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Summary

Age-related macular degeneration (AM D) is the leading cause o f  legal blindness in 

elderly individuals in the developed world, estimated to affect 196 million people 

worldwide by 2020 (Wong et a i ,  2014). AM D primarily affects the macular region o f  

the retina that is responsible for the majority o f  central, colour and daytime vision. 

The presence o f  drusen, extracellular protein aggregates that accumulate under the 

retinal pigment epithelium (RPE), is a major pathological hallmark in the early stages 

o f  the disease. The end stage 'd ry ' and ’wet" forms o f  the disease culminate in severe 

vision loss and are characterised by focal degeneration o f  the RPE and cone 

photoreceptors, and choroidal neovascularisation (CNV), respectively. Being a multi

factorial and genetically heterogeneous disease, the pathophysiology o f  AMD remains 

unclear, yet, there is ample evidence supporting immunological and inflammatory 

processes. The main focus o f  this thesis was to explore the role o f  sterile 

inflammatory responses in AM D pathogenesis.

In this study, drusen isolated from the eyes o f  donor A M D  patients was shown to 

activate the NACHT, LRR and PYD domains-containing protein 3 (NLRP3) 

intlammasome in myeloid cells resulting in the secretion o f  interluekin-ip (IL-ip) and 

interleukin-18 (lL-18). Carboxyethylpyrrole (CEP), an oxidative stress-related protein 

commonly found decorating drusen components and a biomarker o f  AMD, was 

identified as an endogenous priming agent o f  the intlammasome. Additionally, C IQ , 

the initiator o f  the classical pathway o f  the complement system was found to activate 

the NLRP3 inflammasome, and activation was dependent on the phagolysosome. 

Surprisingly, laser-induced CNV, a mouse model o f  wet AMD, was found to be 

exacerbated in N lrp3"  and 1118" mice but not in l l l r l "  mice directly implicating a 

protective role for IL-18 in CNV development. Indeed, intra-peritoneal (IP) injections 

o f  IL-18 into JR5558 mice, a spontaneous chorio-retinal neovascular (NV) mouse 

model, was also shown to reduce vascular leakage in these mice compared to vehicle 

injected animals detected by fluorescein angiography (FA).

Next, the mechanisms by which IL-18 confers this protective role on CNV 

development was explored. Using proteomic array profiling, it was found that a range 

o f  angiogenic factors and inflammatory cytokines, including vascular endothelial
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growth factor (VEGF) and interleukin-8 (IL-8), was down-regulated in RPE ceils after 

IL-18 treatment. The relationship between IL-18 and VEGF was further examined in 

RPE cells, endothelial cells (ECs) and myeloid cells o f both human and murine origin. 

Decreasing levels o f VEGF in response to increasing concentrations o f IL-18 was 

observed in RPE and ECs but not in myeloid cells. Furthermore, levels o f the VEGF 

receptors (VEGFRs) were examined in ECs after IL-18 addition. Interestingly, 

VEGFR2, the primary mediator o f VEGF signalling in cell proliferation, migration, 

survival and vascular permeability was found to be down-regulated in response to IL- 

18. As VEGF is a well-known permeability factor that decreases tight junction (TJ) 

protein levels, the effects o f IL-18 on these proteins were also examined.

It has recently been reported that NLRP3 activation and IL-18 secretion in RPE cells 

causes tissue destruction during atrophic AMD (Tarallo et a i.  2012). However, short- 

and long-term addition o f physiological and non-physiological doses o f mature IL-18 

onto RPE cells (both a human RPE cell line, ARPE-19, and human primary RPE 

cells) did not result in any changes in RPE cell viability. IL-18 was still bioactive in 

these cells, as seen by its ability to activate the nuclear factor kappa-light-chain- 

enhancer o f activated B cells (NF-kB) and mitogen activated protein kinase (MAPK) 

pathways.

Recent studies have revealed that an autosomal recessive mutation, retinal 

degeneration 8 (rdH) in the crumbs-homolog I (C rh l) gene is present in vendor lines 

o f C57BL/6N mice commonly used to produce transgenic and knockout mice but not 

in the C57BL/6J strain (Mattapallil et al., 2012). As an ocular lab, the presence o f the 

rdS mutation in any o f our mouse strains would have a profound effect in our studies. 

Indeed, the Asc" mouse strain was found to be a homozygous carrier o f the rd8 

mutation. To eliminate this retinal degeneration mutation, these mice were crossed 

with C57BL/6J mice and selectively bred to eliminate the rd8 mutation while still 

retaining their original Asc'' genotype. Different genetic backgrounds have been 

reported to be able to modify the rdS phenotype and as ASC plays a central role in 

many inflammasomes, retinal function and histology in the Asc" mice with and 

without the rd8 mutation were examined and compared to the C57BL/6N and 

C57BL/6J strains. Interestingly, the retinal degeneration phenotype observed in the 

Asc'' mice carrying the rdS mutation was found to be less severe than that seen in the
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C57BL/6N mice suggesting that the A . s c "  genetic background may act as a genetic 

modifier for the r c / ^  phenotype.
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1 General Introduction

1.1 Structure and Function o f  the Retina

The vertebrate retina is a highly d ifferentiated light sensitive transparen t layer o f  

nervous  tissue that is - 2 0 0  jam in th ickness, with a d iam eter  o f  be tw een  30 and 40 

m m  in hum ans. A t the centre  o f  the retina is the optic nerve head, w hich  is the site 

w here  the m ajor retinal b lood  vessels  radiate from. The retina is co m p o sed  o f  a single 

layer o f  p igm ented  epithe lium  and three nerve body cell layers intertw ined with 

synapse  layers (Figure 1.1). In a retinal cross-section, they are observed  as ten distinct 

layers: I) retinal p igm ent epithelium  (R PE), 2) pho to receptor layer, 3) outer  limiting 

m em brane  (O L M ), 4) ou te r  nuclear  layer (O N L ), 5) outer  plexiform  layer (OPI.) ,  6) 

inner nuclear  layer (IN L), 7) inner plexiform layer (IPL), 8) ganglion  cell layer 

(G C L ), 9) nerve fibre layer (N FL ) and 10) internal limiting m em brane  (ILM ).

1.1.1 Th e  Retinal  P igm ent  Epithel ium (R PE)

I'he R PE is the ou te rm ost  layer o f  the retina consis ting  o f  a m ono layer  o f  

approx im ate ly  5 million densely  packed p igm ented  cells in a single m onolayer.  The 

cell shape and size can  vary depend ing  on location, and are typically  

cubo ida l/co lum nar in the central retina (10 ^im wide, 14 ^im tall) w hile  cells in the 

periphery  are m ore  flattened (60 |am wide, 10-14 ^ m  tall). Term inally  d ifferentia ted  

mature  RPE cells have low regenerative capacity  and are usually m ito tically  quiescent 

in the healthy eye. H ow ever,  in t im es o f  cell loss, ad jacent cells can undergo 

hyperp lasia  and transform ation  producing  a he te rogeneous population  o f  cells. 

