1.19)  1.46 (1.25) 0.978 0.009 (**) 

IL-23 3.57 (4.37)  5.58 (5.32)  7.10 (6.44) 0.042 (*) 0.006 (**) 

IL-33 27.94 (50.39)  46.52 (64.33)  54.52 (62.69) 0.026 (*) 0.009 (**) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.5:  Mean cytokine concentration of AMD patients at baseline, week 6 and week 

12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



129 
 

 

4.2.6   Aqueous cytokines levels in AMD participants compared to Cataract controls 

 

Next, we were curious to know how baseline levels of our cytokines compared to those 

of cataract patients. We analysed the mean cytokine concentration of our 33 AMD patients 

and compared them with 13 cataract controls, outlined in Table 4.6. We found that several 

pro-inflammatory cytokines were significantly lower in our AMD group than cataract 

controls. Only MCP-1, IL-8 and IL-12p70 were comparable between the two groups.  
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 Cytokine levels in AMD vs Cataract controls 

 Cataract   AMD  

Cytokine pg/ml  (±SD) pg/ml  (±SD) P Value 

IL-1b 10.25 (1.32) 9.19 (1.18) 0.018 (*) 

IFN-A 5.19 (3.63) 2.42 (2.32) 0.003 (**) 

IFN-Y 43.52 (22.26) 24.41 (30.84) 0.005 (**) 

TNF-A 6.31 (5.19) 2.77 (3.57) 0.006 (**) 

MCP-1 246 (182.4) 202 (123.5) 0.345 

IL-6 39.14 (67.44) 2.84 (4.68) 0.000 (***) 

IL-8 7.52 (10.31) 2.53 (4.72) 0.170 

IL-10 2.55 (2.34) 1.87 (3.50) 0.045 (*) 

IL-12p70 1.82 (2.42) 1.07 (1.90) 0.274 

IL-17A 75.45 (33.59) 45.92 (52.25) 0.01 (**) 

IL-18 2.00 (2.19) 0.75 (1.09) 0.039 (*) 

IL-23 7.85 (4.41) 3.57 (4.37) 0.003 (**) 

IL-33 53.65 (51.58) 27.94 (50.39) 0.044 (*) 

 

Table 4.6:  Mean cytokine concentration in Cataract controls compared with AMD 

patients at baseline. 
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4.2.7   Functional outcome and cytokine levels  

 

To investigate if there were differences in cytokines levels between those who did or 

didn’t reponded to treatment, we categorised patients by their functional outcome 

measurements post treatment while matching samples through treatment. Figure 4.9 

shows levels for the 12 cytokines at baseline, week 6 and week 12 for those who had 

improved or deteriorating BCVA after treatment course. We found that IFN-γ and IL-17A 

were the only cytokines that had a significant difference in levels at baseline between 

responders and non responders (IFN-γ, p = 0.047); IL-17A, p = 0.009). When examing 

changes in levels over the course of treatment within each response group, we found that 

those who improved had a signficant increase between baseline and week 12 for IFN-γ (p 

= 0.04), TNF-α (p = 0.01), IL-6 (p = 0.03), IL-8 (p = 0.02), IL-17A (p = 0.006) and IL-23 

(p = 0.02). IL-6 also had a significant change between week 6 and week 12 (p = 0.04) 

(Figure 4.9F).  

 

Next, we grouped aqueous cytokine levels by OCT measurement, with those who 

improved having a reduction in CMT while those who deteriorated having increased CMT 

post treatment (Figure 4.10). We found the only difference between response groups was 

for the inflammatory mediator and chemotatic factor IL-8. For this cytokine we found a 

significant difference in levels at week 12 between those who had improved or 

deteriorated OCT measurement; with those who had increased CMT having significantly 

higher levels of IL-8 (p = 0.04)(Figure 4.10G). This group also had increased IL-8 

between baseline and week 12 (p = 0.04) with a highly significant increase between week 

6 and 12 (p = 0.0007), not seen in those who improved. 

 

Improved OCT was associated with increased levels of IL-1β (p = 0.03), IFN-γ (p = 

0.004), TNF-α (p = 0.03) and IL-23 (p = 0.01), between baseline and week 12, with no 

significant change found between baseline and week 6, or week 6 and week 12. However 

for IL-1β (p = 0.001) and IL-23 (p = 0.04) a significant increase was found in those who 

deteriorated only between week 6 and 12. Increases between week 6 and 12 was also 

found for MCP-1 (p = 0.007), IL-6 (p = 0.02) and IL-17A (p = 0.03) in those who had 

increased CMT, not observed in those who improved, suggesting a delay response to 

treatment may be a feature in participants who have persistant macular oedema.  
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The objective impression, which is response to treatment determined by the consultanting 

ophthalmic surgeon after consideration of the functional and anatomical outcomes of the 

patient post treatment, was used to categorise aqueous cytokine levels shown in Figure 

4.11. Here we found no significant variation in levels between those who responded to 

treatment and those who deteriorated. Similar to both the BCVA and OCT results, we 

found that IFNγ (p = 0.004), TNF-α (p = 0.01) and IL-23 (p = 0.01) had a signficant 

increase between baseline and week 12 for those who improved post treatment. Like those 

with improved visual acuity, patients determined improved by objective impression had 

an increase in IL-8 between baseline and week 12 (p = 0.02), while IL-1β had increases 

between baseline and week 12 for improvers (p = 0.03) and a significant increase between 

week 6 and week 12 (p = 0.003) in those who deteriorated,  similar to the OCT result.  

 

While increases in a number of these cytokines vary in their association with improvment 

or deterioration of either BCVA or OCT, for IFN-α, IL-10 and IL-12p70, we found no 

significant change in levels between response groups or within samples associated with 

either category.  
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Figure 4.9 Levels of Inflammatory cytokines in patients who had improved or 

deteriorated BCVA post treatment. Patients were grouped by change in visual acuity 

over the 12-week course of treatment measured by the gain or loss of letters on an ETDR 

chart. Data represents the level of inflammatory cytokines measured in aqueous samples 

collected at six-week intervals. Data presented as mean±SEM, analysed using Two-way 

ANOVA with Tukey’s multiple comparison test for matched samples within each group 

and Sidak’s multiple comparison between groups. All graphs show mean±SEM (*p = 

<0.05, **p = <0.01, ns = not significant). 
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Figure 4.10 Levels of Inflammatory cytokines in patients who had improved or 

deteriorated OCT post treatment. Patients are grouped by measuring change in central 

macular thickness (CMT) after 12-weeks on anti-VEGF therapy. ‘Improved’ patients had 

a reduction in CMT while ‘Deteriorated’ had increased macular oedema. For both groups 

levels of inflammatory cytokines were measured in aqueous samples collected at six-week 

intervals. Data presented as mean±SEM and analysed using Two-way ANOVA with 

Tukey’s multiple comparison test for matched samples within each group and Sidak’s 

multiple comparison between groups. All graphs show mean±SEM (*p = <0.05, **p = 

<0.01, ***p = <0.001 ns = not significant). 
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Figure 4.11 Levels of Inflammatory cytokines in patients who improved or 

deteriorated post treatment as based on objective impression. Patients were 

categorised as ‘Improved’ or ‘Deteriorated’ as determined by the consulting ophthalmic 

surgeon based on observations of the anatomical structure of the eye, along with BCVA 

and OCT measurements.  For both groups levels of inflammatory cytokines were 

measured in aqueous samples collected at six-week intervals. Data presented as 

mean±SEM and analysed using Two-way ANOVA with Tukey’s multiple comparison test 

for matched samples within each group and Sidak’s multiple comparison between groups. 

All graphs show mean±SEM (*p = <0.05, **p = <0.01, ns = not significant). 
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4.2.8   Correlation analysis 

 

Identifying predictors and biomarkers of a patients response to anti-VEGF therapy is a 

continual source of investigation (Hillier et al., 2018; Mastropasqua et al., 2018). We were 

interested to see if any association could be found between the inflammatory cytokine 

levels and the overall change in BCVA or OCT after treatment. Using Spearman’s 

correlation analysis, we found that several pro-inflammatory cytokines at baseline were 

strongly associated with poor visual outcome summarised in Table 4.7, in particular levels 

of IL-17A (r = -0.62, p = 0.000), IFN-α (r = -0.61, p = 0.00) and IFN-γ (r = -0.58, p = 

0.00) at baseline were significantly associated with poorer outcome and maintain their 

strong inverse correlation with BCVA for each subsequent timepoint. TNF-α is also 

highly associated with reduced visual acuity at baseline (r = -0.58, p = 0.00) but this 

gradually decreases at subsequent timepoints, while IL-1β has no association with visual 

acuity at baseline, but increasing levels at week 6 and week 12 correlate with worse visual 

outcome and by week 12 we find a moderate and significant correlation. IL-6 appears to 

have a strong correlation at week 6, but this is gone by week 12.  

 

In contrast, we found that no cytokines were significantly correlated with change in OCT 

at baseline (Table 4.8). As mentioned previously, the overall change in OCT (ΔOCT) is 

negative in those who improved, indicating a reduction in CMT.  By week 6, we found 

that increasing levels of  IL-1β (r = -0.37, p = 0.03), IFN-α (r = -0.40, p = 0.03) and IL-

17A (r = -0.44,  p = 0.01) were all inversely associated with ΔOCT, which would suggest 

that increasing levels were predictive of an overall reduction of CMT. However, none of 

these cytokines maintained this association by week 12. Interestingly, by week 12 the only 

significant correlation we found was a positivie correlation between IL-8 and increasing 

CMT (r = 0.55, p = 0.02). IL-6 was also found to be positively correlated with increasing 

CMT, which trends towards significance (r 0.45, p = 0.06).  
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Table 4.7 Heat map summarising spearman correlation analysis of ΔBCVA with all 

cytokine levels at baseline, week 6 and week 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.8 Heat map summarising spearman correlation analysis of ΔOCT with all 

cytokine levels at baseline, week 6 and week 12. 
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4.3   Discussion 

 

The micro-environment within the eye is highly regulated to protect against the potentially 

damaging effects of a strong immunological response. This ‘immune privilege’ is 

managed by the blood-retina barrier which regulates access of blood borne cells and 

molecule into the eye, and expression of immunosuppressive proteins (Streilein, 1997). 

The presence of these regulatory systems would suggest that the cytokine profile found 

systemically may not reflect the profile contained locally within the eye, this was 

confirmed by correlation analysis showing that IL-18 levels in patient’s plasma and 

aqueous at baseline were not found to correlate, and for this reason it was important for 

us to utilise a hospital cohort of AMD patients to investigate intra-ocular levels of IL-18. 

Taking a blood sample prior to any interventional treatment allowed us to measure 

systemic IL-18 in this cohort, which we found to be comparable to levels within the 

TILDA population, and when compared with corresponding aqueous samples, we found 

that IL-18 concentrations were over 200-fold lower in the aqueous. Interestingly, 

correlation analysis of plasma and aqueous IL-18 levels at baseline showed little 

correlation, indicating to us that systemic levels may not mirror local levels, reaffirming 

the decision to further deduce IL-18’s role in nvAMD by examining levels within the eye. 

Similar to the TILDA cohort we found that plasma IL-18 in our hospital patients did not 

change with increasing age, however we found a strong correlation between high IL-18 

at baseline with an increased reduction in central macular thickness (CMT) post anti-

VEGF treatment. This is interesting as choroidal neovascularisation can disrupt the blood 

retinal barrier, allowing infiltration of inflammatory cells and cytokines from the 

periphery, suggesting that higher levels of systemic IL-18 prior to anti-VEGF therapy 

may be beneficial in resolving macular oedema.  

The use of intravitreal anti-VEGF is the standard of care for those with neovascular AMD 

and Diabetic Macular Edema (DME), and while several studies have reported its efficacy 

in improving visual acuity and resolving macular oedema, response to treatment is not 

consistent between patients, with up to 40% of DME patients having persistent macular 

oedema and a loss of visual acuity found in 15-25% of AMD patients (S. B. Bressler et 

al., 2016). Determining response to treatment can vary between studies, based on clinical 

parameters investigated. In our cohort 36% of participants had a deterioration in BCVA 

over the 12 weeks,  this is higher than the 15-25% range reported in other studies that use 
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any reduction in BCVA to determine  non-response (A. Lux, H. Llacer, F. M. A. Heussen, 

& A. M. Joussen, 2007; Rich et al., 2006).  However more recent studies use a 

combination of functional and anatomical measurements when determining loss, such as 

a loss of VA combined with no reduction in CMT. When using these parameters we find 

that only 6% of our patients have not responded to treatment, lower than the 10-17% 

found in the literature, suggesting that overall our cohort responded well to intravitreal 

Bevacizumab, with some improvement anatomically, if not functionally (Krebs, 

Glittenberg, et al., 2013a; Otsuji et al., 2013; Turgut, 2013). 

In comparison to the MANTA, CATT and MARINA study groups, where an increase in 

visual acuity was observed in the first three months of treatment, we do not find a 

significant increase in visual acuity overall between baseline and 3 months in our cohort. 

As figure 4.1A highlights, the VAS minorly decreases due to the significant loss in letters 

in our deteriorating group. We found that those who responded with improved visual 

acuity on average gained 5.6 letters following bevacizumab treatment, which is 

comparable with the gains found in the first three months of the MARINA (5.9 letters), 

CATT (4.3 and 3.6 letters for  bevacizumab and ranibizumab respectively), and MANTA 

(~5.5 letters) (Krebs, Schmetterer, et al., 2013; Martin et al., 2011; Rosenfeld et al., 2006). 

Primary or secondary outcomes of these studies are concerned with the proportion of 

participants who had a meaningful gain or loss in visual acuity (VA) of 15 or more letters. 

We found overall that the majority of participants in our cohort had changes in VA within 

15 letters (84%), higher than the 75% observed in the CATT study. However, the 

proportion which lost ≥15 letters within 12 weeks (9%) was higher than what was 

observed in the CATT study (5%), while the percentage of participants who had a 

meaningful gain in VA of ≥15 letters was significantly lower in our cohort (6%) than what 

was previously observed in the CATT study (21%), which further highlighting the 

difference in outcome observed between RCTs and the clinical setting (Martin et al., 

2011).  

In this study we found that IL-18 concentration increased significantly during the course 

of anti-VEGF treatments supporting previous studies showing the reciprocal nature of IL-

18 and VEGF (S. Cao et al., 2013; H. Qiao et al., 2007).  This result was significant for 

all measurements taken, indicating a possible role for IL-18 in the resolution of intraocular 

fluid caused by neovascularisation. However, the levels are not significantly different 

between the improved or deteriorated group by week 12, this suggests that there is 
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possibly a ceiling effect regarding the amount of IL-18 induced following VEGF 

inhibition, and perhaps it is  not the concentration of IL-18 present by week 12 that 

determines patient outcome but the increasing nature of the levels during the intervening 

weeks. In those who respond to treatment early as measured by OCT at 6 weeks, there is 

a correlation between higher levels of IL-18 and reduction in CMT that almost reaches 

significance. This correlation is weaker at week 12. This may be due to the fact that IL-

18 levels for the deteriorating group only start to increase at this point. Whether this 

delayed response would have produced a similar reduction in CMT over the following six 

weeks remains to be determined.  

While improving or maintaining visual acuity is of paramount concern when determining 

anti-VEGF response, this study shows that BCVA is not a true reflection on the eye’s 

response to treatment, at least in relation to fluid reduction. Based on the BCVA 

measurement only 64% of patients improved after the 12-week course, but this is 

increased to 82% based on OCT measurements. The objective impression which factors 

in BCVA and OCT as well as other features such as eye anatomy and the clinician’s 

overall determination, also has an 82% improvement rate, mirroring the OCT result.  

Many studies have investigated changes in the aqueous cytokine profile in response to 

anti-VEGF monotherapy when treating nvAMD (Agawa et al., 2014; Sato, Takeuchi, 

Karasawa, Enoki, & Ito, 2018), and diabetic macular oedema, (Forooghian, Kertes, Eng, 

Agrón, & Chew, 2010). While these studies and others have focused on examining 

differences between nvAMD subtypes; changes pre/post a single injection of an anti-

VEGF therapeutic; or examining associations with BCVA or retinal thickness pre and/or 

post treatment. The current study provides longitudinal data on how the local cytokine 

profile changes in response to Bevacizumab therapy during the initial ‘loading dose’ 

phase of treatment from baseline to week 12,  following 2 injections with 6-week intervals 

in a treatment naϊve cohort. Furthermore, we investigate changes in the levels of 13 

cytokines from baseline to weeks 6 and 12, which is then stratified by patient outcome as 

measured both BCVA and OCT. Uniquely, we correlate the cytokine levels to the overall 

change in these functional measurements between BL and week 12, thereby capturing 

subtle associations with degree of change, a factor which can be lost in univariate analysis 

between responders and non-responders.   
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In this study we found that several pro-inflammatory cytokines were significantly lower 

than cataract patients at baseline prior to anti-VEGF treatment. Reasons for this may be 

due to the number of samples in our control group, or possibly due to local inflammation 

in the cataract eyes at the time of sampling. However, IL-6 which was strongly suppressed 

in our nvAMD group at baseline, has been found to be low in other nvAMD cohorts when 

compared to cataract controls (Agawa et al., 2014; Sato, Takeuchi, Karasawa, Takayama, 

& Enoki, 2019). Meanwhile, MCP-1, IL-8 and IL-12p70 were not observed to be 

significantly reduced between cataract and AMD patients. Both MCP-1 and IL-8 have 

been implicated in neovascular AMD development through orchestrating the infiltration 

and activation of neutrophils, monocytes and macrophage, and found to also be 

upregulated in the aqueous of patient with macular oedema second to branch retinal vein 

occlusion (Fonollosa et al., 2010). Understanding that numerous factors can be associated 

with cataract development, brings into question their use as ‘healthy’ controls. Risk 

factors for cataract include chronic inflammation and metabolic disorders, so while 

aqueous from these patients may control for natural age-related changes observed in the 

eye, they may not be entirely suitable as controls for assessing intraocular cytokine levels.   

By grouping patients based on outcome, and analysing changes in cytokine levels over 12 

weeks, we identified cytokines that rise significantly in patients who responded to 

treatment. Specifically, IFN-γ, TNF-α and IL-23, consistently increased in the three 

parameters examined. Looking at the BCVA measurement in isolation, IFN-γ, TNF-α, 

IL-6, IL-8, IL-17A and IL-23 were found to increase significantly in patients who had 

good visual outcome following treatment. This may seem counter-intuitive, as the 

presence of proinflammatory cytokines has been implicated in AMD pathology 

(Kauppinen et al., 2016). However, other studies have also observed increased 

inflammatory cytokines, particularly IL-6, IL-8, and MCP-1, after administering 

Bevacizumab to treat DME and nvAMD. IL-6 and IL-8 have been observed to induce 

vascular permeability in RA and cancer by destabilization of VE-Cadherin, while also 

inducing VEGF expression, suggesting that increases in these cytokines could be a 

compensatory measure in response to anti-VEGF neutralization  (Aragon-Sanabria et al., 

2017; Forooghian et al., 2010; Kayakabe et al., 2012).  

Importantly however, we found patients with deteriorating BCVA after 12 weeks had 

significantly higher IFN-γ and IL-17A levels at baseline compared with those who 

demonstrated improved BCVA. Furthermore, these levels persist during treatment, 
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indicating chronic inflammation may be a feature in this group. Taken together, this data 

indicate that it may be important to have low levels of these cytokines at baseline, to allow 

for a rise during treatment to be tolerated. This concept is supported by our correlation 

analysis which finds an inverse correlation between high IFN- α, IFN-γ, TNF-α, IL-12p70 

and IL-17A levels, particularly at baseline, and an overall reduction in BCVA indicating 

that high levels of these cytokines are associated with worse outcome.  

We found a similar effect with our OCT measurement, where we observe increases in 

several proinflammatory cytokines during treatment in participants who improve as 

determined by a decrease in CMT.  We do not find any association between high baseline 

cytokine levels and reduction in CMT. By week 6 there is a moderate inverse correlation 

between higher levels of IL-1β, IFN-α and IL-17A levels and reduced CMT however this 

is transient and is lost by week 12. In fact, IL-8, which we found is significantly higher in 

participants who had poorer outcome post-treatment, was the only cytokine to show a 

positive correlation between high cytokine levels and increased CMT at week 12 (i.e. 

poorer outcome).  

It was not surprising to find increasing levels of IL-8 and IL-6 strongly correlated with 

macular oedema, as this data is in line with previous studies that have implicated both 

these cytokines in persistent DME and increased CMT (Roh, Kim, Song, Lim, & Kwon, 

2009; Yenihayat et al., 2019).  Meanwhile, the change in macular oedema in response to 

VEGF neutralisation was found to have little correlation with increasing levels of any of 

the other 11 pro-inflammatory cytokines. This was interesting as many studies assessing 

the pro-inflammatory milieu in patients with AMD, RVO and DR have found associations 

with several of these cytokines including MCP-1, TNF-α, and IL-17A and the presence 

of macular oedema. While high levels may be observed in the aqueous of patients with 

these conditions,  this data suggests that when undergoing anti-VEGF therapy, they may 

not be useful indicators of treatment outcome.  

Changes in intraocular inflammatory cytokines in response to Aflibercept, Bevacizumab 

or Ranibizumab have highlighted the delicate interplay between VEGF and these 

cytokines and naturally, inconsistencies between studies have been reported with both 

increases and decreases in cytokines observed in response to neutralising VEGF 

(Forooghian et al., 2010; Lim et al., 2018). This indicates that VEGF-independent 

mechanisms of proinflammatory cytokines induction are also at play in these conditions, 
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which could explain the apparent resistance to treatment observed in a proportion of 

patients. In the context of RA, elevated IL-18 is associated with increased inflammation 

of the joint. This is mediated by direct activation of endothelial cells to express adhesion 

molecules, facilitating the recruitment of leukocytes into the synovial tissue. However, 

we did not observe a similar association within the eye. In fact, increasing IL-18 had the 

strongest correlation with reduced macular oedema of all cytokines examined. This data 

further emphasising the tissue dependent qualities of IL-18 and shows that further 

investigation into the effect of IL-18 directly on retinal endothelial cells is warranted.  
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Chapter 5 

 
Characterisation of IL-18 and IL-1α regulation of 

angiogenic processes and permeability in 

endothelial cells. 
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5.1   Introduction 

 

In previous chapters, we explored the relationship between AMD status and progression 

with IL-18 levels systemically and locally within the eye, in a large prospective cohort 

and a clinical cohort of AMD patients. In these two studies we found that reduced levels 

of systemic IL-18 associated with AMD progression over a four year period, and 

specifically this reduction was found in a sub-set of “Early Severe”  AMD cases, who are 

most at risk for the development of late stage disease. We also found that increasing 

systemic IL-18 correlated with reducted macular oedema our clinical cohort, with 

significant increases of aqueous IL-18 levels in response to anti-VEGF therapy, 

associating with patients who had improved BCVA and OCT over a 12 week period. The 

data is suggestive of an inverse relationship with AMD severity and progression and IL-

18. This builds on previous work by our lab that found that IL-18 had a protective role in 

a mouse model of AMD, where systemic administration of IL-18 could reduce CNV 

lesion size when administered alone 2 weeks prior to the laser burn or when administered 

systemically in conjuction with intra-ocular anti-VEGF (Doyle et al., 2014). Independent 

published literature also indicates a reciprocal relationship between IL-18 and VEGF 

expression in the eye (Shen et al., 2014). 

 

This led us to question the underlying mechanisms by which IL-18 exerts this anti-

permeability and pro-resolution effect on CNV lesions and macular oedema. Using a 

primary human retinal endothelial cell line we examined IL-18’s direct effect on 

endothelial cell in models of angiogenesis and wound healing, comparing them to IL-1α, 

another member of the IL1 family of cytokines, whos role as a mediator in angiogenic 

processes and permeability has been investigated but to a lesser extent than its homolog 

IL-1β.  

 

Breakdown of the BRB has been directly associated in the pathophysiological process of 

macluar oedema (S. Scholl, Kirchhof, & Augustin, 2010). Furthermore, a study by Qiao 

et al, found abnormal retinal vascular development in IL-18 KO-/- mice, where retinas 

showed angiectasis and vascular leakage beginning at postnatal day 7, a feature not see in 

WT mice (Hong Qiao et al., 2004)  Since IL-18 was associated with resolution of macular 

oedema in our clinical cohort of AMD patients we were curious to investigate it’s role in 

maintaining barrier integrity by examining changes in tight junction expression and 
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barrier permeability. A previous study by Shen et al. found that intravitreal injection of  

IL-18 in a mouse model of ischemic retinopathy could rescue the effects of VEGF induced 

down regulation of the tight juction proteins Claudin-5, ZO-1 and occludin in vivo (Shen 

et al., 2014)  

 

5.1.1   Angiogenesis  

Angiogenic sprouting is a multistep process. In mature vessels, endothelial cells are 

quiescent with a low proliferative rate,  however they respond quickly to external growth 

factors, becoming activated to begin angiogenesis. In the retina VEGF-A which is 

primarily produced by the RPE and photoreceptors can be upregulated in hypoxic tissue. 

Endothelial cells migrate towards this VEGF gradient adopting distinct cellular 

phenotypes in response. Leading new vessel formation are ‘tip’ cells, followed by highly 

proliferative ‘stalk’ cells which support vessel elongation. The differentiation into tip and 

stalk phenotypes is supported by the Notch/Dll4 signalling pathway an evolutionary 

conserved, contact-dependant, cell-to-cell communication mechanism, essential during 

development for the differential fate decisions between neighbouring cells. From this 

family, both Notch-1 and Notch-4 are predominantly expressed in endothelium, as are the 

ligands Dll1, Dll4 and Jag1. 

Sprouting of new vessels involved not only proliferation but migration of endothelial 

cells. This requires breakdown of the ECM, a 3-dimensional network of interweaving 

fibrous proteins and proteoglycans such as fibronectin, vitronectin, collagen and laminin, 

which  form an adhesive substrate for cells to adhere to and provide structural integrity 

for vessels. During the initiation of sprouting, there is increased expression and secretion 

of proteolytic enzymes such as matrix metalloproteinases (MMPs) which are necessary 

for degradation of the endothelium basement membrane and ECM. Neovascular disorders 

of the eye are often accompanied by upregulation of these MMPs, particularly MMP-2 

and MMP-9 in the neovascular membranes of patients with CNV or proliferative diabetic 

retinopathy (Lambert et al., 2003; Rodrigues et al., 2013). 

Migration of endothelial cells requires interactions between endothelial cells and ECM, 

mediated by the integrin family of ECM receptors. Integrins are transmembrane 

heterodimeric glycoproteins comprised of α and β subunits. In humans there are at least 

18 α subunits and 8 β subunits generating a total of 24 heterodimers. In normal human 
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retina and choroid blood vessels the presence of several integrin subunits (β1, β2, β3, α2, 

α3, α4, α5, α6, and αv) have been identified. Immunostaining of exercised CNV 

membranes have found dynamic expression patterns of integrin heterodimers avβ3, α1β1, 

α2β1, α5β1 co-localising with endothelial cells in active CNV membranes associated with 

vessel invasion and progression (Cui et al., 2009) 

Ligation of integrins with the ECM can induce receptor clustering in focal adhesion 

complexes on the cell surface and subsequent intracellular signalling. Integrins, unlike 

growth factor receptors, have no intrinsic enzymatic or kinase activities, therefore focal 

adhesion complexes activate downstream signalling through adaptor proteins and kinases 

such as focal adhesion kinase (FAK) and Src adaptor protein Shc, as well as actin-binding 

cytoskeletal proteins talin, α-actinin, pallin, tensin and vinculin amongst others. FAK 

activation is an important event and mediates induction of several signalling pathways 

such as the extracellular signal-regulated kinase 2 (ERK2) and MAPK pathways, 

promotes maturation of focal contacts whilst also mediating their disassembly through 

activation of extracellular proteases such as calpain and MMPs. FAK-Src signalling also 

plays the integral role in activation of small GTPases. The Ras-homolog (Rho) family of 

small GTPases comprise of 20 members, although the most extensively studied are the 3 

canonical members RhoA, Rac1 and Cdc42. Active Rho-GTPases  can associate with a 

large number of effector targets in its role regulating a multitude of cellular functions, 

including growth, differentiation and migration. and their coordinated changes of actin 

cytoskeleton, together regulating cellular adhesion and migration (Elner & Elner, 1996; 

S. Liu, Calderwood, & Ginsberg, 2000; Mitra, Hanson, & Schlaepfer, 2005; Takada, Ye, 

& Simon, 2007). 

Following growth and expansion, vessel maturation and stabilization is initiated through 

the recruitment of mural cells, such as pericytes, and generation of the ECM. The process 

is mediated through the PDGF/PDGFRβ, Angiopoietin/Tie2 pathways. The homotypic 

and heterotypic junctions formed between endothelial cells facilitate cell-to-cell 

communication and regulation of vessel permeability, with recruitment of the TJs 

occludin, claudins and zona occludens maintain barrier integrity by ensuring a tight and 

highly selective barrier observed in retinal capillaries (Jain, 2003). 
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5.1.2   IL-1α 

IL-1α is member of the IL-1 family of cytokines, first reported in 1974 along with IL-1β, 

as acidic pyrogens that could be purified from monocytes and neutrophils and having 

similar potencies in increasing body temperature in rabbits (C. A. Dinarello et al., 1974). 

Further investigation into the molecular properties of IL-1α and β revealed numerous 

similarities between the two cytokines, both are synthesized as precursor proteins with 

molecular weights around 31 kDa, both signal through the IL-1 receptor1 (IL-1R1) and 

both are capable of inducing similar biological responses. However there are notable 

differences, while IL-1β requires cleavage of its proform into the 17kDa mature form to 

be biologically active as a ligand for IL-1R1, both pro and mature forms of IL-1α are 

capable of binding to IL-1R1 and initiating a signalling cascade (Mosley et al., 1987).  

Another major discrepancy is their expression pattern, while it’s well established that IL-

1β is absent under baseline conditions and becomes highly expressed in cells of a 

hematopoietic origin in response to inflammatory stimuli, IL-1α is constitutively 

expressed in many cell types including lung, liver, epithelial and endothelial cells.  