Apically , the RPE faces the photoreceptor layer and the apical portion  o f  the RPE 

consis ts  o f  long ex trud ing  microvilli. T here  is, how ever, no intercellu lar jun c t io n s  

connec ting  the RPE to the  photoreceptors, and this sub-retinal space is occup ied  by an 

in terphotoreceptor matrix. Basolaterally, the RPE faces B ru ch 's  m em b ran e  (BM ), 

w hich  is a com plex  o f  collagen and elastin  fibres that separates the R PE  from the 

choro id , a vascu la r  supply  to the R PE (B oulton  and D ayhaw -B arker ,  2001). Figure 

1.2 show s a schem atic  d iagram  o f  the RPE in a 3- and 80-year old individual.

Typical o f  epithelia . R PE  cells are highly polarised which is vital for m aintain ing 

op tim um  retinal function. On the apical side are microvilli ,  which interact with the
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photoreceptor outer segments, melanin granules and well-developed tight junctions 

(TJs). The basolateral side, which interacts with BM, is shaped into membrane 

intbldings and also houses the nuclei. This polarised organisation also influences RPE 

cell protein expression and directionality o f  its protein secretion. For example, the 

sodium/potassium adenosine triphosphatase (Na7K*-ATPase) is located on the apical 

side and proteins secreted from this side include a B  crystallin, pigment epithelium 

derived growth factor (PEDF), hyaluronan and matrix metalloproteinase (MlVIP)-2. 

I'he anion channel, bestrophin, in contrast, resides on the basolateral side and proteins 

secreted from this end include vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF)-5 and cystatin C (Kay et al., 2013). Many o f  these proteins have 

been implicated in ocular disorders such as age-related macular degeneration (AMD) 

so factors affecting polarity may also play a crucial role in disease development.

Some o f  the main functions o f  this epithelial monolayer include transport and storage 

o f  metabolites, re-isomerisation o f  all-/ram-retinal into 1 l-t'/.s-retinal. which is vital 

for the visual cycle, adsorption o f  scattered light, maintenance o f  photoreceptor cell 

homeostasis through daily phagocytosis o f  the photoreceptor outer segments, and also 

forms the outer blood retina barrier (BRB). TJs between adjacent RPE cells form this 

barrier to strictly regulate the transport o f  fluids and solutes between the neural retina 

and fenestrated capillaries o f  the choroid, while simultaneously preventing passive 

diffusion o f  harmful blood-borne agents such as antibodies, pathogens, immune cells 

and anaphylatoxins. Additionally, the RPE has been shown to express major 

histocompatibility complex molecules, adhesion molecules and cytokines and, thus, 

plays a role in immune and inflammatory responses (Holtkamp el al., 2001).

1.1.2 The Photoreceptors

The human retina contains two types o f  photoreceptor cells, the rods and the cones. 

These cells are specialised neurons o f  the retina that are involved in the 

phototransduction process. Rods mediate vision in dim light while cones mediate 

vision in bright light and are responsible for colour vision and high visual acuity. 

Rods and cones are similar in structure with each containing a nuclear compartment, 

an inner segment where protein synthesis o f  photopigments occur, and an outer 

segment composed o f  stacked membranes folded into discs which house the 

photopigments. The outer segments o f  rods are slim and rod-shaped whereas the cone
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outer segments are conically-shaped (Figure 1.3). Due to the high metabolic demand 

o f  the photoreceptors, the distal part o f  the outer segment is shed and phagocytosed by 

the RPE on a daily basis, with some essential nutrients being recycled back to the 

photoreceptor cells to form new outer segments. The entire retina contains -1 2 0  

million rods and 6-7 million cones. The cones are highly concentrated in the central 

posterior portion o f  the retina, a region called the macula, observed as a yellow spot 

5-6 mm in diameter, in the centre o f  the macula is a 0.3 mm diameter pit known as the 

fovea centralis and this contains the highest density o f  cones and is rod-free. This area 

is responsible for central high-resolution visual acuity (Curcio et a i ,  1990).

1.1.3 The Outer Limiting Membrane (OLM) and Outer Nuclear Layer (ONL)

Located just above the inner and outer segment Junction layer o f  the photoreceptors is 

the OLM. Rather than being a true membrane, the OLM is formed o f  intermediate 

junctions, zonulae adherentes. among the photoreceptor inner segments and between 

photoreceptors and the apical processes o f  the Muller cells. The OLM acts as a 

selective barrier to the diffusion o f  nutrients into and out o f  this space. Internal to the 

OLM lies the ONL housing the cell bodies and nuclei o f  the photoreceptors. The ONL 

in the parafovea contains about 8 to 10 rows o f  nuclei, the majority being cones. The 

rest o f  the retina has an ONL o f  about 5 rows o f  nuclei with a single, outermost row 

o f  cone nuclei (Kolb, 1995).

1.1.4 The Outer Plexiform Layer (OPL)

The OPL is the place o f  synapse between photoreceptors and horizontal or bipolar 

cells. Two different layers are observed; a wider external band consisting o f  inner 

fibres o f  the photororeceptors and a narrower band formed from the dendrites o f  the 

bipolar and horizontal cells. The thickness o f  the OPL is greatest near the macula and 

primarily consists o f  oblique fibres that have emerged from the fovea. The rods 

synapse through oval cytoplasmic expansions termed spherules, while the cones 

synapse through broader expansions termed pedicles. The spherules contain various 

synaptic vesicles filled with acetylcholine, mitochondria and neurotubules. The 

synaptic indentations o f  rods and cones are organised into specific structures called 

triads, containing a single pre-synaptic ribbon, two lateral horizontal cell processes 

and a single bipolar cell process. Rod spherules contain a single triad whereas cone 

pedicles can contain many triads (Kolb. 1995).
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1.1.5 The Inner Nuclear Layer (INL) and Inner Plexiforni Layer (IPL)

The nuclei o f  the bipolar, horizontal,  am acrine , interplexiform and M uller  cells are all 

tightly  housed in eight to tw elve  row s in the INL. The ou te rm os t  row consists  o f  

nuclei from the horizontal cells, the ou ter  in term ediate  row s  house  the b ipolar  cell 

nuclei. Miiller cell nuclei reside the inner in term ediate  row s and the innerm ost row s 

conta in  am acrine  and interplexiform  cell nuclei. Three types o f  horizontal cells ( HI ,  

H2 and H3) have been identified in the hum an retina that form a netw ork  o f  fibres 

w hich  activa te  photo recep to r  activity horizontally . Each HI cell possesses  long, stout 

dendrites  that synapse  with seven to nine cone  pedicles and has a large th ick  axon  in a 

fan-shaped  terminal connec ting  to rod spherules. The H2 cell has sm aller  over lapp ing  

dendrites  and synapses with cones, particularly  the blue cones. T he  hum an  specific 

H3 cell has a w ide r  dendrit ic  tree that synapses  m ainly  w ith  red and green cones. 