IL-1α is considered a dual function cytokine, its precursor form contains a nuclear 

localisation sequence and in response to pro-inflammatory stimuli, pro-IL-1α is capable 

of translocation to the nucleus to initiate transcription of NFκB and AP-1 dependent 

genes, while  also capable of binding to the outer cell membrane, to act as a ligand to  

initiate signal transduction through IL-1R1 (Cheng et al., 2008; Kurt-Jones, Beller, Mizel, 

& Unanue, 1985; Werman et al., 2004). This duality is tightly regulated, while IL-1α 

shuffling to the nucleus in response to endotoxin initiates a pro-inflammatory phenotype, 

in response to pro-apoptotic signals IL-1α becomes tightly bound to chromatin and is 

retained within apoptotic bodies, thereby inhibiting its pro-inflammatory function (Cohen 

et al., 2010).  

In response to necrotic signals, IL-1α is released with other cell components where it acts 

as a DAMP to initiate activation of inflammation within the immediate area, in an IL-1R1 

dependent manner. This function defines IL-1α as a key ‘alarmin’ within the local 

environment during host injury and tissue damage, and sterile inflammation (Berda-

Haddad et al., 2011; Rider et al., 2011) .  
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5.1.3   Objectives 

The overall objective of this study was to characterise the direct effect of IL-18 and IL-

1α on endothelial cells, this was carried out through the following aims: 

• To analyse markers of endothelial cell activation in response to IL-18/IL-1α. 

• To determine the role of IL-18 and IL-1α in the angiogenic process. 

• Investigate how IL-18 and IL-1α affect barrier integrity through tight junction 

expression and barrier permeability assays. 

 

 

 

 

  



150 
 

5.2   Results 

 

5.2.1   IL-18 and IL-1α receptors expression on HRMECs 

 

To investigate the signalling pathways in endothelial cells and downstream effects on 

angiogenessis and peremability as a result of direct  IL-18 and IL-1α stimulation, we 

utilized a primary human retinal microvascular endothelial cell line (HRMECs). We 

initally wanted to check if these cells were able to respond to IL-18 and IL-1α stimulation 

by measuring expression levels of their respective receptors. We found measurable but 

low level expression of each receptor and their accompaning accessory proteins in 

HRMECs. For IL-18R (IL-18Rα), IL-18RacP (IL-18β) and IL-1R, Ct values were 31.5, 

31.1 and 31.2, repectively, with higher expression of IL-1RacP, Ct = 26.9 found basally. 

For comparison β-actin has a Ct value of 16.4 in these cells.  

Cell monolayers were treated with IL-18 (50ng/ml) or IL-1α (10ng/ml) for 6, 12 or 24 

hours and receptor expression levels were assessed. We found that levels of IL-18R 

(Figure 5.1 A) increased signficantly over no treatment controls following both IL-18 and  

IL-1α treatment, however IL-1α induced upregulation of IL-18R was significantly higher 

than IL-18 induced upregulation of IL-18R. IL-1α also induced significant upregulation 

of IL-18RacP at 6 hours over no treatment (p = 0.001) and IL-18 induced expression (p = 

0.001) (Figure 5.1 B). IL-1R expression was increased following stimulation with IL-18 

and IL-1α, although not to the degree found with IL-18R. Again, we found that IL-1α 

induced significant increased in IL-1R expression over IL-18 treated cells after 6 hours (p 

= 0.0003) and  at 6 (p = <0.0001) and 12 hours (p = 0.003) over no treatment, return to 

basal levels by 24 hours (Figure 5.1 C). Interestingly, IL-1α treatment seems to induce 

delayed upregulation of the IL-1R accessory protein (Figure 5.1 D), with an increase 

found over no treatment and IL-18 treated cells at 12 and 24 hour timepoints (p = <0.0001 

for each comparison) while there is no notable change between levels at 6 hours. Data 

suggests that IL-1α is a potent inducer of IL-18 and IL-1 receptors and their accessory 

proteins in endothelial cells in contrast to IL-18 which can induce upregulation of IL-18R 

and IL-1R expression but it appears to have little affect on inducing upregulation of either 

receptor accessory protein over basal levels.  
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Figure 5.1 Expression of IL-18 and IL-1 receptors on HRMECs. HRMECs were 

treated with IL-18 (50ng/ml) or IL-1α (10ng/ml) for 6, 12 or 24 hours and levels of 

IL-18R (A), IL-18RAcP (B), IL-1R (C) and IL-1RAcP (D) were assessed by 

quantitative RT-PCR. Experiments were carried out in triplicate and data presented as 

mean ±SEM of two separate experiments. Analysed using 2way ANOVA with 

Tukey’s multiple comparison test. (* p <0.05, ** p <0.01, ***  p <0.001, **** p 

<0.0001).  
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5.2.2   IL-18 and IL-1α bioactivity in HRMECs in vitro 

 

During wound healing and inflammation, pro-inflammatory cytokines act on nearby 

endothelial cells to stimulate upregulation of vascular adhesion molecules and selectins 

to assist in the transendothelial migration of circulating leukocytes through the vessel 

endothelium. These adhesion molecules are generally expressed at low levels on resting 

endothelium but become highly expessed following inflammatory cytokine stimulation. 

We found that IL-1α significantly induced expression of VCAM-1, ICAM-1 and E-

Selectin (Figure 5.2 A, B, C) in retinal endothelial cells at 6 and 12 hours post stimulation 

when compared to IL-18 treated and no treatment controls. For ICAM-1 and E-Selectin 

this high expression was maintained for up to 24 hours post treatment; whereas VCAM-

1 expression appeared to be more transient. In marked contrast, direct IL-18 stimulation 

of retinal endothelial cells resulted in a low level upregulation of the adhesion molecule 

VCAM-1, which was maintained for up to 24 hours after treatment. However, IL-18 failed 

to stimulate expression of ICAM-1 or E-Selectin in these cells.  

The weak stimulation of VCAM-1 and the low baseline abundance of IL-18R on 

HRMECs led us to question whether IL-18 had the capacity to induce signalling in 

HRMECs. To assess this we next assayed the ability of IL-18 and IL-1α to stimulate 

phosphorylation of members of the MAPK and NFκB pathways. IL-18 has been shown 

to preferentially activate MAPK in a different barrier cell line with minimal NFκB 

activation (J.-K. Lee et al., 2004). We found that IL-18 transiently induced p38 

phosphorylation and p65 phosphorylation at 5 and 15 mins (Figure 5.2 D and E). In 

contrast, IL-1α induced strong phosphorylation of p38 from 5 minutes lasting to 60 mins 

post treatment, peaking at 15 minutes. IL-1α also induced sustained phosphorylation of 

p65 between 15 to 90 mins (Figure 5.2 E and F). We were encouraged that IL-18 has the 

ability to induce canonical signalling in HRMECs albeit weakly.   

 

 

 

 

 

 

 

 



153 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.2 IL-18 and IL-1α are bioactive in HRMECs. HRMECs were treated with 

IL-18 (50ng/ml) or IL-1α (10ng/ml) for 6, 12 or 24 hours and levels of IL-18R (A), 

IL-18RacP (B), IL-1R (C) and IL-1RacP (D) were assessed by quantitative RT-PCR. 

Western blot analysis of HRMECs were treated with IL-18 (100ng/ml) (D-E) or IL-1α 

(10ng/ml) (F-G) for a timecourse between 5 to120 minutes, with β-Actin as loading 

control. Blots representative of 3 separate experiments. RT-PCR experiments were 

carried out in triplicate and data presented as mean ±SEM of two separate experiments. 

Data analysed by 2way ANOVA with Tukey’s multiple comparison test. (** p <0.01, 

*** p <0.001, **** p <0.0001).  

 



154 
 

5.2.3   Assessment of HRMEC viability post treatment with IL-18 or IL-1α  

 

Prior to investigating how IL-1α and IL-18 modulate angiogenic and permeabiliity 

processes in endothelial cells, we first wanted to assess if either cytokine affected 

HRMEC viability at proposed working concentrations for up to 48hrs (time limit for 

proposed expermints) To do this we used an MTS assay, a colourmetic method for 

quantification of viable cells. We found that neither cytokine affected HRMEC viability 

at any dose or timepoint tested (Figure 5.3). For IL-1α we found a dose dependent increase 

in viability at 24 and 48 hours compared with NT control. IL-18 had no effect on HRMEC 

viability which is in agreement with previous stuides using human RPE cells and non-

human primate efficacy trials with rhIL-18 which have not reported any adverse side 

effects to IL-18 at a physiological and hyper-physiological doses (Doyle et al., 2015; 

Herzyk, Bugelski, Hart, & Wier, 2003).  
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Figure 5.3 Effect of IL-1α and IL-18 on HRMEC viability. HRMEC monolayers 

were treated with increasing doses of IL-1α (1, 10, 100 ng/ml)  or IL-18 (10, 100 ng/ml) 

for 24 and 48 hours and cell viability was measured by MTS assay, with % viability  

assessed compared to no treatment control (NT). Data presented as mean ±SEM, n=3 

of 3 separate experiments.  
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5.2.4   IL-18 directly impacts HRMEC migration in vitro 

 

Cell migration is an important component in the formation of new blood vessels. During 

angiogensis, in response to changes in the surrounding environment, endothelial ‘tip’ cells 

use migration to initate sprouting of new blood vessels, in wound healing this movement 

of endothelial cells is necessary to repair and maintain vascular integrity. Using the 

scratch assay as a model of wound healing, we assessed endothelial cell migration in 

response to IL-18 and IL-1α, images of this assay can be found in figure 5.4. We found 

that IL-18 significantly increased the rate of wound closure when compared to no 

treatment control, and was comparable to VEGF induced wound closure at 24 hours 

(Figure 5.5 A). Interestingly, while not significant, we find that at the 4 and 8 hour 

timepoint post scratch, VEGF has an increased rate of closure over IL-18. At 8 hours post 

scratch IL-18 treated cells are comparable with no treatment controls (NT vs IL-18; x̄diff  

= -0.99, p = 0.99) while the mean difference between VEGF and control wells trends 

towards significane (NT vs VEGF; x̄diff = -9.35, p = 0.08) with FGF treated cells in 

between (NT vs FGF; x̄diff = -4.366, p = 0.79). By 24 hours however, the rate of closure 

for IL-18 treated cells has increased significantly (x̄diff = -12.58, p = 0.002) and is now 

comparable to VEGF (NT vs VEGF; x̄diff = -12.25 p = 0.01), and both are surpassed by 

FGF (NT vs FGF; x̄diff = -28.4, p = 0.0001)(Figure 5.4 B). This data suggests that VEGF’s 

influence on endothelial cell migration is strongest in the initial few hours after exposure 

while IL-18 signalling may be delayed by comparison but can ultimately induce a potent 

pro-migratatory response.    
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Figure 5.5 HRMEC migration in response to IL-18 and IL-1α stimulation. 

Confluent HRMEC monolayers were scratched with a pipette tip and treated with IL-

18 (50ng/ml) or IL-1α (10ng/ml) along with bFGF (50ng/ml) or VEGF (50ng/ml) as 

positive controls. Images were taken immediately following scratch (0 hrs) and at 4-, 

8- and 24-hours following scratch. Images were analysed using ImageJ imaging 

software. Data presented as mean ±SEM of 6 separate experiments in triplicate. Data 

was analysed using 2way ANOVA with  Dunnett’s multiple comparison test. (* p 

<0.05, * p <0.01, **** p <0.0001) 
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5.2.5   IL-18 increases HRMEC tube formation in vitro 
 

Compared to standard 2D monolayers, when grown on a 3D matrix, endothelial cells can 

be rapidly induced to attach, align, and form tube like structures. Following our 

observation that IL-18 was able to significantly increase HRMEC migration in vitro, we 

were interested to use a 3D basement matrix as it supports endothelial cells as they 

undergo the many processes involved in angiogenesis, of which migration forms an 

important step. For this assay cells were grown in Grow Factor Reduced (GFR) 

extracellular matrix, in order to highlight the influence our treatments have on vessel 

formation above the influence of the matrix itself. However, we found that HRMECs 

readily formed tubes even in this GFR matrix (Figure 5.6). The process of tube formation 

was rapid, with peak number of vessels appearing around 4 hours after seeding, with 

endothelial apopotisis and disintegration of vessels generally complete by 16 hours.  

When analysing images we assessed healthy tube formation by measuring total tube 

length and found that, compared to no treatment controls,  our treatment with IL-18 

induced a modest increase in structured vessel formation. This increase was comparable 

with our VEGF postitive control treated wells. However neither treatment significantly 

increased vessel formation over no treatment wells.  
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Figure 5.6 HRMEC tube formation in Matrigel® Basement matrix. HRMEC’s 

were seeded in to  96 well plate coated with GFR-Matrigel® and treated with IL-18 

(100ng/ml) or VEGF (50ng/ml). Images were taken every 30 minutes for 24 hours 

using the Incucyte® live cell imaging system. Images were analysed using ImageJ 

imaging software with the angiogenesis analyser plug-in. Images representative of 

tube formation at 4-hour timepoint. Data presented as mean ±SEM of 5 separate 

experiments in triplicate. Data was analysed using Kruskall-wallis test with Dunn’s 

multiple comparison. (ns = not significant). 
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5.2.6  IL-18 enhances VEGF induced proliferation in HRMECs  

 

During angiogenesis migration of endothelial ‘tip’ cells is followed by proliferation of 

nearby endothelial ‘stalk’ cell to aid in the extension of new blood vessels. Following 

examination of the effect IL-18 has on HRMEC migration we were interested to know if 

it had any enhanced effect on endothelial cell proliferation in vitro. In collaboration with 

GSK, using an MTS assay, HRMECs were treated with increasing doses of VEGF, which 

corresponded to an increase in proliferation up to 5ng/ml were higher doses have minimal 

advantage. This VEGF induced proliferation was increased following a 24 hour pre-

treatment with IL-18 at increasing doses. Where IL-18 alone was also able to enhance 

HRMEC proliferation (Figure 5.7).  
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Figure 5.7 HRMEC proliferation in response to VEGF is enhanced with IL-18 

pre-treatment. HRMECs were treated with increasing concentrations of VEGF alone 

or with a 24 hour pre-treatment of IL-18 at 10, 100 or 1000 ng/ml. Increasing VEGF 

induced an increase in cell proliferation which was enhanced following IL-18 

treatment. Work done in collaboration with GSK.  
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5.2.7   IL-18 and IL-1α modulation of vascular integrity through tight juntion 

expression.  

 

Previous studies have shown that intraocular injection of IL-18 has been associated with 

reduced vascular permeability in in vivo models of ischemic retinopathy and choroidal 

neovascularisation (Doyle et al., 2014; Shen et al., 2014). To determine how IL-18 was 

capable of reducing vessel permeability, we wanted to examine the effect direct treatment 

of IL-18 and IL-1α had on barrier integrity by examining the expression of inter-cellular 

tight junctions in retinal endothelial cells. We found that IL-18 increased expression of 

the tight junction occludin at 6 hours (p = 0.04) post stimulation and maintained this 

increased expression for 12 hours post treatment (p = 0.004), returning to basal levels by 

24 hours. IL-1α appears to have little effect on occludin expression (Figure 5.7 A), 

although does trend towards decreasing expression at 6 and 12 hours which was not 

significant. However, western blot analysis of occludin protein did show a strong 

drecrease of the occludin in HRMEC lysates following treatment with IL-1α, while IL-18 

teatment did not significantly increase the level of occludin protein (Figure 5.8 B).  