B ipolar  cells are second o rder  neurons w hose  dendrites synapse  with pho toreceptors  

and horizontal cells and axons synapse  with ganglion and am acr ine  cells. These  cells 

relay in form ation from photoreceptors  to horizontal and ganglion  cells, and also 

co llect synaptic  feedback  from am acrine  cells. M uller cells are giant neuroglial cells 

that resem ble  co lum nar  epithelial cells with processes  that span the th ickness  o f  the 

retina. T hey  are the m ain  glial cells o f  the retina and are involved in m ain ta in ing  the 

structural a lignm ent o f  its neuronal e lem ents , regulation o f  C O 2 , pH, neuro transm itter  

and ex trace llu lar  potassium  levels, and glycogen  m etabo lism , as well as p lay ing  a 

vital role in orientation , d isp lacem ent and position ing  o f  neurons  in the developing  

retina. T he  am acrine  cells have a large cell body, lobulated  nuc leus  and a single 

p rocess  and are connec ted  laterally. They gather inform ation from other  am acrine  

cells and bipolar cells  and synapse  with o ther  bipolar, am acr ine  and ganglion  cells. 

P rocesses  o f  in terplexiform  cells span into both the IPL and O PL com m unica ting  

inform ation  be tw een  these layers. The IPL m arks the strata o f  synapses  betw een  

am acrine , in terplexiform  and b ipo lar  cells with ganglion  cells ,  and is th icker  than the 

O P L  due  to the g rea te r  variety o f  synapses (Kolb , 1995).

1.1.6 The Ganglion Cell Layer (GCL)

G ang lion  cell bod ies  prim arily  lie in the G C L , w here  d isp laced  am acrine  or M uller 

cells, and other astroglial cells and retinal vessel b ranches  a lso  reside. N ea r  the 

periphery  o f  the retina, the G C L  generally  consists  o f  a single layer, how ever,  this 

m ay expand  to e igh t to ten layers w ith in  the m acula . G ang lion  cells are m ulti-polar.
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with dendrites ex tending  horizonta lly  and radially into the IPL, and a single axon 

ex tending  into the N FL . The ganglion  cell axons  from the entire retina converge  

tow ards  the optic disc to form  the optic nerve. These  axons  are un-m yelinated  in the 

N FL  until they reach the optic nerve. A s well as housing  the ganglion cell axons, glial 

cells, a rich capillary bed and centrifugal fibres all reside in the N FL . The innerm ost 

layer o f  the retina is represen ted  by the ILM and is a basem ent m em brane  derived 

from the M ulle r  cells that m erges with collagen fibrils o f  the vitreous. This region acts 

as a tight barrier for sealing  o f f  the retinal e lem ents  from  the vitreous body (Kolb, 

1995).

1.1.7 Vascular Supply o f the Retina and the Choroid

Being a highly m etabolica lly  active tissue with the largest oxygen  consum ption  per 

m ass  o f  any tissue in the body, the retina requires a robust vascu lar  supply. A dual 

b lood supply  exists  in the m am m alian  retina. R oughly , 85%  o f  blood flow to the 

retina is received through  the choroidal vessels, which  supply the outer  third  o f  the 

retina. The central retinal artery, accoun ting  for the  rem ainder  o f  the b lood  flow, 

nourishes  the inner retinal layers. Aris ing  from the oph tha lm ic  artery, which  is the 

prim ary intracranial b ranch o f  the internal carotid  artery, the central retinal artery runs 

inferior to the optic nerve and enters  the eye through  the optic disc. A family o f  ciliary 

arteries also orig inate  from  the oph tha lm ic  artery and supplies the iris and ciliary 

body. In the prim ate  retina, four main branches from the central retinal artery cover  

three capillary  p lexuses. The superior  and inferior tem poral vessels  connect to the 

radial peripapillary  capillaries (R PC s),  w hich  are the m ost superficial layer o f  

cap illaries that lie in the inner region o f  the N FL . T w o  o ther  capillary ne tw orks span 

th roughou t the retina; the inner p lexus located in the G C L  and the ou ter  p lexus that 

runs from the IPL th rough  the INL and to the O PL. The m acu la  contains  the densest 

capillary ne tw ork  in h um ans  w hile  the fovea is a capilla ry-free  zone. O nce the blood 

travels th rough the retinal capillaries, it departs  though  the central retinal vein passing 

the ju g u la r  vein and ultimately re turns to  the heart. The retinal capillaries are 

characterised  by a com ple te  m ulti-layered pattern o f  endothelia l  cells (ECs) jo in ed  by 

non-leaky  TJs with  no fenestrae  or  polarisation , and su rrounded  by a th ick  basal 

lamina, w ith  pericytes and astrocytes (Bernste in  and H ollenberg , 1965).
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The choroid is the posterior region o f  the uveal tract and extends from the optic nerve 

margins to the ciliary body. The choroidal circulation is nourished by the ophthalmic 

artery through the medial and lateral posterior ciliary arteries. The choroidal arteries 

are derived from the long and short posterior ciliary arteries and also from branches o f  

the Circle o f  Zinn around the optic disc. The human choroid is - 2 0 0  ^m  thick at birth, 

but the thickness decreases to about 80 [.im by 90 years o f  age. Structurally, the 

choroid can be divided into five layers; the innermost BM layer, the choriocapillaris. 

Sattler's vascular layer. Haller 's  vascular layer and the suprachoroidea. BM is an 

acellular 2-4 f^m thick complex layer o f  collagen and elastin fibres that regulates the 

diffusion o f  oxygen, nutrients, electrolytes, cytokines and waste products between the 

RPE and choroid. Diffusion o f  molecules across BM is influenced by its molecular 

composition, hydrostatic pressure and age. BM also acts as a structural support for 

RPE cell adhesion. The choriocapillaris is a highly anastomosed capillary network 

and unlike the vessels in Haller 's  and Sattler's layers, has fenestrated vessel walls 

with a large luminal diameter. The stroma in these vascular layers contains collagen 

and elastic fibres, fibroblasts, melanocytes, lymphocytes and mast cells. The 

choriocapillaris provides nutritional support to the outer layers o f  the retina, in 

particular to the photoreceptors. Beneath the choriocapillaris is the inner Sattler 's  

layer composed o f  arterioles and venules and the outer Haller 's  layer consisting o f  

large arteries and veins. The suprachoroidea is a 30 jam thick transition zone between 

the choroid and sclera composed o f  thin interconnected lamellae o f  melanocytes, 

fibroblasts and connective tissue fibres (Kurc^/ «/., 2012).

1.2 Age-related M acular Degeneration (AMD)

AM D is the leading cause o f  legal blindness in elderly individuals. It primarily affects 

the macular region o f  the retina, an area that is responsible for the majority o f  central, 

colour and daytime vision. It affects up to one in ten individuals over the age o f  55 

with the majority o f  cases occurring in individuals over the age o f  75 (Klein et al., 

2004). Currently 1.75 million individuals in the United States suffer from A M D  and 7 

million are believed to be at risk. Due to the rapid increase in the elderly population, 

the number o f  individuals affected with the disease is predicted to increase to 2.95 

million by 2020 (Friedman et al., 2004). A recent study, TILDA (The Irish

7



Longitudinal Study on Ageing) has shown that in Ireland. 7% o f  the population over 

50 years o f  age suffers from AMD.