 

In contrast, we found IL-1α induced significant upregulation of claudin-5 expression by 

6 hours post treatment (Figure 5.9 A) returning to basal levels by 12 hours, which is 

mirrored at the protein levels withi increases in claudin 5 protein being detected at 6 and 

12 hours post treatment (Figure 5.9 B). However, IL-18 appears to have no effect on 

claudin-5 mRNA or protein expression.  

 

Neither IL-18 or IL-1α strongly affected mRNA expression of ZO-1 (Figure 5.10 A), 

although IL-18 did appear to increase ZO-1 expression at 6 and 12 hours post treatment 

with the 12 hour timepoint trending towards significance (p = 0.08). Protein analysis 

shows an alternating pattern of ZO-1 in response to IL-18 with increases seen at 3 hours 

and 12 hours, returning to basal levels at 24 hours (Figure 5.10 B).  
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Figure 5.8 Occludin expression in HRMECs following IL-18 or IL-1α treatment. 

Confluent HRMEC monolayers treated with IL-18 (50ng/ml) or IL-1α (10ng/ml) for 

3, 6, 12, and 24 hours. RT-PCR analysis of occludin expression (A) and western blot 

analysis of occludin in HRMECs with β-Actin as loading control, image 

representative of 3 individual experiments. RT-PCR data presented as mean ±SEM 

of 3 separate experiments in triplicate. Data analysed using 2way ANOVA with 

Dunnett’s multiple comparison. (* p <0.05, ** p <0.01) 
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Figure 5.9 Claudin-5 expression in HRMECs following IL-18 or IL-1α 

treatment. Confluent HRMEC monolayers treated with IL-18 (50ng/ml) or IL-1α 

(10ng/ml) for 3, 6, 12, and 24 hours. RT-PCR analysis of claudin-5 expression (A) 

and western blot analysis of claudin-5 in HRMECs with β-Actin as loading control, 

image representative of 3 individual experiments. RT-PCR data presented as mean 

±SEM of 3 separate experiments in triplicate. Data analysed using 2way ANOVA 

with Dunnett’s multiple comparison. (**** p<0.0001) 
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Figure 5.10 ZO-1 expression in HRMECs following IL-18 or IL-1α treatment. 

Confluent HRMEC monolayers treated with IL-18 (50ng/ml) or IL-1α (10ng/ml) for 

3, 6, 12, and 24 hours. RT-PCR analysis of zo-1  expression (A) and western blot 

analysis of claudin-5 in HRMECs with β-Actin as loading control, image 

representative of 3 individual experiments. RT-PCR data presented as mean ±SEM of 

3 separate experiments in triplicate. Data analysed using 2way ANOVA with 

Dunnett’s multiple comparison. 
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5.2.8   Assessing paracellular flux in HRMECs in vitro.  

 

 

The affect of IL-18 on tight junction expression was relatively inconclusive so we decided 

to see if we could mirror the apparent inhibition of vascular leakage by IL-18 in vivo in a 

simple in vitro model of barrier integrity using a FITC-dextran paracellular flux assay. 

HRMECs were seeding on semi-permeable Transwell™ supports  and TEER was recorded 

daily until cells were confluent. 24 hours prior the addition of FITC-dextran, cells were 

treated in the apical and basolateral chambers with IL-18, IL-1α or VEGF. VEGF was 

only added to the basolateral chamber in accordance with a previous study showing that 

retinal endothelial response to VEGF was highly polarised, with the basolateral 

distributed VEGFR-2 directing VEGF induced permeability (Hudson et al., 2014).  

Having observed that retinal endothelial cells have increased occludin and ZO-1 mRNA 

expression following IL-18 treatment as well as enhanced migratatory properties, we were 

curious to see if pre-treatment of HRMECs with IL-18 could rescue VEGF induced 

perpeability. To that end, we pretreated HRMECs with IL-18 for 24 hours before the 

addition of VEGF for a further 24 hours. However we found that there was no variation 

in the amount of FITC flux between no treatment controls and VEGF treated monolayers 

(Figure 5.11 A), which would indicate poor barrier formation. The apparent permeability 

coefficient calculating the amount of FITC-dextran transported across the membrane, 

reflects this result with small increases in VEGF alone and VEGF plus IL-18 treated wells 

(Figure 5.11 B). TEER readings following treatments, just prior to the addition of VEGF, 

also show little variation between treatment groups with the lowest TEER reading found 

in the VEGF with IL-18 treated wells, in agreement with the Papp result (Figure 5.11 C). 

This was unexpected as both VEGF and IL-1 were used as positive control in these 

experiments and are well established to enhance permeability in this assay.  
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Figure 5.11 Assessment of paracellular permeability of HRMECs following IL-18 

and IL-1α treatment. HRMECs were grown on permeable supports (Transwells) and 

treated with IL-18, IL-1α, VEGF or VEGF pre-treated with IL-18 for 24 hours. The flux 

of 70kDa FITC-dextran (1mg/ml) across the HRMEC barrier was measured over the 

course of 2 hours by fluorescence spectrophotometry (A) The permeability Papp was 

calculated for all samples (B) and TEER readings were taken prior to addition of FITC-

dextran. Data are means ±SEM of n=3 independent experiments. Data analysed using 

2way ANOVA with Dunnett’s multiple comparison. 
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5.2.9   Primary brain microvascular endothelial cells (pBMVECs) as a model of 

barrier integrity  

 

HRMECs, like all primary cells in culture are prone to phenotypic changes and loss of 

function with recurrent passages. For this reason we began isolating primary mouse brain 

microvascular endothelial cells (pBMVECs) to use as a surrogate cell type for continued 

investigation of IL-18 and IL-1α’s effect on barrier integrity. Brain microvascular cells, 

form the interface between the blood and brain parenchyma, and are phenotypically 

similar to retinal endothelial cells in their high expression of tight junctions and lack of 

fenestrae (Daneman & Prat, 2015). First, to examine the bioactivity of IL-18 and IL-1α in 

pBMVECs, we examined markers of endothelial activation through expression of 

adhesion molecules by RT-PCR and their ability to phosphorylate p38 of the MAP kinase 

pathway and p65 of the NFκB throught western blot analysis.  

Similar to HRMECs we found that expression of vascular adhesion molecules was 

increased in response to IL-1α. In particular ICAM-1 (Figure 5.12 B) and E-selectin 

(Figure 5.12 C) were significantly increased following IL-1α treatment at 12 hours ( p = 

0.0003, p = 0.0009), returning to basal levels by 24 hours, however IL-18 did not induce 

significant upregulation of VCAM-1, ICAM-1 or E-selelctin at 12 hours.  

Protein analysis showed weak activation of p38 MAPK in response to IL-18 between 5 

and 15 minutes post stimulation, with no clear activation of the NFκB pathway, (Figure 

5.12 D and E). IL-1α was able to induce strong p38 phosphorylation for up to 60 minutes 

post treatment, peaking at 15 minutes. While p65 phosphorylation peaks at 5 minutes and 

gradually descreases until 60 minutes (Figure 5.12 F and G).  
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Figure 5.12 Bioactivity of IL-18 and IL-1α in primary BMVECs. Primary brain 

microvascular endothelial cells were isolated from mouse brains, vessel fragments 

were seeded onto 24 well plates for 5 days to reach confluency, before treating with 

IL-18 (100ng/ml) or IL-1α (10ng/ml) for 12 or 24 hours and levels of VCAM-1 (A), 

ICAM-1 (B), E-selectin (C) were assessed using RT-PCR. Western blot analysis of 

p38 and p65 in pBMVECs treated with IL-18 (100ng/ml) (D) or IL-1α (E) for a time 

course between 5-120 minutes. Blots representative of two independent experiments. 

RT-PCR Data are means ±SEM of n=2 independent experiments. Data analysed using 

2way ANOVA with Dunnett’s multiple comparison. 
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5.2.10   IL-18 causes increased migration in pBMVECs  

 

Previously, the strongest effect we had observed on HRMECs in response to direct IL-18 

treatment was an increase in the migratory capaticity of retinal endothelial cells in vitro a 

result that was comparable with HRMECs treated with VEGF. To investigate if IL-18 

could induce a similar response in primary BMVECs, we grew vessel fragments on 24-

well plates until confluenct and using the scratch assay model of wound healing, we 

scratched the cell monolayer with a pipette tip and monitored closure of the wound.  

We found that pBMVECs migrated at a slower rate than HRMECs, with no notable 

closure of the wound observed within the first 8 hours. Images were take 24 and 48 hours 

and we found IL-18 again showed incresaed migration compared to cells with no 

treatment by 24 (p = 0.001) and 48 hours (p = 0.004) (Figure 5.13 A). This effect was not 

seen at 12 hours in a second assay, however there was a dramatic decrease in the rate of 

wound closure so possibly variations between cell isolations may be having an influence 

on response times as by 48 hours we see that IL-18 treated cells have significantly 

increased rate of wound closure over no treatment and IL-1α treated cells (p = 

0.0002)(Figure 5.13 B). 
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Figure 5.13 pBMVEC migration in response to IL-18 or IL-1α stimulation.  

Confluent monolayer of pBMVECs were scratched with a p200 tip before treating with 

IL-18 (100ng/ml), VEGF (50ng/ml) (A) or IL-1α (10ng/ml) (B).  Images of the wound 

were immediately following scratch (0hr) and a  24 and 48 hours. Data shows mean 

±SEM of n=2 independent experiments in triplicate. Data analysed using 2way ANOVA 

with Dunnett’s multiple comparison. 
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5.2.11   pBMVECs have increased barrier properties with contrasting responses to 

IL-18 and IL-1α treatment  

 

After previously finding very little response from HRMECs in a model of barrier integrity 

particularly in response to VEGF which is a potent inducer of endothelial cell 

permeability. We were interested to determine if we could use primary BMVECs as a 

surrogate model to test the effect our treatments had on barrier function, as both the brain 

and retinal microvasculature share many similar qualites such a low trancytosis and 

increased tight junction expression, and both function as tight barriers between the blood 

and neuronal tissue to maintain homeostasis. 

Vessel fragments were isolated and seeded onto semi-permeable transwell supports, and 

monitored by TEER measurments until they reached confluency. To determine if IL-18 

was capable of attenuating VEGF induced permeability, pBMVEC monolayers were pre-

treated with IL-18 24 hours before VEGF treatment. For these assays we also included an 

IL-1α pre-treatment to compare. Cells were treated with IL-18, IL-1α or VEGF for 24 

hours and TEER readings were taken prior to the addition of FITC-dextran.  

We observed that pBMVECs formed tighter barriers than HRMECs with higher TEER 

values per cm2. We found that the flux of FITC-Dextran varied between treatment groups 

(Figure 5.14 A), with IL-1α appearing to be a strong influence on barrier permeability by 

inducing the highest amount of flux. This effect was observed with IL-1α treatment alone  

(p = 0.015) but is most potent when administered prior to VEGF treatment (p = 0.0002) 

(Figure 5.14 B). VEGF alone appeared able to induce permeability of pBMVECs, 

however this did not reach significance. This was reflected in TEER readings where we 

observed a non-significant reduction in TEER following VEGF treatment and a 

significant reduction following IL-1α (p = 0.03) which is further reduced when in 

combination with VEGF (p = 0.01) (Figure 5.14 D).  

We found that IL-18 did not induce vascular permeability in pBMVECS, in fact FITC-

flux appeared reduced in IL-18 treated wells however this did not reach significance. The 

combination treatment of IL-18 and VEGF was comparable to VEGF alone (Figure 5.14 

C).  
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Figure 5.14 Paracellular flux of FITC-dextran in pBMVECs in response to IL-

18 or IL-1α stimulation.  Confluent monolayer of pBMVECs were grown on semi-

permeable supports (transwells) and treated with IL-18 (100ng/ml), IL-1α (10ng/ml), 

VEGF (50ng/ml) or VEGF with an IL-18 or IL-1α pre-treatment for 24hrs. The flux 

of 70kDa FITC-dextran (1mg/ml) across the HRMEC barrier was measured over the 

course of 2 hours by fluorescence spectrophotometry (A) The permeability Papp was 

calculated for all samples (B) and TEER readings were taken prior to addition of 

FITC-dextran. Data are means ±SEM representative of n=3 independent experiments. 

Data analysed using 2way ANOVA with Dunnett’s multiple comparison. 
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5.2.12   pBMVEC tight juction expression in response to IL-18 and IL-1α 

treatment 

 

Previously we had seem that in HRMECs that IL-18 and IL-1α treatment had contrasting 

effects on tight junction expression patterns were IL-18 was shown to significantly 

increase occludin mRNA 6 and 12 hours post treatment whereas at the mRNA level IL-

1α caused a minor reduction in mRNA level but strongly suppressed occludin at the 

protein level. We also found that IL-1α was a strong inducer of claudin 5 expression at 6 

hours post treatment which was matched in its protein expression levels, while IL-18 had 

little effect on claudin-5 protein or mRNA.  

Following analysis of barrier integrity in response to IL-18/IL-1α treatment, where we 

found IL-1α was a potent inducer of pBMVEC permeability, we were curious to 

investigate whether we would find similar tight junction expression patterns in our 

pBMVECs and since cytokine treatment in combination with VEGF seemed to have an 

additive effect to VEGF induced permeability, we included a combination treatment in 

our analysis.  

We found, in contrast to HRMECs, that IL-18 did not induce a similar up regulation of 

occludin mRNA, there was a small increase by 24 hours but was not significant, 

meanwhile IL-1α had no effect on occludin expression (Figure 5.15. A). 

Figure 5.15. B. shows occludin expression in response to IL-18 and VEGF alone and in 

combination. We found no significant difference betweeen treatments and controls at 12 

or 24 hours but all treatments did appear to increase at 24 hours post treatment. IL-1α 

treatment had no effect on occludin expression alone, at 12 or 24 hours (Figure 5.16 A)  

but appeared to down regulate expression when in combination with VEGF, at 12 hours 

which was comparable to VEGF induced reduction. However, at 24 hours we found that 

VEGF had a minor upregulation of occludin, which was brought down to basal levels 

when in combination with IL-1α (Figure 5.16.B.). 

Similarly, we found no significant influence on claudin-5 expression in pBMVECs in by 

IL-18 (Figure 5.15. C.) or IL-1α (Figure 5.16. C.), when IL-18 was administered in 

combination with VEGF (Figure 5.15.D.), we found a decrease in claudin-5 expression 

that almost reached significance (p = 0.051) comparable to VEGF induced 

downregulation. This effect was not seen at 24 hours. In response to  IL-1α treatment in 

combination with VEGF, we found significant reduction in claudin-5 mRNA (p = 0.04) 

(Figure 5.16.D.) which was not seen in IL-1α or VEGF treated samples, this effect was 

also gone by 24 hours.  
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At the protein level, we found that IL-18 did not seem to alter occludin protein at 12 hours 

with a slight decrease at 24 hours in contrast to what we found at mRNA level. We found 

VEGF reduced protein expression of occludin at 12 and 24 hours which was  not affected 

at 12 hours when in combination with  IL-18 but IL-18 with VEGF protein expression at 

24 hours appear comparable to controls. IL-18, VEGF or IL-18 plus VEGF had no effect 

on claudin-5 protein levels (Figure 5.15.E.).  

IL-1α treatment appeared to reduce occludin protein levels at 12 hours which was not seen 

at 24 hours, similar to IL-18, IL-1α appears to have little effect on claudin-5 protein 

expression (Figure 5.16.E.). 
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Figure 5.15 Expression of tight junction mRNA and protein in response to IL-18  

treatment in pBMVECs.  Confluent monolayer of pBMVECs were treated with IL-18 

(100ng/ml), with and without VEGF (50ng/ml). Levels of occluding and claudin-5 

mRNA were assessed by quantitative RT-PCR (A-D). Western blot analysis of 

pBMVECs treated with IL-18, VEGF or IL-18 with VEGF together (E) for 12 and 24 

hours. Blots representative n=2 independent experiments. Data are means ±SEM 

representative of n=2 independent experiments in triplicate. Data analysed using 2way 

ANOVA with Dunnett’s multiple comparison. 
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Figure 5.16 Expression of tight junction mRNA and protein in response to IL-1α 

treatment in pBMVECs.  Confluent monolayer of pBMVECs were treated with IL-1α 

(10ng/ml), with and without VEGF (50ng/ml). Levels of occluding and claudin-5 

mRNA were assessed by quantitative RT-PCR (A-D). Western blot analysis of 

pBMVECs treated with IL-1α, VEGF or IL-1α with VEGF together (E) for 12 and 24 

hours. Blots representative n=2 independent experiments. Data are means ±SEM 

representative of n=2 independent experiments in triplicate. Data analysed using 2way 

ANOVA with Dunnett’s multiple comparison. 
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5.3   Discussion 

 

Previously our lab has shown that in a mouse model of AMD, treatment with IL-18 

systemically prior to a laser burns had the ability to attenuate CNV development. To 

determine how IL-18 was able to influence CNV growth we chose to investigate the 

angiogenic properties direct stimulation of IL-18 had on retinal endothelial cells and what 

role this plays in retinal angiogenesis and permeability. Our lab is interested in 

understanding the role and mechanisms IL-1F members play in retinal vascular integrity 

and in the current study we compare two members, IL-18 which previous work has 

indicated has an anti-permeability, anti-angiogenic quality within the eye and IL-1α which 

has been shown to be pro-angiogenic and permeability factor.  

 

We found that receptors for both IL-18 and IL-1α, along with their respective accessory 

proteins, were expressed in human retinal endothelial cells. While under basal conditions 

the expression of both IL-18 receptor chains and IL-1R was low in HRMECs. Expression 

of IL-18R and IL-1R increased following stimulation with either cytokine, while 

expression of the accessory proteins was only induced by IL-1α. This data suggests that 

while HRMECs can respond to IL-18, it does not appear to promote further inflammatory 

signalling in these cells through regulation of the accessory chains. IL-1α was found to be 

a potent inducer of both IL-18R chains,  and its own receptor chains in a time dependent 

manner.   

 

The pro-inflammatory effect induced in HRMECs by IL-1α is supported by the 

observation that IL-1α induces significant upregulation of vascular adhesion molecules 

and rapid action of the NFκB and MAPK pathways. While we found that IL-18 was also 

signalling through NFκB and MAPK in HRMECs, we only found a minor increase in 

VCAM-1 expression while there was no increase ICAM-1 or E-Selectin following IL-18 

treatment. This is in contrast to a study by Morel et al. which found in rheumatoid arthritis, 

IL-18 was able to increase expression of vascular adhesion molecules VCAM-1 and E-

Selectin in human dermal microvascular endothelial cells (J. C. Morel et al., 2001). This 

data suggests that in the context of the eye, IL-1α is capable of inducing a robust pro-

inflammatory profile in retinal endothelial cells, similar to what has been previous 

observed in studies deducing IL-1α’s role as a functional DAMP. Interestingly, through 
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classically considered a pro-inflammatory cytokine, IL-18 does not promote 

aninflammatory response in HRMECs.  

 

Before investigating the effect IL-1F members have on barrier integrity, we need to 

establish that any change in barrier permeability in our HRMECs was not due to cell death 

induced by IL-18 or IL-1α treatment. The safety of intravenous and intra-vitreal rhIL-18 

has been well established in both human clinical trials and non-human primate studies 

(Doyle et al., 2015; Tarhini et al., 2009). At a cellular level, rhIL-18 has been shown to 

be well tolerated in RPE cells at both physiological and non-physiological doses, and in 

accordance with these previous studies we found that our treatment dose IL-18 had no 

effect on HRMEC viability over 48hrs. Interestingly, IL-1α appears to have an enhanced 

effect on cell viability in a dose dependent manner. The MTS assay used to assess cell 

viability is dependent on the reduction of the MTS tetrazolium compound by NADH-

dependent dehydrogenase enzymes in metabolically active cells, further analysis would 

be need to determine if this increase in metabolic activity was due to an increased 

proliferation of HRMECs in response to IL-1α, or if the strong pro-inflammatory 

phenotype induced by IL-1α in these cells during this time frame is reflected in the 

increased metabolic activity observed in these cells. 

 

Angiogenesis is a multi-step process that requires the coordination of specific factors in a 

time dependent manner to support the sprouting and formation of mature vessels. We have 

seen that IL-18 was able to attenuate CNV growth in vivo, suggesting that it has a role in 

disrupting angiogenesis, possibly by interfering with one or more of the steps involved in 

vessel formation and growth. In this study however we have found that IL-18 was able to 

have a positive impact on angiogenic processes in vitro. One of our most significant 

findings was that IL-18 was able to increase HRMEC migration over a 24-hour period 

comparable with VEGF,  a master regulatory of endothelial angiogenesis. We did observe 

differences in the rate of wound closure between these two cytokines. VEGF appears to 

induce endothelial cell migration within the first 8 hours post scratch, almost reaching 

significance over no treatment controls, while in the same timeframe, IL-18 treated wells 

remain comparable with controls. However, between 8 and 24 hours we find that IL-18 

dramatically increases the rate of wound closure while VEGF continues to increase, but 

at a slower rate. This results in a similar percentage of wound closure for IL-18 and VEGF 

at 24 hours post scratch.  
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Many factors are in play during migration, endothelial cells readily respond to growth 

factor stimulations, and follow a VEGF or FGF gradient during these initial stages of 

angiogenesis, therefore it is not surprising to see this initial burst of movement within the 

first few hours following VEGF stimulation. Meanwhile, during tissue damage several 

endogenous DAMPs are released from damaged cells, acting on nearby endothelial cells. 

IL-1α is a potent intracellular DAMP, and as we found in Figure 5.1, can induce 

significant upregulation of the IL-18R and its accessory protein. Therefore we can assume 

that during tissue injury, such as the scratch assay, intracellular DAMPs are released that 

may have the ability to increase the expression of the IL-18R on HRMECs, optimising 

signalling and increased migration in response to IL-18.   This could explain the strong, 

but delayed induction of endothelial migration observed following IL-18 stimulation.  

 

By utilising a basement membrane matrix, we were able to assess the impact IL-18 

stimulation had on the 3-D formation of vessels in vitro. While this assay can be inherently 

variable, as lot-to-lot variation can be found to strongly affect the quality of vessel 

formation, we attempted to overcome this by using a GFR matrix which is recommended 

when studying stimulators of angiogenesis. However, we found that even in this reduced 

matrix, our HRMECs readily formed vessels. When assessing structured vessel growth, 

we focused on tube length and found that treatment with IL-18 and our positive control 

VEGF were able to increase the total length of vessels formed over control treated wells. 

Furthermore, we found retinal endothelial cells increased proliferation in response to 

VEGF, after pre-treatment with IL-18, supporting IL-18’s pro-angiogenic role in vessel 

sprouting.   

 

This inspired us to investigate how IL-18 may modulate vascular integrity and the latter 

stages of angiogenesis. During vessel maturation, expression of tight junctions between 

neighbouring endothelial cells, stabilize vessels restricting permeability. Previous data 

from the lab had demonstrated that treatment with IL-18 in vivo resulted in reduced vessel 

leakage as measure by FFA (Doyle et al., 2015). In response to IL-18 treatment, we found 

that expression levels of occludin were significantly increased. A moderate increase in 

ZO-1 expression was also observed, which is more apparent at the protein level, 

suggesting that IL-18 has a positive influence on vascular integrity by supporting tight 

junction assembly.  It was interesting that IL-18 and IL-1α appears to have contrasting 

effects on TJ expression in HRMECs. While IL-18 appears to support a tight barrier, IL-
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1α causes a reduction in occludin mRNA expression and dramatically decreases protein 

expression, while having very little effect on ZO-1. Claudin-5 expression levels also differ 

between the two cytokines. IL-18 appears to have very little effect on this TJ’s expression, 

while IL-1α appears to significantly induce upregulation of claudin 5 mRNA and protein 

expression early before return to basal levels by 12 hours post stimulation. IL-1α, like its 

functional analogue IL-1β, is a known inducer of vascular permeability, so it is surprising 

to find increasing claudin-5 expression in response to IL-1α treatment.  

 

A study by Shen et al. found that IL-18 displayed anti-permeability qualities in the mouse 

retina by reducing VEGF-induced leakage through rescue of claudin-5 suppression. This 

led us to investigate what effect IL-18 had in HRMEC permeability, and while we found 

no change in claudin-5 expression in HRMECs following direct stimulation with IL-18, 

we were interested to know if the IL-18 increase in occludin and ZO-1 expression could 

contribute  to  pre-treatment could rescue VEGF induced permeability. However, we 

found that HRMECs cultured on transwell inserts failed to form a sufficiently tight barrier 

to allow us to differentiate between treatment effects on barrier permeability, even with a 

high molecular weight FITC-dextran. Reasons for this may be due to the lack of 

supporting cells of the neurovascular unit, which support and increase barrier properties 

of microvascular endothelial cells. To overcome this issue, we isolated primary brain 

microvascular endothelial cells. These are phenotypically similar to endothelial cells of 

the inner retinal vasculature, with high expression of TJs and lack of fenestrations. We 

found these cells responded well to IL-18 and IL-1α, with rapid activation of the NFκB 

and MAPK pathways. Similar to what was observed in HRMECs, IL-1α could 

significantly upregulate vascular adhesion molecules, which was not detected following 

IL-18 treatment. However, similar to the HRMECs, pBMVECs displayed increased 

migratory capabilities in response to IL-18 treatment above that which was observed in 

response to IL-1α and VEGF.  

 

We found these pBMVECs displayed improved barrier qualities, reasons for this may be 

due to seeding cells immediately following isolating (P0), this minimises phenotype loss 

generally observed with primary cell lines following subsequent passages. Another factor 

that may play a role is that these primary isolations are rarely homogenous, and infiltrating 

cells can still be present. In the brain endothelium, its well understood that the interplay 

between endothelial cells and the surrounding pericytes, astrocytes and smooth muscle 
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cells, known as the neurovascular unit, can significantly influence barrier integrity. 

Therefore, these primary cells may better reflect physiological barrier properties due to 

the presence of a small population of infiltrating cells, and it would be interesting to 

determine if co-cultures of HRMEC with cells of the neurovascular unit could improve 

barrier properties before treatment.  

 

We found in pBMVECS, that direct stimulation with IL-18 did not increase barrier 

permeability. In fact, flux of a high molecular weight FITC-dextran across the EC barrier 

was lower in IL-18 treated cells compared to control cells, however this did not reach 

statistical significance. It would be interesting to analyse this in greater depth and assess 

if with a higher dose or longer treatment strategy, this apparent increase in barrier integrity 

might reach significance. The inability to induce permeability by was supported by TEER 

measurements which found IL-18 treated cells were comparable to controls cells. Cells 

were pretreated with IL-18 prior to the addition of VEGF to assess whether it could rescue 

VEGF induced permeability, similar to what was found in vivo in the study by Shen et al. 

However, we did not find that pre-treatment with IL-18 was able to rescue VEGF induced 

permeability in vitro. This leads us to believe that there are other factors in play, and 

perhaps IL-18 acts in concert with other cytokines or cell types to regulate VEGF-induced 

permeability in vivo, which are absent during direct stimulation of ECs in vitro. 

 

It was not surprising to find IL-1α was able to induce significant permeabilization of 

pBMVECs monolayers,  as IL-1 is known to induce BRB breakdown and permeability 

(Luna et al., 1997). What was interesting is that we found enhance permeability of 

pBMVECs in response to a combination treatment of IL-1α and VEGF, far in excess of 

each treatment alone. While IL-1α has been shown to induce VEGF expression in 

monocytes and astrocytes, there is a paucity of information on its role in VEGF expression 

in endothelial cells. However, its functional homolog IL-1β has been shown to induce 

both VEGF and VEGFR-2 expression in endothelial cells (Amano et al., 2004; Fan et al., 

2004), leaving us to wondering if this synergistic effect of IL-1α and VEGF induced 

permeability could possibly be mediated by IL-1α upregulation of VEGF and/or VEGFR-

2 expression on ECs prior to VEGF treatment. 

 

Investigation into the downstream effects on pBMVEC TJs following IL-18 or IL-1α 

treatment with and without VEGF, supported the observations from our permeability 
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assays. IL-1α and VEGF treatment together causes a reduction in occludin mRNA and 

protein, with significant downregulation of claudin-5 mRNA at 12 hour timepoint. While 

IL-1α pre-treatment appears to reduce a VEGF induced increased in occludin mRNA at 

24 hours. However, the expression pattern differs to what was observed in HRMECs, we 

did not find increased occludin in response to IL-18, which may suggest subtle differences 

in response to IL-18 between retinal and brain endothelial cells. 

 

Overall, this data indicates that IL-1α and IL-18 activate distinct mechanisms in the retinal 

vasculature. Treatment with IL-1α appears to promote inflammation, through the 

expression of adhesion molecules and increased permeabilty, a similar effect to what has 

been observed in other systems (Voronov et al., 2003). Meanwhile, IL-18’s involvement 

appears to be pro-angiogenic, by participating in resolution and wound healing. Both in 

vitro and in vivo studies have shown that IL-18 can induce angiogensis in models of RA, 

status epilepticus, and cancer by both direct and indirect methods where it has been shown 

to enhance endothelial cells migration and tube formation (M Asif Amin et al., 2010; K. 

E. Kim et al., 2007; Park et al., 2001). Our data supports these studies showing that IL-18 

has the abilty to induce both HRMEC and pBMVEC cell migration while indicating an 

increase in tube formation comparable to VEGF. The pathogensis of RA involves the 

influx of leukocytes to promote inflammation and, in turn, angiogenesis. High levels of 

IL-18 has been found in the synovial fluid of patients with RA and osteoarthritis and 

studies by Morel et al. assessing its mechanism of action using synovial fibroblasts or 

endothelial cells, have shown that in response to IL-18 stimulation, these cells increase 

expression of the leukocyte adhesion molecules VCAM-1, ICAM-1 as well as expression 

of angiogenic factors and chemokines. (J. C. Morel et al., 2001; J. C. M. Morel, Park, 

Kumar, & Koch, 2001). However, in contrast to these studies, we did not observe 

increased expression of these cell adhesion molecules in either human retinal or mouse 

brain endothelial cells in response to IL-18, but significant upregulation in response to IL-

1α, suggesting tissue site specific responses may explain these differences between 

synovial and retinal endothelial cells. 