1.2.1 Clinical Description of AMD

The presence o f  drusen, extracellular protein aggregates that accumulate between the 

RPE and BM, is a major pathological hallmark in the early stages o f  the disease and 

are visible in an eye examination using Fundus photography (Figure 1.4). Drusen can 

be classified as soft or hard on the basis o f  its relative size, abundance, confluency 

and shape. Hard drusen is between 1 and 63 |xm in diameter with a well-defined 

shape. Soft drusen is larger and visibly thicker, with a less-defmed ‘blurry’ border. 

Drusen can also appear more internally in the photoreceptor layer known as reticular 

drusen. The presence o f  large, soft and reticular drusen increases the risk factor for the 

development o f  neovascular (NV) or wet AMD (Hageman et a i, 2001). It is also 

important to note that small subclinical drusen is typically present in normal eyes, 

especially in the peripheral retina as it develops as a normal part o f  aging, with its 

composition showing similarities and heterogeneity from AM D donor drusen. 

Components found commonly in both normal and AM D donor drusen include tissue 

metalloproteinase inhibitor 3, clusterin, vitronectin and albumin, while crystallins and 

carboxyethylpyrrole (CEP)-moditled proteins were more abundant in AMD donor 

drusen (Crabb et al., 2002).

In the Age-Related Eye Disease Study (AREDS) classification o f  AM D (2001), early 

AM D is defined by the presence o f  multiple small (<63 |im) or a few intermediate 

(63-124 ^m ) drusen and RPE abnormalities. Intermediate AM D is classified by 

extensive intermediate drusen with at least one large drusen (125 |am) or the presence 

o f  non-central geographic atrophy (GA). Advanced AM D can be divided into two 

different types -  GA or NV AMD. GA, also known as dry or nonexudative AMD, is 

classified clinically by a region o f  discrete retinal de-pigmentation o f  at least 175 ^m 

in diameter with a sharp border that extends to the centre o f  the macula and distinctly 

visible choroidal vessels. NV or exudative AM D is characterised by choroidal 

neovascularisation (CNV) and by the presence o f  serous or haemorrhagic detachment 

o f  the RPE or sensory retina, sub-retinal fibrous tissue, and ultimately widespread 

RPE atrophy. In general, loss o f  visual acuity in early AMD is minimal and mainly
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asymptomatic, though some symptoms have been reported, including blurred vision, 

visual scotomas, decreased contrast sensitivity, abnormal dark adaptation, and the 

need for brighter light or magnification. These symptoms become more apparent and 

common as dry AM D progresses. Sudden, profound visual loss within days can occur 

in NV AMD due to sub-retinal haemorrhage or fluid accumulation secondary to CNV. 

NV AM D represents only 10 to 15% o f  the overall prevalence o f  AMD, yet it is 

responsible for more than 80% o f  cases o f  severe visual loss in AMD.

1.2.2 Atrophic or dry AMD

One o f  the earliest signs o f  atrophic A M D  is the build-up o f  drusen deposits under the 

RPE. As dry AM D progresses, a number o f  structural changes are observed in the 

outer retina, including thickening o f  BM, hyper- or hypo-pigmentation o f  the RPE, or 

apparent absence o f  the RPE as a result o f  RPE and photoreceptor degeneration, 

thinning o f  the choriocapillaris and activation o f  microglia. As the disease advances 

into end stage GA. these features become more pronounced, and severe disruption o f  

BM is observed along with atrophy o f  the RPE, photoreceptors, horizontal, bipolar 

and amacrine cells and accumulation o f  activated microglia and macrophages. Some 

studies have demonstrated that photoreceptor loss can occur prior disease in the 

RPE/BM and rods are affected earlier and more severely than cones (Curcio, 2001). 

Additionally, photoreceptors have been shown to die by apoptosis with involvement 

o f  the Fas/Fas ligand system (Dunaief e/ «/., 2002). Other studies have shown that 

photoreceptor loss is directly linked to RPE loss highlighting the importance o f  the 

RPE in photoreceptor viability (Maeda el u i ,  1998, Kim et al., 2002). Although the 

processes involved in the pathogenesis o f  atrophic A M D  are not fully understood, 

oxidative stress and inflammatory processes are thought to play vital roles.

Some o f  the earliest studies implicating the importance o f  the immune system in 

AM D came from the extensive analysis o f  molecular and cellular constituents o f  

drusen. Table 1.1 summarises the molecules that have been found in drusen. A lot o f  

the material represents proteins and lipids made locally in the eye, but extra-ocular 

proteins are also present (Flageman el al.. 2001). Many o f  these extra-ocular proteins 

are the by-products o f  inflammatory processes and almost every component o f  the 

complement system has been identified in drusen. One o f  these extra-ocular proteins
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includes amyloid-^, a protein with an inflammatory role that is found in the plaques 

observed in A lzheim er's  disease (Anderson et a i ,  2004). Additionally, many o f  these 

components, including amyloid-p, choloesterol. phospholipids and lipofuscin have 

been described to activate the NLRP3 inflammasome (discussed in section 1.3.3). 

Furthermore, studies have shown that drusen accumulation and RPE pigment changes 

are associated with macrophage recruitment to BM. While resident choroidal 

macrophages are observed in the healthy eye, those seen in the advanced A M D  eye 

differ in immunophenotype, by expressing inducible nitric oxide synthase (iNOS) 

typical of 'classically  activated' macrophages (Cherepanoff et a i ,  2010).

Oxidative stress is the cellular damage caused by reactive oxygen species (ROS), 

including free radicals, hydrogen peroxide and singlet oxygen. They are generated as 

by-products o f  oxygen metabolism in normal metabolic processes such as respiration, 

but are also induced by environmental stimuli, including cigarette smoke, irradiation, 

transition metals and invading pathogens. Carbohydrates, lipids, proteins and nucleic 

acids are all susceptible to oxidative stress, and oxidative injury ensues when ROS 

generation exceeds the neutralising capabilities o f  antioxidants such as glutathione, 

vitamin C, vitamin E and carotenoids. The role o f  oxidative damage in AM D 

pathogenesis is emphasised by the fact that smoking is one o f  the largest risk factors 

o f  AM D and a diet rich in antioxidants is believed to be protective (Seddon et a i ,  

2006).

The retina is highly susceptible to oxidative stress due to its high metabolic rate and 

oxygen consumption, its high polyunsaturated fat content, as well as its constant 

exposure to visible light. With age, the digestion o f  photoreceptor outer segments 

becomes less efficient leading to the accumulation o f  lipofuscin. which is itself 

photoreactive, resulting in more ROS generation (Khandhadia and Lotery, 2010). 