 

Histological studies have shown that CNV membranes contain wound healing 

components such as collagen and fibrin, and is similar to the granulation tissue found in 

a wound healing response (Hans E. Grossniklaus, Green, & Group, 1998). This suggests 

that aberrant wound healing is a feature of CNV development. The process of wound 
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healing involves the timely coordination of various cell types, cytokines, chemokines, and 

the vascular system that ultimately restores the integrity of the tissue. The process is 

characterised by distinct stages, initiated by vasoconstriction of blood vessels and platelet 

aggregation closing the wound to regain homeostasis, this is quickly followed by an influx 

of inflammatory cells releasing a variety of cytokines and mediators. This inflammation 

stage is necessary not just for the removal of pathogens and debris within the wound, but 

also for the initiation of the proliferative stage. During this phase collagen deposition, 

angiogenesis and granulation tissue formation occur, allowing re-epithelialization of 

tissue followed by maturation and remodelling occurring in its final stage. Both IL-1α and 

IL-18 may have distinct roles in this process within the eye, whereby IL-1 α is involved 

in the initial inflammation stages, acting on nearby endothelial cells to induce permeabilty 

and assist leukocyte extravasation. Meanwhile, IL-18’s role may facilitate cell migration 

and wound closure.  Further investigation would be needed to determine the effect IL-18 

has on mechanisms involved in angiogenesis. Angiogenesis is a multistep process where 

the movement of cells require coordination of intracellular GTPases and focal adhesions 

with the shuffling of integrins towards the leading edge of cells to facilitating movement 

along the extracellular matrix. Further investigation is necessary to determine what 

influence IL-18 has on these mechanisms and integrin expression patterns, and if IL-18 

supports resolution of tissue injury and vessel maturation in AMD.  
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6.1 Final Discussion and future directions 

 

AMD is the most common cause of irreversible vision loss in the over 50’s in developed 

countries, accounting for 8.7% of all blindness worldwide. Currently in Europe 

approximately 67 million people are affected by AMD, and it is estimated with the 

growing ageing population that this number could increase by around 15%  to 77 million 

people by the year 2050. The incidence of late stage AMD, the cause of debilitating vision 

loss, is expected to increase from yearly from 400,000 today in 2020 to 700,000 cases 

yearly in 2050 where it will account for 12 million of all AMD cases, putting a significant 

burden on healthcare systems requiring additional resources for monitoring and treatment 

of the disease (Li et al., 2020). Currently there is a paucity of treatment options available 

to those diagnosed with AMD, early stages of the disease are monitored with an emphasis 

on preventative measures such as quitting smoking and increasing vitamin and antioxidant 

intake through diet or supplements. Even for late stage disease options are limited with 

only exudative AMD having any approved treatment options. The growth of new vessels 

in exudative AMD could be controlled through breakdown of vessels through laser 

therapy and the more invasive anti-VEGF therapy, both of which are useful in slowing 

growth and progression, however they do little to address the underlying mechanism 

fuelling vessel growth and so to date there is no cure for AMD.  

 

While the etiology of AMD remains elusive, our understanding of AMD pathophysiology 

has increased significantly due to the number of epidemiological and GWAS studies that 

have become available over the last three decades. In chapter three we characterised, for 

the first time, the prevalence of some known genetic risk factors in the Irish population. 

This study was carried out in collaboration with the TILDA study, a prospective cohort 

study that collects health and demographic data from participants aged over 50 in the ROI. 

Utilizing the TILDA cohort allowed us to examine the prevalence of these genetic risk 

factors in the Irish population and determine how the frequencies observed compare with 

other ethnically similar cohorts. In this study we found that SNPs in the CFH and ARMS2 

genes we significantly associated with increased risk of AMD similar to other Caucasian 

populations. Interestingly, we found differences in carriership of these two high risk 

variants and their association with stage of disease. While both alleles had a significant 

association with having AMD, we found that this was only homozygous carriers of the 

CFH risk variant, while carriership of the ARMS2 minor allele was associated with 
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increased risk. Furthermore, our regression analysis showed that the CFH risk allele was 

a significant indicator for Early AMD while the ARMS2 risk variant was a significant 

indicator for Late AMD in heterozygous carriers, and almost reaching significance in 

homozygous carriers. A recent meta-analysis highlighted an association between this 

ARMS2 risk variant and the presence of reticular pseudodrusen (RPD), a form of 

subretinal drusen deposits distinct from soft drusen and associated with late stage sub-

types. This analysis found that the ARMS2 variant had a significantly greater risk of 

developing RPD in AMD patients compared to the CFH variant (Jabbarpoor Bonyadi, 

Yaseri, Nikkhah, Bonyadi, & Soheilian, 2018). Retinal grading for this study was carried 

out on monoscopic colour images, which compared to multispectral imaging is less 

sensitive for detecting RPD. Therefore, it would be interesting to determine if this 

association between the ARMS2 allele and Late AMD was also present beween ARMS2 

and RPD, suggesting one mechanism by which the ARMS2 variant is more significantly 

associated with Late AMD compared to CFH.  

 

In our analysis we also investigated associations between other complement related SNPs 

as well as SNPs associated with inflammation and endothelial barrier integrity. While our 

initial analysis with the TILDA cohort only indicated that a SNP in the gene encoding the 

TJ protein Claudin-5 was protective in AMD, we found increased risk associated with a 

number of SNPs that was trending towards significance. To investigate this further, we 

included a cohort of 211 late AMD samples into the analysis and found that these 

additional samples not only increased the significance of our previously identified risk 

factors, but also indicated that SNPs in the C3 and TIRAP genes were associated with 

increased AMD risk. While this was not surprising for C3, many studies have shown its 

association with AMD risk, particularly in Caucasian populations (Feiteng Lu et al., 

2018). We found it interesting that there appears to be some degree of heterozygous 

advantage towards having the TIRAP risk allele. The TIRAP S180L SNP is associated 

with increased cytokine production which, for heterozygous carriers, is associated with a 

greater resistance to infection. However, the even higher proinflammatory cytokine 

production observed in homozygous individuals has been found to be deleterious in cases 

of severe infection and sepsis. In our analysis, we did not find any significant difference 

between wildtype and heterozygous carriers of the TIRAP SNP. However, we observed 

an increase in OR when they were compared homozygous carriers of the risk allele, which 

interestingly, was more significant when examining hetero- to homo-zygote carriers. 
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Chronic inflammation has become a well-established feature in the pathogenesis of AMD, 

so it’s not surprising that the hyper-response induced in TIRAP S180L homozygous risk 

carriers is associated with AMD, but it has yet to be determined what advantage the 

heterozygote genotype confers onto people with regards to developing AMD (Ferwerda 

et al., 2009).  

 

Through their health assessment and personal questionnaire, TILDA collect a wealth of 

information on participants general health, diet, and other lifestyle factors. By utilizing 

this database, we were able to assess this genetic association while controlling for a 

number of confounding factors associated with AMD risk. This analysis found that the 

significant associations between AMD and the CFH and ARMS2 risk variants were 

independent of biological and demographic variables examined. Furthermore, analysis 

with these variables allowed us to determine that smoking was a strong indicator for AMD 

progression which has a 4.6-fold increase in risk associated with current smoking. While 

also indicating that increasing BMI was associated with Late AMD. While we limited our 

analysis to a number of well determined environmental risk factors, the data available at 

TILDA offers the opportunity to investigate numerous other factors which are implicated 

in AMD such a markers of inflammation, vitamin and nutrient levels, in a population-

representative cohort. This type of analysis, whilst furthering our understanding of the 

pathways and mechanism involved in this multifactorial disease, also benefits 

downstream health awareness schemes, by highlighting modifiable risk factors to prevent 

the incidence and progression of AMD (Molins, Romero-Vázquez, Fuentes-Prior, Adan, 

& Dick, 2018; Rinninella et al., 2018). 

 

Not surprisingly, the most consistently significant risk factor we found in this study was 

increasing age. Early analysis of pooled prevalence rates in studies from 3 different 

continents had shown that the prevalence of any AMD increases from 0.21% in 

participants between 55-64, to 13.0% in those aged 85 and over (Smith et al., 2001) With 

the proportion of persons aged 65 or over projected to increase from 9% of the global 

population in 2019 to almost 16% in 2050, along with the number of persons aged >80 

growing even faster, and projected to reach 426 million people in the same time frame, 

AMD is on track to becoming a significant global health burden and therefore it is 

important we understand its pathogenesis for development of effective therapeutics 

(United Nations, 2019).  
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Currently, the only approved AMD treatment option available is anti-VEGF therapy. 

While shown to be effective in delaying disease progression and subsequent vision loss 

in neovascular AMD, treatment is invasive, burdensome, and only available to a subset 

of Late AMD patients. To address the under met need for an effective therapy, 

investigations into alternative therapeutic targets are ongoing, with the overarching goal 

of reducing the need for frequent intravitreal injections, addressing the underlying 

mechanisms involved in AMD pathogenesis and targetting more forms of the disease. 

Previously our lab had demonstrated that IL-18 had a protective role in a mouse model of 

AMD, where exogeneous administration of recombinant IL-18 had the ability to attenuate 

experimental laser-induced CNV development, particularly when administered in 

combination with an anti-VEGF therapy. This work suggests that there is potential for a 

therapeutic strategy involving administering adjunctive IL-18 to support the current anti-

VEGF therapies available, and ideally reduce the need for frequent injections.  However, 

little is known about edogenous levels of IL-18 in relation to AMD. A study from 2017, 

in trying to determine if high IL-18 exposure was detrimental to RPE homeostasis, 

evaluated ocular health in a cohort of patients with AoSD or MAS, where they found no 

correlations between chronic high systemic IL-18 and retinal pathology. While this work 

suggests that the use of exogenous IL-18 to treat ophthalmic conditions could be well 

tolerated, it does not however address the issue of whether IL-18 is beneficial in active 

AMD (Canna, Shi, Gery, & Sen, 2017). 

 

Therefore, to determine if any association could be found between levels of IL-18 and 

AMD status, we measured systemic IL-18 and its neutralising protein IL-18BP in an 

age/sex match cohort of participant from the TILDA study. We found there is no 

observable change in systemic IL-18 between AMD cases and controls, similarly, we did 

observe notable differences with increasing age or AMD sub-types. In contrast to a study 

by Cao et al. (S. Cao et al., 2013), we did not observe an increase in systemic IL-18 in 

participants homozygous for the CFH risk allele, with or without AMD. Likewise, no 

discernible change was seen between genotypes for any of the risk alleles examined.  

While overall there was no difference in IL-18 levels between TILDA participants at 

baseline, we chose to examine variations in levels between data collection waves, to 

determine if IL-18 levels is indicative of AMD progression. What we found was that IL-

18 and IL-18BP changed significantly over the four years between waves 1 and 3. While 

there is always a question of how much influence the random variation due to differences 
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between timepoints, particularly between long- and short-term storage of samples, and 

the effect it has on this type of analysis, we did observe an interesting change in levels 

with regards to those who had progression of AMD. We found that IL-18 levels decreased 

significantly in those participants who progressed, with no change in IL-18BP levels. 

Meanwhile, IL-18 levels remained the same for participants who regressed however they 

had a significant reduction in IL-18BP at the same time. This data suggests that the 

availability of free IL-18 was increased for participants who regressed, and decreased for 

those who progressed, indicating that the change in IL-18 availability over time may be 

associated with AMD.  

 

This led us to examine local levels of IL-18 within the eyes of AMD patients undergoing 

anti-VEGF treatment. A study examining the involvement of intraocular cytokines in  

macular oedema secondary to retinal vein occlusion, led by Peter Campochiaro, was 

surprised to find that patients who responded to intravitreal Ranibizumab treatment had  

increased IL-18 levels. This study showed that neutralising VEGF increased expression 

of IL-18, while patients with high intraocular IL-18 at baseline have better visual outcome 

compared to those with low IL-18. Curious to know if a similar effect would be found in 

a cohort of neovascular AMD patients, aqueous samples were collected from treatment 

naïve wet AMD patients attending the RVEEH in Dublin. We found that similar to 

Campiochiaro’s study, levels of intraocular IL-18 increased significiantly with VEGF 

neutralisation over the course of 12 weeks. Furthermore, we found that increasing IL-18 

correlated with improved visual outcome and reduced macular oedema. A similar 

correlation was found between plasma IL-18 levels and reduced OCT. This data showed 

that high baseline IL-18 correlated with a greater reduction in central macular thickness, 

suggesting that higher IL-18 at baseline may be beneficial in supporting the anti-VEGF 

induced resolution in macular oedema.  

 

This study is unique in that it assess changes in cytokine levels at three separate timepoints 

over the course in treatment and, unlike most others investigating intraocular cytokine 

levels, assessed this change in cytokine levels in relation to  functional outcome by 

collecting measurements for visual acuity, central macular thickness as well as the 

corresponding objective impression of the consultant ophthalmic surgeon. In this analysis 

we found that IL-18 increased significantly in patients who had improved for each 

measurement, not observed in those who deteriorated. Interestingly, there was no notable 
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difference in the range of IL-18 levels between those who improved or deteriorated 

suggesting a ceiling effect and that the upregulation of IL-18 in response to anti-VEGF 

may be limited. This data indicates that it may not be cytokine concentration alone, but 

the increasing expression pattern observed over the course of treatment, that may to be a 

factor in determining patient response.  

 

This idea that pattern of expression may be a factor defining response to treatment was 

also evident when we assessed changes in 12 other inflammatory cytokines in response 

to Bevacizumab treatment concurrently with assessing IL-18 levels. Here we found that 

many cytokines such as IFN-γ, TNF-α, and IL-23, increased in patients who had improved 

BCVA and OCT following neutralization of VEGF. However, we did note discrepancies 

between the rate of which these cytokines change between baseline and week 12. While 

we found increasing levels in several cytokines between baseline and week 12 in 

participants who had improved visual acuity or resolution of CMT, we did not observe a 

significant change between baseline and week 6, or weeks 6 and 12. Meanwhile, in 

patients who had increased CMT or worse visual outcome, a significant change in 

cytokine levels only observed between weeks 6 and 12. This suggests that a delayed 

response to the anti-VEGF therapy may play a role in defining patient response to 

treatment. 

 

When we further examined these cytokine levels over the 12 weeks and correlated them 

to overall change in BCVA or OCT, we find that increasing concentration of 

proinflammatory cytokines still indicate poorer visual outcome and increased CMT. We 

found high levels of IFN-α, IFN-γ, TNF-α and IL-17A at baseline was assoicated with a 

reduction in BCVA. Meanwhile at week 12, we found that IL-8 was strongly correlated 

with increasing macular oedema. Furthermore, IL-8 is the only cytokine that was 

significantly increased in those with deteriorating CMT compared to those who improved 

and this data supports previous reports of the pro-permeability action of IL-8 (Yu et al., 

2013) and its association with macular oedema (Dong, Xu, Chu, & Tang, 2015; Jonas, 

Jonas, Neumaier, & Findeisen, 2012).  Interestingly, IL-18 was one of only three 

cytokines, the others being IL-12p70 and IL-10, that had a positive correlation with 

improved BCVA, while also having the strongest negative correlation with CMT,  of all 

cytokines examined. Although it was not significant, it does support the theory that 

increasing levels of intraocular IL-18 is associated with an improvement in nvAMD.  
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In chapter 3 we found that the increased availability of systemic free IL-18 appeared to 

associate with regression of AMD, meanwhile, in chapter 4 we observed that higher 

systemic and ocular levels of IL-18 were associated with reduced macular oedema 

following anti-VEGF treatment. In fact, of the 13 proinflammatory cytokines examined, 

increasing IL-18 levels following VEGF neutralisation had the strongest correlation with 

improved BCVA and OCT. Taken together, this data indicates that IL-18 has a positive 

role in the eye, supporting previous studies by Doyle et al. and Shen et al. To understand 

the mechanism by which IL-18 was able to attenuate CNV growth (Doyle et al., 2014) 

and reduce vascular permeability (Shen et al., 2014), we investigated the downstream 

effects of direct stimulation of IL-18 on retinal endothelial cells, through in vitro models 

of angiogenesis and  barrier permeability. We compared this response to IL-1α, another 

member of the IL-1F who, like its isoform IL-1β, is known to regulate endothelial cell 

function by promoting angiogenesis and vascular permeability.  

 

We found that IL-18 and IL-1α induce distinct phenotypes in retinal endothelial cells. IL-

1α was able to promote a potent pro-inflammatory response in HRMECs through 

increased expression of vascular adhesion molecules and activation of both the NFκB and 

MAPK pathways. Furthermore, in pBMVECs we found IL-1α was able to induce 

significant permeability of the endothelium monolayer, which was enhanced when in 

combination with VEGF.  IL-18, on the other hand, failed to induce significant 

upregulation of these same receptors and adhesion molecules through direct stimulation. 

However, in the context of injury, such as is seen in the scratch assay, we find IL-18 

promotes healing through increased endothelial cell migration and wound closure. This 

pro-angiogenic ability of IL-18 was also seen with increased tube formation, comparable 

to VEGF, and increased proliferation of retinal endothelial cells in response to VEGF 

when pre-treated with IL-18, and falls in line with previous studies into the pathogenesis 

of RA which also found a pro-angiogenic response to IL-18 in synovial fibroblast and 

endothelial cells (Mohammad A Amin et al., 2007; J. C. M. Morel et al., 2001). However, 

in contrast to these studies, we did not observe increased expression of vascular adhesion 

molecules. Futhermore, while IL-18 appears to promote angiogenesis, we found that in 

direct contrast to IL-1α and VEGF, it was incapable of inducing permeability of 

pBMVECs monolayers. We found that stimulation of HRMECs with IL-18 was able to 

induce the upregulation of tight junction proteins, particularly occludin. This may be a 
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factor in how IL-18 maintains barrier integrity, and we did observe that IL-18 treated 

pBMVECs appeared to have a tighter monolayer than control wells, although this was not 

significant. We hypothesized that the increase in barrier TJs may be one mechanism by 

which IL-18 is able to attenuate the pro-permeability effects of VEGF that had previously 

been observed (Shen et al., 2014). However, we did not observe any rescue of VEGF 

induced permeability in our pBMVEC model, perhaps indicating a VEGF-independent 

mechanism of action. After investigating the effect on TJs expression following treatment 

of pBMVECs with our IL-1F cytokines and VEGF, we found that IL-18 did not induce 

the same significant upregulation of occludin that we had observed in HRMECs.  

Therefore, while pBMVECs appear to be a good model to assess barrier integrity of 

endothelial cells, and they respond to both IL-18 and IL-1α, we do not observe the same 

outcome as HRMECs, meaning that despite being primary microvasculature ECs, they 

may not be suitable to investigate the processes involved in IL-18 regulating of retinal 

microvasculature endothelial cells.  

 

The central aim of this thesis was to understand the role of IL-18 in the context of AMD, 

and mechanisims in play in the retinal microvasculature following IL-18 exposure. In 

chapter 3, following the characterisation of some known genetic risks in the Irish 

population, our assessment of systemic IL-18 in this cohort did not show any significant 

relationship between plasma IL-18 levels and AMD status. However in a longitudinal 

study we did observe some significant reductions in IL-18 associated with AMD 

progression. We proceded to investigate intraocular IL-18 in a cohort of nvAMD patients 

where we found aqueous IL-18 correlated with good visual outcome and reduced macular 

oedema following anti-VEGF therapy. In chapter 5, we explored how IL-18 affects 

angiogenic processes in HRMEC and pBMVECs and deduced that in direct contrast to 

IL-1α who’s pro-inflammatory effects promote expression of adhesion molecules and 

vascular permeability. IL-18 appears to promote resolution of tissue injury through 

promotion of endothelial migration and angiogenesis. Moving forward, it would be 

interesting to examine the full gene expression profile in retinal endothelial cells in 

response to IL-18 and IL-1α, both are members of the large IL-1 family of cytokines and 

typically associated with pro-inflammatory functions, however as data in this thesis show, 

they appear to induce distinct and contrasting phenotypes within retinal endothelial cells.   
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We began this investigation with the understanding that within the eye IL-18 elicited anti-

angiogenic and anti- permeability functions in models of neovascularisation. Through the 

analysis carried out in this study however, we found that while IL-18 does not appear to 

promote permeability of retinal endothelial cell monolayers, it does appear to induce 

certain pro-angiogenic functions, specifically endothelial migration and tube formation. 

This was surprising as previous reports show intravitreal injection of IL-18 into the eye 

following laser induced CNV correlated with reduced choroidal neovascularisation. 

However, when viewed in the context of wound healing, where pro-angiogeneic 

mechanisms are necessary and beneficial in resolving tissue injury, such as those injury 

induce by a laser burn, we can see the potential of IL-18 in attenuating CNV development. 

This brings a new understanding into targetting neovascular diseases, where instead of 

preventing vessel growth, perhaps enhancing vessel integrity could in itself regulate new 

vessel growth by reducing leakage of peripheral factors into the sub-retinal space. In this 

context, IL-18’s potential as a therapeutic could help facilitate resoultion of CNV growth 

by promoting vessel integrity. If  time would allow, investigation of signalling pathways 

activated during this response, such as members of the Rho small GTPase family which 

mediate a number of functions within endothelial cells, could help enlighten IL-18’s 

function in this pro-angiogenic and wound healing response.  
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AbsTrACT
background/aims Age-related macular degeneration 
(AMD) is estimated to affect 196 million people >50 
years old globally. Prevalence of AMD-associated genetic 
risk factors and rate of disease progression are unknown 
in Ireland.
Methods Prevalence of AMD-associated genetic 
risk variants, complement factor H (CFH) rs1061170, 
age-related maculopathy susceptibility 2 (ARMS2) 
rs10490924, component 3 (C3) rs2230199, complement 
factor B (CFB) rs641153 and superkiller viralicidic 
activity 2-like (SKIV2L) rs429608 and 4-year progression 
data in a population-representative cohort (The Irish 
Longitudinal study on Ageing (TILDA)) were assessed. 
4473 participants ≥50 years were assessed. 4173 had 
no disease n=1843; 44% male and n=2330; 56% 
female, mean age 60±9.0, 300 had AMD n=136; 45% 
male and n=164; 55% female, mean age 64±9.0. A 
4-year follow-up was undertaken with 66% of AMD 
cases attending. Progression and regression from early 
to late AMD were measured. Genetic association as 
indicators of disease and as predictors of progression 
were assessed by multinomial logistic regression.
results Older age and the presence of CFH and 
ARMS2 risk alleles are two main risk factors associated 
with the prevalence of AMD in the TILDA cohort. 23% 
progressed to a higher grade of AMD. Carriers of CFH 
risk allele showed a strong association for disease 
progression. Heterozygosity for ARMS2 risk allele 
predicted progression to late AMD. 75% of those who 
progressed from early to late disease had soft drusen 
and hyperpigmentation at baseline.
Conclusions The prevalence of risk-associated genes 
and 4-year progression rates of AMD in this Ireland 
cohort are comparable with other Caucasian populations. 
CFH Y402H is associated with disease progression, with 
soft drusen and hyperpigmentation as high-risk features.

InTroduCTIon
Age-related macular degeneration (AMD) is the 
leading cause of irreversible vision loss in people 
aged >55 years in developed countries and is the 
most common cause of blindness in the Republic 
of Ireland accounting for 29% of people registered 
with the National Council for the Blind of Ireland.1 
Utilising The Irish Longitudinal study on Ageing 
(TILDA) cohort, it was recently reported that the 
prevalence of AMD in Ireland is 7.2%.2 Lifestyle 

and genetic factors are associated both with devel-
oping AMD and with disease progression. Two risk 
factors for development of AMD that are inde-
pendently associated with disease progression are 
advancing age and current cigarette smoking.3 4 In 
terms of ocular features, the co-presence of medium 
drusen and pigmentary abnormalities has been asso-
ciated with a fourfold increased progression rate to 
late AMD compared with medium drusen alone.5

The most strongly associated genetic risk variant 
is a non-synonymous coding single nucleotide poly-
morphism (SNP) variant (rs106117), in comple-
ment factor H (CFH) gene on chromosome 1.6–8 
A non-synonymous substitution in complement 
component 3 (C3) (rs2230199), located on chromo-
some 19p13, has also been reported as a risk factor 
in AMD,9 while some studies suggest that comple-
ment factor B (CFB) (rs641153) and superkiller 
viralicidic activity 2-like (SKIV2L) (rs429608), both 
located on chromosome 6p21, may be protective 
against AMD.10–12 Unrelated to the complement 
system, age-related maculopathy susceptibility 2 
(ARMS2) (rs10490924) has also been strongly 
associated with AMD.13 14 TILDA is a prospective 
cohort study aimed at providing population-repre-
sentative data relating to the ageing population in 
Ireland. The aim of the present analysis is to report 
on the associations between the previously identi-
fied genetic risk factors for AMD and their contri-
bution to the risk of AMD progression over a 4-year 
period in this Irish cohort of older adults. 

MATerIAls And MeThods
study population
Participants in the cohort were recruited using the 
RANSAM system described here.15Supplemen-
tary figure 1 depicts flow chart of the participants 
studied. All participants provided written informed 
consent. Of the 300 participants in Wave 1 who 
were identified with early AMD, follow-up was 
available on 196 who had retinal photography in 
Wave 3.

retinal grading
Retinal photography was undertaken using NIDEK 
AFC-210 non-mydriatic autofundus camera, and 
a single image centred on the macula (Early Treat-
ment Diabetic Retinopathy Study standard field 2) 
was captured on each eye. Grading system utilised 
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Table 1 Demographic characteristics of TILDA participants

TIldA population (n=4473)

Controls (n=4173) Cases (n=300)

Gender (M/F) 1843/2330 136/164

Age (years) 60±9 64±9

Location

  Dublin 1227 (29%) 79 (26%)

  Other urban 1098 (26%) 90 (30%)

  Rural 1843 (44%) 130 (43%)

Education

  Primary/none 823 (20%) 74 (25%)

  Secondary 1792 (43%) 117 (39%)

  Tertiary/higher 1557 (37%) 109 (36%)

Smoker

  Never 1923 (46%) 140 (47%)

  Past 1615 (39%) 115 (38%)

  Current 635 (15%) 45 (15%)

Hypertension

  Hypertensive 1588 (38%) 127 (43%)

  Not hypertensive 2570 (62%) 170 (57%)

BH (cm) 167.67±11.38 166.07±14.59

BW (kg) 77.95±15.86 74.81±16.07

BMI (kg/m2) 28.52±4.90 28.02±4.78

W:H (mean) 0.90±0.09 0.91±0.10

Cholesterol (mmol/L) 5.17±1.04 5.13±1.09

HDL (mmol/L) 1.56±0.44 1.56±0.44

LDL (mmol/L) 2.95±0.93 2.91±0.97

TRIG (mmol/L) 1.70±1.09 1.74±1.09

Interval data presented as mean±SD. Categorical data presented as n (%).
BH, body height; BMI, body mass index; BW, body weight; W:H: waist/hip ratio; HDL, 
high-density lipoprotein; LDL, low-density lipoprotein; TILDA, The Irish Longitudinal 
study on Ageing; TRIG, triglyceride.

was the modified version of the International Classification and 
Grading System for AMD, with the age-related maculopathy 
(ARM) category from this scheme replaced with three catego-
ries of early AMD. Participants were defined as no disease (free 
of age-related macular abnormalities), early mild (>10 hard 
macular drusen <63 µm), early moderate (at least one soft druse 
>125 µm) and early severe (soft drusen and hyperpigmenta-
tion).2 Persons with late AMD were defined as late neovascular—
choroidal neovascularisation (CNV), late atrophic—geographic 
atrophy (GA) or late-mixed—both CNV and GA. Final grade 
for each patient is based on worst eye in terms of severity and 
progression was defined as worsening to a higher stage of AMD.

Genotyping
Genomic DNA was extracted from buffy coats of TILDA partic-
ipants 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 CFH 
H402Y (rs106117), ARMS2 A69S (rs10490924), CFB R32Q 
(rs641153), SKIV2L (rs429608) and C3 R102G (rs2230199). 
For quality assurance, four ‘no template’ controls and two 
sample duplications were included per plate and one sample was 
duplicated across all plates showing accuracy of 100%.

statistical analysis
IBM SPSS Statistics V.23 (IBM Corporation, Armonk, New York, 
USA) and GraphPad Prism V.7.00 (GraphPad Software, La Jolla 
California, USA) were used for statistical analysis. Hardy-Wein-
berg Equilibrium (HWE) was calculated using the Χ2 goodness 
of fit test. Associations between SNP distribution and AMD 
was analysed and ORs and 95% CIs calculated using Χ2 test for 
independence. Multinomial logistic regression was performed to 
evaluate the relationship between SNP genotypes with early or 
late AMD or SNP genotypes and AMD progression or regression. 
Unadjusted associations were first analysed for each SNP alone 
then controlled using Model 1 which included demographic 
categorical variables, age (<65 or≥65), sex and education (none/
primary or secondary/tertiary). Model 2 included previous vari-
ables but also added location (city or rural) and smoking (never/
past smoker or current smoker). Model 3 included all previous 
variables and added in biological factors, hypertension (not 
hypertensive or hypertensive), body mass index (BMI) and 
cholesterol. Both BMI and cholesterol were scale measurements 
and added into the model as covariates.

resulTs
Prevalence of genotypes in TIldA population
Demographic characteristics of TILDA participants genotyped 
are reported in table 1.

All SNPs were assessed for HWE; we found that total popu-
lation for CFH, ARMS2, SKIV2L and C3 were all within HWE, 
reaffirming that the sampling method designed by TILDA is 
population representative. However, CFB deviated significantly 
(P<0.0001); this effect was observed in the control group 
(<0.0001), but not in AMD cases. Total population and control 
cases are within HWE for CFH (P=0.12 and P=0.69); however 
AMD cases deviate significantly (P=0.00). For each SNP, allele 
frequencies were calculated and checked against published liter-
ature and genetic databases with a focus on European subpop-
ulations. Table 2 shows these frequencies categorised by total 
population, control and AMD cases. For all SNPs, minor allele 
frequency (MAF) in the total and control populations are 
within the range found for the British and combined European 

population; however, the MAF for the AMD population in CFH 
(0.48) and ARMS2 (0.29) were significantly higher than controls 
(P<0.0001 and 0.0012, respectively).