Lipofuscin component. A^-retinylidene-A^-retinylethanolamine (A2E), has been shown 

to increase interlysosomal pH resulting in the inhibition o f  lysosomal hydrolases and 

resulting in RPE dysfunction and death. Indeed, in vivo, treatment o f  rats with a 

lysosomal protease inhibitor lead to altered RPE and choriocapillaris conformation, 

loss o f  photoreceptor outer segments and invasion o f  BM by pericytes and fibroblasts 

(Okubo et al.. 2000). Furthermore, studies have also shown that oxidised products o f
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bisretinoid pigments such as A2E can stimulate complement activation (Zhou et al., 

2009). As the majority o f  ROS are generated in the mitochondria, an increase in 

mitochondrial DNA damage accumulates in RPE cells with age.

Moreover, components with protein modifications generated from the oxidation o f  

lipids and carbohydrates are found in drusen. These include docosahexaenoate acid 

(DHA) lipid-derived oxidative modifications CEP-protein adducts (Crabb el a i ,  

2002). DHA is found in the membranes o f  photoreceptor outer segments and is the 

most oxidisable fatty acid in the body. A few studies have now illustrated the 

importance o f  CEP-adducted proteins in atrophic A M D  pathogenesis. In mice 

immunised with CEP-adducted to serum albumin, complement component C3 is 

observed in BM along with drusen accumulation below the RPE, and ultimately 

A M D -like  lesions develop (Hollytleld et al., 2008). Furthermore, increased CEP 

levels and auto-antibodies are seen in AM D eyes and plasma compared to age- 

matched controls, and these levels are especially in correlation with patients carrying 

the age-related  m acidopathy susceplihility 2 (ARM S2) and H T R A I risk alleles (Gu et 

al., 2009). These associations are interesting in that A R M S2  encodes a mitochondrial 

protein and H TR A I encodes a high-temperature requirement serine protease activated 

by cellular stress.

Increased VEGF levels have long been associated with NV AMD, however, a recent 

study has also reported its involvement in GA in mice (Marneros, 2013). Marneros 

showed that mice with increased VEGF levels in the RPE develop age-dependent 

hallmark features o f  GA, such as basal laminar sub-RPE deposit formation, RPE cell 

thinning and atrophy, photoreceptor degeneration with shortening o f  inner and outer 

segments and attenuation o f  the ONL. Subsequent CN V lesion development is also 

seen in these mice. Since GA is observed in the majority o f  patients that develop NV 

AM D, it would seem sensible for a unifying mechanism o f  disease pathogenesis. 

Interestingly, inflammasome components and the com plem ent cascade initiator C lq  

were found to be highly up-regulated in the RPE o f  these mice.

1.2.3 Neovascular (NV) AMD

NV AMD, characterised by CNV along with RPE and/or retinal detachment, 

fibrovascular scars and haemorrhage, is observed in 10-15% o f  patients presenting
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with advanced AM D. CNV is the growth o f new blood vessels from proliferating ECs 

o f the choroid into the sub-retinal space or the sub-RPE or both. In sub-retinal CNV 

growth, vessels grow through BM. Vascular leakage beneath the RPE and retina and 

photoreceptor atrophy is visible in this type o f CNV growth, hi sub-RPE CNV 

growth, vessels from the choriocapillaris grow through BM and into the plane under 

the RPE with multiple ingrowth sites often present. CNV vessels have increased 

permeability and leak flu id and blood, which can have detrimental effects on the 

neuroretinal tissue. Several abnormalities are observed as a result, including RPE 

detachment, photoreceptor misalignment, cell death, sub-retinal haemorrhage and 

fibrotic disciform scars (Grossniklaus and Green, 2004, Sarks et al., 1997).

C linically, CNVs are classified into classic and occult forms. Fluorescein angiography 

(FA) is commonly used to detect and localise a CNV. A classic CNV (sub-retinal 

CNV), which is easily detected by FA, is characterised by a well-defmed area o f even 

hyperfluorescence in the early stage that progressively shows leakage in later stages. 

Occult CNVs (sub-RPE CNV) are widely variable and d ifficu lt to detect by FA. Two 

forms o f occult CNV are often described; flbrovascular RPE detachment (FV-PED) 

appears as poorly-defined areas o f non-uniform RPE elevation with mottled 

hyperfluorescence in the early phase; late-leakage o f undetermined source (LLUS) 

lack well-defined areas o f leakage at the RPE level in the late phase o f the angiogram 

(http://www.revophth.eom/content/d/retinal_insider/i/1225/c/23061 / ). Less common 

subtypes o f N V  A M D  also include retinal angiomatous proliferation (RAP). RAP 

occurs when intraretinal capillaries from the retinal vasculature proliferate and spread 

towards the outer retina, eventually anastomosing with the choroidal vascular bed. In 

the first stage o f RAP intra-retinal neovascularisation and intra-retinal haemorrhage 

and oedema are observed. These abnormal blood vessels can then grow into sub- 

retinal space resulting in sub-retinal neovascularisation, which defines stage 2. In 

stage 3 o f RAP the retinal and choroidal circulations anastomose and CNV and often 

vascularised pigment epithelial detachment are observed (Yannuzzi et uL, 2001).

Dynamically, CNVs can be divided into 3 stages, the initiation, active and 

involutional stages, which are regulated by the activation or inhibition o f 

inflammatory, angiogenic and extracellular matrix (ECM) components. In the 

initiation stage, proliferating ECs from the choriocapillaris migrate through BM and
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into the retina. VEGF, which is produced primarily by the RPE and photoreceptors, 

plays a critical role in this stage (Kvanta, 2006. Otani el al., 2002) and is partly up- 

regulated in response to tissue hypoxia. As well as acting as a survival factor for the 

vascular endothelium and increasing microvascular permeability. VEGF also serves 

as a chemotactic factor in the recruitment o f macrophages/monocytes into the CNV 

(Clauss et al., 1990). These immune cells produce tumour necrosis factor alpha 

(TNFa). which stimulates RPE production o f interleukin-8 (IL-8), monocyte 

colonization protein-1 (M C P-I) and more VEGF. creating an autocrine/paracrine 

loop. TNFa also stimulates RPE production o f integrins a3 and a5 that aid in 

vascular EC and macrophage migration (Mousa el al., 1999). Evidence o f 

vasculogenesis occurring in CNV formation has also come to light with numerous 

studies showing the presence o f bone marrow-derived endothelial progenitor cells in 

human and animal models o f CNV (Espinosa-Fleidmann et al., 2003, Sheridan el al., 

2006).

The CNV enlarges in the active stage o f development due to a plethora o f cytokines 

and angiogenic signals being produced by the inflammatory and RPE cells. MMPs 

produced by ECs and immune cells, in response to VEGF, digest the ECM aiding in 

tissue invasion (Lamoreaux el al., 1998). Tissue factor, which is involved in fibrin 

formation from circulating fibrinogen, is also expressed in macrophages, allowing 

fibrin to act as a scaffold for CNV growth (Grossniklaus el al., 2002). Studies have 

demonstrated the presence o f angiopoietins and their receptors that function in blood 

vessel maturity and integrity, as well as acidic and basic FGFs, in human CNVs 

(Otani el al., 1999. Amin el al., 1994). A fter a certain size is reached, CNVs progress 

into the involutional stage where anti-angiogenic and anti-proteolytic factors likely 

dominate. A t this stage the CNV becomes fibrotic. ultimately forming a disciform 

scar. Transforming growth factor beta (TGFP), which stimulates ECM synthesis, is 

increasingly produced by the RPE along with tissue inhibitors o f metalloproteinases 

(TIMPs). Other possible contributing factors o f this involutional stage include the 

extent o f normoxia/hyperoxia reached in the retina, recovery o f the BRB and antigen 

deposition (Kent and Sheridan. 2003).
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There is now ample evidence showing that inflammatory cells are present in areas o f  

BM breakdown, RPE atrophy and particularly in CNV lesions in AMD. Neutrophils 

have been shown to play a vital role in CNV formation in mice (Zhou ef a i,  2005). 

Neutrophil infiltration into the sites o f  CNV lesions was observed one to three days 

post injury and this also correlated with enhanced mRNA expression o f  the neutrophil 

chemotactic proteins KC (C X C L i)  and MIP-2 (CXCL2). When neutrophils were 

depleted with N IM P -R I4 ,  an anti-m urine neutrophil antibody, there was a reduction 

in the CNV size that also correlated with decreased VEGF protein expression. Similar 

observations were also seen previously with macrophage depletion (Sakurai et a i, 

2003). However, there is debate on whether macrophages serve a causative role in 

CNV induction as other studies have found a protective role o f  macrophages. In one 

study, interleukin-10 (1110)''' mice, which exhibit increased macrophage recruitment, 

were shown to have a decreased susceptibility to CNV development (Apte el a i, 

2006). Inhibition o f  macrophage entry using anti-CD I lb  or anti-F4/80 antibodies or 

by IL-IO supplementation blocked this effect.

1.2.4 Environmental Factors associated with AMI)

AM D is a multi-factorial disease; environmental factors, age and genetic variants all 

play a role in the development o f  the disease. Age is the greatest risk factor for the 

development o f  AMD. Cigarette smoking is the greatest environmental risk and 

current smokers have a 1.9-fold increased risk, while past smokers have a 1.7-fold 

increased risk (Seddon et a i,  2006). Tobacco smoke contains thousands o f  toxic 

compounds, including carcinogens, oxidative and vasogenic compounds (Solberg et 

a i,  1998). Increased body mass index, waist circumference and waist-hip ratio are 

also associated with a higher risk o f  AM D while a diet high in fish and leafy green 

vegetables is associated with a decreased risk (Seddon et a i,  2003).

1.2.5 Genetics of AMD

The genetic contribution to AM D has been acknowledged since the 1990s and twin 

studies have shown a heritability o f  0.45, with particular phenotypes such as large soft 

drusen >125 |im, and multiple hard drusen showing higher genetic contributions, 

heritabilities o f  0.57 and 0.81, respectively (Hammond et a i,  2002). The first genetic 

variant associated with AM D was in the Apolipoprotein E gene (Klaver et a i,  1998). 

Apolipoprotein E has an important role in cholesterol and lipid transport and
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catabolism. A few studies have shown that the e4 allele o f  Apolipoprotein E  may 

confer a decreased risk o f  developing AMD, while the e2 allele may confer a slightly 

increased risk (Mckay et al., 2011, Bojanowski el a l ,  2006 . Fritsche et a i ,  2009).

The major breakthrough in the genetics o f  AMD. however, came with the discovery 

that the polymorphism (Y402H) located in the gene encoding complement factor H 

(CFH) on chromosome lq32 was strongly associated with the disease (Klein et al.. 

2005, Edwards el al., 2005, Haines el al., 2005). The complement system is a critical 

component o f  the innate immune system, comprising over 30 proteins and protein 

fragments, including plasma proteins and cell membrane receptors. These proteins 

play vital roles in removing pathogens from the host, as well as bridging innate and 

adaptive immune responses by augmenting or 'fine-tuning* B- and T- cell responses 

(Dunkelberger and Song, 2 0 10).

The complement cascade can be activated by 3 major pathways: the classical, 

alternative and lectin pathways. The classical pathway is activated by the binding o f  

C lq  to antigen-antibody complexes on the surface o f  pathogens. C lq  also binds to 

cells that are undergoing apoptosis or necrosis (Trouw el al., 2008). The lectin 

pathway is triggered when pattern recognition receptors (PRRs), such as mannose- 

binding lectin recognise pathogen-associated carbohydrates. Both pathways result in 

the formation o f  the C3 convertase (C4bC2a) and the C5 convertase (C4bC2aC3b). In 

contrast, constant low level o f  activation occurs in the alternative pathway due to the 

spontaneous hydrolysis o f  C3 into C3a and C3b. C3b subsequently binds with 

com plem ent factor B (CFB), forming the C3 convertase, C3bl^b, thus initiating an 

amplifying cycle o f  more C3a and C3b production. All three pathways result in the 

formation o f  the membrane attack complex (M AC) and release anaphylatoxins (C3a, 

C4a, C5a) and opsins (C3b). CFH acts a regulator o f  the alternative pathway o f  the 

com plem ent system. The replacement o f  tyrosine by histidine at position 402 

increases the risk by 2.4-4.6 for a single copy and 3.3-7.4 for two copies o f  the disease 

allele, and affects the binding o f  CFH to heparin, C-reactive protein, 

malondialdehyde, tlbromodulin, Chondroadherin, Shinga toxin, streptococcal M6 

protein, necrotic cells and DNA (Clark el al., 2010).
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Subsequent studies examining multiple polymorphisms in the entire genomic region 

and flanking regions o f  CFH have identified a number o f  single nucleotide 

polymorphisms (SNPs) in coding and non-coding regions associated with disease 

susceptibility and have defined four common haplotypes, two that are associated with 

disease susceptibility and two that are protective (Li el al., 2006, Mailer et al., 2006). 

Since the CFH discovery, polymorphisms in several other components o f  the 

complement system have been identified, including CFB, C2, C3, and complement 

factor 1 (CFI) (Gold et al.. 2006, Yates et al., 2007, Fagerness et al., 2009).

in terms o f  NV AM D, it was previously reported that CNV growth is inhibited in C3 

and C5 deficient mice, in mice depleted o f  complement using cobra venom factor, as 

well as in mice administered with anti-C6 antibodies (Bora et al., 2006, Bora et al., 

2005). C3a and C5a were shown to control VEGF-A secretion in Rl’E cells (Nozaki el 

al., 2006). However, a more recent study has demonstrated no association between 

cobra venom factor or a low molecular weight inhibitor o f  the C5a receptor (PMX53) 

and laser-induced CNV development in mice (Poor et al., 2014). Interestingly, JAX 

mice deficient in C3 or C5 had increased neovascularisation compared to JAX wild- 

type control mice, whereas la co n ic  mice deficient in C3 had reduced 

neovascularisation compared to Taconic wild-type mice. These results suggest that 

the factors influencing CNV development may be in the background genotype rather 

than being a result o f  the absence o f  C3.