Association of genotype with all, early or late AMd
Both CFH and ARMS2 genotypes were significantly associated 
with AMD (P<0.0001 and P=0.0013), for CFH this association 
with AMD occurs only with the homozygous CC genotype (TT 
vs CC: OR 2.454, 95% CI 1.79 to 3.36, P<0.0001) and (TC 
vs CC: OR 2.40, 95% CI 1.78 to 3.25, P<0.0001), see table 3. 
ARMS2 carriers of the T allele showed significant increase in 
OR for AMD compared with wild-type G allele, (GG vs TG: OR 
1.342, 95% CI 1.04 to 1.73, P=0.03) and (GG vs TT: OR 1.91, 
95% CI 1.21 to 3.01, P=0.00) with an increase in OR between 
the heterozygous and homozygous risk allele (OR 1.42, 95% CI 
0.89 to 2.26); however, this did not reach significance (P=0.14). 
Multinomial logistic regression analysis was used to derive ORs 
for each SNP for either early or late AMD with no disease as 
reference group, adjusting for demographic, environmental and 
biological variables. In an unadjusted model, the CFH C risk 
allele was associated with increased risk of early AMD versus no 
Disease when compared with the non-risk genotype (TT vs CC: 
OR=2.497, 95% CI 1.81 to 3.44, P=0.00). When adjusted for 
age, sex and education (Model 1) homozygotes for the C risk 
allele remained a significant indicator for early AMD over no 
disease (TT vs CC: OR 2.47, 95% CI 1.79 to 3.42, P=0.00), this 
was retained when CFH was adjusted for all variables (Model 
3) (OR 2.40, 95% CI 1.73 to 3.33, P=0.00), however, being 
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Table 2 Minor allele frequency for TILDA cohort

Allele

Population Controls Cases ref.*

P value or (CI)Count (Freq) Count (Freq) Counts (Freq) eur  Gbr 

CFH T 5219 (0.62) 4925 (0.63) 294 (0.52) 0.64  0.60 <0.0001 1.55 (1.31 to 1.84)

C 3221 (0.38) 2947 (0.37) 274 (0.48) 0.36  0.40 

ARMS2 G 6527 (0.77) 6127 (0.77) 400 (0.71) 0.81  0.77 0.0012 1.36 (1.12 to 1.65)

T 1979 (0.23) 1817 (0.23) 162 (0.29) 0.19  0.23 

SKIV2L G 7144 (0.83) 6662 (0.83) 482 (0.85) 0.85 0.84 0.4329 0.91 (0.72 to 1.15)

A 1424 (0.17) 1336 (0.17) 88 (0.15) 0.15  0.16 

C3 G 6488 (0.75) 6045 (0.75) 443 (0.76) 0.78  0.74 0.9441 0.99 (0.81 to 1.20)

C 2108 (0.25) 1965 (0.25) 143 (0.24) 0.22  0.26 

CFB G 7716 (0.90) 7184 (0.90) 532 (0.91) 0.91  0.90 0.2504 0.84 (0.62 to 1.12)

A 886 (0.10) 834 (0.10) 52 (0.09) 0.09  0.10 

*Reference groups (Ref): European (Eur) and British in England and Scotland (GBR) populations.
ARMS, age-related maculopathy susceptibility; CFB, complement factor B; CFH, complement factor H; C3, component 3; SKIV2L, superkiller viralicidic activity 2-like; TILDA, The 
Irish Longitudinal study on Ageing.

Table 3 Distribution of genotypes in the TILDA population

Polymorphism Genotype

Controls Cases

P value or (CI)
P value for 
trend n (%) n (%)

CFH
rs1061170

T:T 1553 (39.5) 92 (32.4) T:T/T:C 0.942 1.021 (0.768 to 1.358) <0.0001

T:C 1819 (46.2) 110 (38.7) T:T/C:C <0.0001 2.454 (1.795 to 3.356)

C:C 564 (14.3) 82 (28.9) T:C/C:C <0.0001 2.404 (1.779 to 3.249)

ARMS2
rs10490924

G:G 2362 (59.5) 143 (50.8) G:G/T:G 0.028 1.342 (1.040 to 1.732) <0.0013

T:G 1403 (35.3) 114 (40.6) G:G/T:T 0.009 1.915 (1.215 to 3.019)

T:T 207 (5.2) 24 (8.5) T:G/T:T 0.148 1.427 (0.897 to 2.269)

SKIV2L
rs429608

G:G 2761 (69.0) 203 (71.2) G:G/G:A 0.496 0.907 (0.690 to 1.191)

G:A 1140 (28.5) 76 (26.6) G:G/A:A 0.843 0.833 (0.361 to 1.922)

A:A 98 (2.5) 6 (2.1) G:A/A:A 1.000 0.918 (0.390 to 2.162)

C3
rs2230199

G:G 2274 (56.8) 172 (58.7) G:G/G:C 0.335 0.874 (0.677 to 1.129)

G:C 1497 (37.4) 99 (33.8) G:G/C:C 0.372 1.243 (0.782 to 1.976)

C:C 234 (5.8) 22 (7.5) G:C/C:C 0.172 1.422 (0.878 to 2.302)

CFB
rs641153

G:G 3255 (81.2) 243 (83.2) G:G/G:A 0.628 0.914 (0.660 to 1.266)

G:A 674 (16.8) 46 (15.7) G:G/A:A 0.375 0.502 (0.157 to 1.602)

A:A 80 (2.0) 3 (1.0) G:A/A:A 0.232 0.549 (0.167 to 1.807)

ARMS, age-related maculopathy susceptibility; CFB, complement factor B; CFH, complement factor H; C3, component 3; SKIV2L, superkiller viralicidic activity 2-like; TILDA, The 
Irish Longitudinal study on Ageing. 

heterozygous did not show any association. Similarly, ARMS2 
alone was a significant indicator for early AMD but only for 
those homozygous for the T risk allele when compared with 
wild type (GG vs TT: OR 1.81, 95% CI 1.13 to 2.92, P=0.01), 
this remained when adjusted for the basic characteristic variables 
(Model 1) and for all variables (Model 3) (OR 1.77, 95% CI 1.09 
to 2.87, P=0.02). When adjusted for all variables the OR for the 
heterozygous genotype increased (GG vs GT: OR=1.28, 95% CI 
0.98 to 1.68); however, this was not a significant indicator of 
early AMD (P=0.06). Heterozygosity for ARMS2 was a strong 
indicator for Late AMD when adjusted for basic demographic 
variables (GG vs GT: OR=3.03, P=0.04, 95% CI 1.01 to 9.09) 
increasing when adjusted for Models 2 and 3. Homozygosity for 
ARMS2 risk allele increased risk for Late AMD (GG vs TT: OR 
4.69, 95% CI 0.86 to 23.75) but was not significant (P=0.07). 
SKIV2L, C3 and CFB variants were not indicators of AMD and 
showed no association with early or late AMD either alone or 
when adjusted for all variables.

Being >65 is significantly associated with both early and late 
AMD (P=0.00, for all SNPs) and in the fully adjusted model. 
BMI is significantly associated with late AMD where an increase 

in BMI increases the OR for late AMD; however, being a smoker 
did not predict any significant association with either early or 
late AMD.

AMd progression and association with genotype
Table 4 outlines the number of participants in each grade of 
AMD in Wave 1 and how they subsequently present in Wave 
3. Overall, 46 people (23%) progressed in 4 years to a higher 
grade of AMD, 22 people (11%) regressed to a lower grade and 
123 people (63%) did not progress or regress in the 4 years and 
are categorised as ‘no change’. Being ≥65 was associated with 
a 2.7-fold increase risk of progression (OR 2.77, 95% CI 1.24 
to 6.21, P=0.01). Likewise, being a current smoker was asso-
ciated with a 4.6-fold increase risk of disease progression (OR 
4.67,95% CI 1.36 to 16.08, P=0.01).

Homozygosity (OR 3.92, 95% CI 1.29 to 11.95, P=0.01) or 
heterozygosity (OR 4.09, 95% CI 1.40 to 11.97, P=0.01) for 
CFH C risk allele was a strong indicator for disease progres-
sion in Model 1, and increased when adjusted for all variables 
(CC: OR 4.37, 95% CI 1.38 to 13.82, P=0.01) (TC: OR 4.52, 
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Table 4 Progression of age-related macular degeneration cases from Wave 1 to Wave 3

Wave 3 grade

Total n (%)

early mild
early 
moderate early severe late GA late nV late mixed no disease 

Cannot 
grade 

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) 

Wave 1 
grade

Early mild 78 (100) 46 (59.0) 25 (32.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 5 (6.4) 2 (2.6)

Early moderate 81 (100) 6 (7.3) 55 (67.9) 15 (18.3) 1 (1.2) 0 (0.0) 0 (0.0) 3 (3.7) 1 (1.2)

Early severe 27 (100) 0 (0.0) 8 (29.6) 16 (59.3) 3 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Late GA 4 (100) 0 (0.0) 0 (0.0) 0 (0.0) 3 (75.0) 0 (0.0) 1 (25.0) 0 (0.0) 0 (0.0)

Late NV 3 (100) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (66.7) 1 (33.3) 0 (0.0) 0 (0.0)

Late mixed 1 (100) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (100.0) 0 (0.0) 0 (0.0)

Cannot grade 2 (100) 0 (0.0) 1 (50.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (50.0)

Total 196 (100) 52 (26.5) 89 (45.4) 31 (15.8) 7 (3.6) 2 (1.0) 3 (1.5) 8 (4.1) 4 (2.0)

GA, geographic atrophy; NV, neovascularisation.

95% CI 1.49 to 13.74, P=0.00). In Model 1, the homozygous 
risk genotype TT for ARMS2 was associated with a 2.9-fold 
increase in the risk of progression but did not reach significance 
(P=0.06) and reduced when adjusted for all variables (OR 2.73, 
95% CI 0.82 to 9.11). Neither SKIV2L, C3 nor CFB predicted 
progression or regression of AMD.

Additive and recessive genotypes and AMd
Homozygous risk allele carriership was compared with hetero-
zygous and wild-type genotypes combined (recessive model). No 
SNP had any association with either progression or regression. 
However, CFH CC was strongly associated with early AMD 
when compared with heterozygous CT and wildtype combined 
(OR 2.40, 95% CI 1.81 to 2.48, P=0.00) and ARMS2 TT was 
associated with early AMD in Models 1 (OR 1.64, 95% CI 1.03 
to 2.60, P=0.03), 2 (OR 1.64, 95% CI 1.03 to 2.61, P=0.03) 
and 3 (OR 1.59, 95% CI 0.99 to 2.55, P=0.05).

Combining homozygous and heterozygous risk allele carri-
er-ship versus wild type (additive model) demonstrated CFH to 
be a significant indicator for progression (CC+CT: OR 5.18, 
95% CI 1.85 to 14.49, P=0.00). When adjusted for all variables, 
ARMS2 (TT+TG: OR 2.04, 95% CI 4.40 to 9.47, P=0.06) falls 
just short of significance. Similar to earlier analysis looking at 
the three genotypes, CFH and ARMS2 risk allele carrier-ship 
remain strongly associated with early AMD (CFH: OR 1.31, 
95% CI 1.01 to 1.69, P=0.03), (ARMS2: OR 1.34, 95% CI 
1.04 to 1.73, P=0.02), ARMS2 TT+TG, but not CFH, was also 
strongly associated with Late AMD (OR 0.30, 95% CI 0.10to 
0.89, P=0.02).

dIsCussIon
Here, we aimed to elucidate the prevalence of well-established 
AMD-associated genetic risk factors in Ireland and assess the 
contribution of these genetic factors on AMD progression in 
the TILDA cohort. We find significant associations between two 
major risk alleles, CFH and ARMS2 and incidence of AMD in 
Ireland. Similar to other reports,5 8 13 16 17 homozygosity for the 
minor allele, for either CFH or AMRS2, was a strong indicator 
of early AMD, while heterozygosity for ARMS2 proved a strong 
indicator for late AMD. There was, however, no significant asso-
ciation between AMD risk and variants in other complement 
factors C3 and CFB or in SKIV2L an RNA-helicase associated 
with protection against nucleic acid-induced inflammation. It 
is likely that we do not observe these associations because of 
the population-representative cohort and relatively low prev-
alence of early or late AMD (300).2 Carrying the minor CFH 

allele either as homozygote or heterozygote strongly predicted 
progression within the early stages of AMD and progression to 
late AMD. None of the other SNPs assessed predicted progres-
sion, although ARMS2 falls just short of significance. Despite 
a lack of association between AMD and the CFB variant, it is 
interesting to note that the CFB variant deviated significantly 
from HWE in the total population and control group, but not 
in AMD cases, indicating some evolutionary pressure on this 
variant in this population.

The TILDA cohort study provides longitudinal data on AMD 
in an Irish population. This current study is the first to report 
on progression rates of AMD in an Irish population specifically 
designed to achieve population-representative sampling of indi-
viduals aged 50 years or older. We found 23% of participants 
with any form of AMD at TILDA baseline progressed to more 
severe disease at follow-up with 2% progressing from early to 
late disease. Our data correlate well with other longitudinal 
eye studies, where progression to any more severe disease was 
reported at 21.5% at 2-year follow-up in the Rotterdam Eye 
Study18 and 25.9% at 15-year follow-up in the Beaver Dam 
Eye Study (BDES).19 Progression from early to late disease was 
reported as 11.7% in BDES20 and 1.1% at 5-year follow-up in 
the Blue Mountain Eye Study (BMES).21 Disease regression to 
a less severe grade or no disease was seen in 11.5% of partici-
pants in this study, with 4.2% regressing to no disease from hard 
drusen. There was no regression from late disease. Regression 
rates of early AMD features reported in the literature vary from 
2.6% in a Moorfields study,22 18% in the BDES,19 with regres-
sion of soft drusen in 20% in the Melton Mowbray23 study and 
large drusen in 34% in the Cheaspeake Bay Waterman Study.24 
Given the increasing ageing population and prevalence of 
AMD, the ability to identify patients with early disease at risk of 
progressing to late AMD by clinical features would be useful to 
guide follow-up intervals. In line with observations made in the 
Rotterdam, BDES and the BMES, 75% of those who progressed 
from early to late disease (mainly GA) in TILDA had soft drusen 
and hyperpigmentation at baseline. Of interest, none of the early 
mild or moderate progressed to a late stage AMD, however, of 
those with early severe most progressed to GA. It is possible that 
this is due in part to the very high proportion of supplement 
users in Ireland.

Current cigarette smoking is a well-established risk factor 
for development of AMD. Of note, while current smoking was 
not significantly associated with incidence of AMD at TILDA 
baseline,2 we demonstrated that current cigarette smoking was 
significantly associated with disease progression compared with 
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past or never smoking in this cohort, highlighting the impor-
tance of smoking cessation as a modifiable risk factor in AMD, 
with 43% of current smokers progressing, compared with 22% 
of past or never smokers. Furthermore, we find that never 
smoking results in a greater chance of regression over current 
and past smokers.

Strengths of this study are its population-based sampling thus 
avoiding bias, the longitudinal design, use of retinal photography 
and systematic grading in a recognised reading centre to deter-
mine presence and severity of AMD features. The population is 
relatively genetically homogenous in terms of ethnicity, >99% 
of TILDA participants are Caucasian, 95% of whom are of 
Irish descent. Differences in genetic risk factor associations 
between ours and other studies likely reflect variation in grading 
methods, timing of follow-up, the percentage of people available 
and suitable for progression analysis and study design, in partic-
ular this was a population-representative study as opposed to a 
case–control study.

ConClusIons
In conclusion, the 4-year progression rates of AMD in an Irish 
population representative cohort are in broad according to the 
findings previously reported in other Caucasian populations with 
respect to the risk factors of age and smoking habits. Variants in 
CFH and ARMS2 were associated with a high risk of prevalent 
AMD, and CFH in particular as an indicator of disease progres-
sion. In our Irish cohort, some three-quarters who progressed 
from early to late disease within a 4-year period had both soft 
drusen and hyperpigmentation confirming these as high risk 
features of disease progression.25
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