Another major A M D  risk factor lies in the ARM S2/H TR A I region on chromosome 

10q26 (Rivera et al., 2005, Jakobsdottir el al., 2005, Dewan et al., 2006). There is still 

controversy over which gene is responsible for disease susceptibility. ARM S2  encodes 

for a protein o f  unknown function located in the mitochondria o f  RPE and 

photoreceptor cells. H T R A l encodes a member o f  the high-temperature requirement 

family o f  serine proteases that is expressed in the retina with a role in ECM 

homeostasis. It has been reported that an indel variant in ARM S2  associated with 

AM D results in the production o f  unstable mRNA affecting its turnover (Fritsche et 

al., 2008). Other studies have shown that a SNP located in the promoter region o f  

H T R A l that elevates its mRNA and protein levels is responsible (Yang et al., 2006). 

Nevertheless, together these polymorphisms are believed to account for a large 

proportion ( -6 0 % ) o f  the genetic susceptibility to AM D (Schaumberg et al., 2007).
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A number o f  candidate A M D  genes were also identified by screening those involved 

in other macular dystrophies, and include ABCA4, TIMP3, VMD12. fihulin-3, 

ELOVL4  and RDS. Other variants that have also been implicated in A M D  include 

Toll-like receptor (TLR)3, TLR4, TLR7. VEGF, though many o f  the associations have 

not been replicated (Katta et al.. 2009).

1.2.6 Current and Future Therapies for AMD

There is currently no treatment that prevents the progression o f  AM D or no treatment 

that can restore vision loss associated with dry AMD. Therefore, disease prevention 

approaches that target weight, diet and smoking status are vital. Antioxidants such as 

lutein, zeaxanthin, vitamin C, vitamin E, beta-carotene, zinc, and copper are often 

recommended for patients who show early signs o f  AMD. When taken daily some 

protection against the progression o f  AM D is observed (Aslam el al., 2014).

I'reatments for NV A M D are commonly targeted towards VEGF. In 2004, 

Pegaptanib, a 28 base-pair RNA aptamer that binds to the heparin domain o f  the main 

VEGF isoform, VEGFkss, was the first FDA approved drug for use in NV AMD. 

Monoclonal antibodies Bevacizumab (Avastin’' )  and Ranibizumab (Lucentis^) were 

developed soon after with Lucentis being approved by the Food and Drug 

Administration (FDA) in 2006. Lucentis® is injected directly into the vitreous o f  the 

eye o f  patients with end stage wet AM D at a cost o f  almost €1,200 per injection. In 

order for the treatment to be successful, however, individuals require repeated 

monthly injections o f  these drugs and with each injection there are potential risks 

including retinal detachment or tear, infection, haemorrhage and endophthalmitis. 

Avastin®, which is used in the treatment o f  cancer is orders o f  magnitude cheaper than 

Lucentis^, and as a result, it has been widely adopted as an alternative o f f  label 

treatment, given the costs per injection are about €120 (Ohr and Kaiser, 2012). in 

2011, a direct comparison o f  treatment with either Lucentis®' or Avastin® was 

conducted and they were found to be equally effective (Martin el al., 2012). Recently, 

a new inhibitor, known as Atlibercept, Eyelea® or VEGF-Trap-Eye, has been 

described. This recombinant protein has portions o f  the binding domains o f  human 

VEGF receptor (VEGFR)I and VEGFR2 fused together and binds to VEGF-A, 

VEGF-B and placental growth factors (PIGFs) I and 2 with high affinity. Aflibercept
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has a higher binding affinity to VEGF-A compared to Avastin* or Liicentis®, as well 

as a longer half-life which may extend the dosing regimens.

There are a few emerging therapies for AM D which may be used in the future. Some 

studies are now looking to target the alternative complement pathway, which will 

allow for earlier disease intervention (Troutbeck et al., 2012). Care is needed, 

however, when developing such treatments to ensure that there are no adverse effects 

on the host 's  complement system, which plays a crucial role in innate immunity. 

Some o f  the anti-complement therapies that are currently under clinical trials include 

Soliris (monoclonal antibody targeting C5), POT-4 (C3 inhibitor), ARC 1905 (C5 

inhibitor), and Anti-factor D (monoclonal antibody targeting complement factor D). 

Another approach currently under development is the use o f  a recombinant protein 

that has the complement receptor 2 fused to CFH (CR2-fH) to target the alternative 

complement pathway (Rohrer el al., 2009).

1.3 Sterile Inflammation

Inflammation is a defensive biological response o f  the body to dangerous stimuli such 

as pathogens, damaged cells or irritants. The acute inflammatory response is 

characterised by the recruitment and activation o f  inflammatory cells, cytokine and 

chemokine production and increased vasodilation and subsequent permeability o f  

blood vessels. Inflammation that ensues in the absence o f  microorganisms or 

infectious agents, i.e. as a result o f  trauma, crystals, chemicals, antigens or ischaemia- 

reperfusion injury, is known as sterile inflammation and is observed in many chronic 

diseases including gout, pseudogout, atherosclerosis, type I! diabetes, Alzheimer's  

disease and arthritis. Sterile inflammation is provoked by endogenous factors or 

danger-associated molecular patterns (DAM Ps) that are not normally found in the 

extracellular space and are hidden from the immune system. However, in times o f  

cellular stress or injury, necrotic cell death typically ensues, resulting in the rapid loss 

o f  membrane integrity and the release o f  intracellular DAMPs. Since the initial 

description o f  the danger hypothesis by Matzinger in 1994 (Matzinger, 1994), a large 

number o f  DAM Ps have been reported, including intracellular components such as 

heat shock proteins (HSPs), high-mobility group box 1 (H M G B l),  adenosine 

triphosphate (ATP), uric acid, single stranded RNA, DNA, interleukin-33 (lL-33) and

18



interleukin-1 aipiia ( IL - la ) ,  and ECM components sucii as hyaluronan, heparan 

sulfate and biglycan.

Similar to the detection o f  pathogen associated molecular patterns (PAM Ps) released 

from microbial agents, DAM Ps are recognised by a range o f  germ line-encoded PRRs 

and activate similar signal transduction pathways that drive the production o f  pro- 

intlammatory cytokines and chemokines. PRRs include the TLRs and the C-type 

lectins that reside on the cell 's  surface or in endosomal compartments, as well as the 

nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs), the Absent 

in melanoma 2 (AllVI2)-like receptors (ALRs) and the Rig-l-like receptors (RLRs) 

that inhabit the cytoplasm. Herein, will focus on the TLRs. N LRs and ALRs.

1.3.1 TLRs, NLRs and ALRs

Before the discovery o f  TLRs in Drosophila melanogasler, the innate immune system 

was considered as a non-specific, rudimentary immune response mediated by 

phagocytes, including macrophages and neutrophils. It is now known that TLRs play 

an informative role in innate immunity by specifically recognising PAM Ps unique to 

microbes, as well as endogenous DAMPs. Ten TLRs have been identified in humans, 

and thirteen in mice that all share a similar structure -  extracellular leucine-rich 

repeats (LRRs) involved in PAMP recognition, a transmembrane domain involved in 

cellular localisation, and an intracellular Toll/IL-I (TIR) domain involved in initiating 

downstream signalling pathways. TLRs recognise their respective ligands and recruit 

their specific repertoire o f  TIR adaptors. This initiates intracellular signalling 

pathways ultimately leading to activation o f  nuclear factor kappa-light-chain-enhancer 

o f  activated B cells (NF-kB) and interferon regulatory factor-3 (lRF-3). NF-kB , IRF7 

and lRF-3 translocate to the nucleus where they activate the transcription o f  

inflammatory cytokines, interferon (IFN)P, IF N a and IFN inducible-genes (Doyle 

and O'neill, 2006). Many endogenous TLR activators have been reported. These 

include the activation o f  TLR I by p-defensin-3 and the wide range o f  TLR2 and 

TLR4 activators such as HSPs, H M G B I, S I 00 proteins and ECM components. 

mRNA and single-stranded RNA have been shown to activate TLR3 and TLR7/8, 

respectively, while TLR9 can recognise immunoglobulin (Ig)G-chromatin complexes.
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The NLRs are an evolutionary conserved family o f  cytosolic receptors with a tripartite 

structure and share a common central nucleotide-binding and oligomerisation domain 

(NACHT) that is usually flanked by a C-terminal LRR domain and a N-terminal 

effector pyrin domain (PYD) or caspase recruitment domain (CARD). The LRR 

domain is important in ligand sensing and autoregulation, the N A CHT domain is vital 

for forming oligomeric structures while the N-terminal effector domain mediates 

downstream signal transduction. So far, 23 human and 34 mouse NLR genes have 

been identified and in humans have phylogenetically been grouped into three 

subfamilies, the nucleotide-binding oligomerisation domain-containing proteins 

(NODs) {N O D l-5  and ClITA), the NA CHT, LRR and PYD domains-containing 

proteins (NLRPs) (N LR P l-14)  and the IPAF family {1PAF/NLRC4 and NAIPs).

The ALR family consists o f  4 members in humans (IFH6, IFIX, M NDA and AIM2) 

and contain an N-terminal PYD domain and one or two C-terminal hematopoietic 

IFN-inducible nuclear antigens with a 200 amino acid repeat (HIN200) DNA-binding 

domains (Cridland et al., 2012).

1.3.2 Inflammasomes

Inflammasomes are multi-protein molecular platforms activated upon cellular stress 

or infection and regulate the activity o f  the inflammatory cysteine protease caspase-1. 

Caspase-1 is a zymogen and is normally present in cells in an inactive form and must 

be converted to an active form by proteolytic cleavage. It is composed o f  a CARD 

pro-domain, a large subunit (20 kDa) and a small subunit (10 kDa) (Creagh and 

Martin, 2001). Activation o f  caspase-1 occurs following the formation o f  an 

inflammasome and removal o f  the CARD domain. The small and large subunits are 

released forming a heterodimer. Active caspase-1 can then cleave pro-interleukin-1 p 

(p ro -lL -ip )  and pro-interleukin-18 (pro-lL-18) producing the mature forms o f  these 

pro-inflammatory cytokines that are subsequently secreted from cells. Additional 

roles o f  active caspase-1 have also been demonstrated including the induction of 

secretion o f  other mediators such as IL - la ,  lL-1 receptor antagonist (IL -IR a) and 

HM GBl as well as initiating a programmed pro-inflammatory form o f  cell death, 

termed pyroptosis (Lamkanfi, 2011). Caspase-1 activation in pyroptosis is stimulated 

in response to a range o f  microbial infections, including Salmonella lyphinmrium  and
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Bw kholderiapseudom allei, and also during myocardial infarction (Miao el al., 2010), 

and essentially, serves as a defence mechanism against microbial infections by 

eradicating immune cells infected with intracellular pathogens and by recruiting 

phagocytes and neutrophils to the site o f  infection.

To date, four different inflammasomes have been clearly identified, the N L R P I,  

NLRP3, AIM2 and IPAF/NLRC4 inflammasomes (Schroder and Tschopp, 2010). 

Each inflammasome is activated in response to different stimuli and are typically 

composed o f  a NLR family protein, the adaptor protein apoptosis-associated speck

like domain containing a caspase-recruitment domain (ASC) and pro-caspase-1. The 

NI.RPl intlammasome is activated by bacterial ligands such as anthrax lethal toxin 

and muramyl dipeptide. In addition to the typical PYD, NACFTf and LRR domains, 

N l.RPI also contains a CARD, which can interact directly with pro-caspase-1. 

bypassing the need for the adaptor protein, ASC. The NLRP3 intlammasome is 

activated by a wide range o f  activators (discussed below) and consists o f  NLRP3. 

ASC and caspase-1. I'he IPAF intlammasome senses gram-negative bacteria 

possessing type 111 or IV secretion systems, such as Salmonella typhimurium. Shigella 

flexneri, Legionella pneumophila, and Pseudomonas aeruginosa. As IPAF contains a 

C ARD domain, it can interact directly with pro-caspase-1 and the role o f  ASC in this 

intlammasome is uncertain. The HIN-200 domain o f  AIM 2 recognises foreign 

cytoplasmic double stranded DNA and the A1M2 intlammasome, consisting o f  A1M2, 

ASC and caspase-1, is activated in response to bacteria and viruses such as Listeria 

monocytogenes and murine cytomegalovirus. More recently, other members o f  the 

NLR family, namely NLRP6, N LR P7 and N L R P I2 , have also been described to form 

inflammasomes with ASC leading to caspase-1 activation (Grenier et al., 2002, Wang 

et al., 2002), although their specific ligands are still unknown. Moreover, some 

studies have shown NLRP7 as an inhibitor o f  intlammasome activity while others 

have shown it as an intlammasome activator (Radian et al., 2013). Additionally, an 

intlammasome containing the A LR family member IFI16 has been described to form 

in response to Kaposi sarcoma-associated herpesvirus infection (Kerur et al., 2 0 1 1) 

and is speculated to be a nuclear in tlamm asome (Unterholzner et al., 2010). For the 

purpose o f  this thesis, the focus will be on the NLRP3 intlammasome as the most well 

characterised intlammasome that has been shown to have major implications in the 

development o f  chronic diseases like AMD.
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1.3.3 NLRP3 Intlammasome

The NLRP3 inflammasome, is the most well-studied inflammasome that is recognised 

by a wide variety o f  microbes such as Staphylococcus aureus, Escherichia coli 

(Rathinam el a i ,  2012), Influenza A virus (Allen et a i ,  2009. Thomas et al., 2009) 

and Candida albicans (Gross et a l ,  2009). as well as host derived factors such as ATP 

(Mariathasan et al., 2006), uric acid crystals (Martinon et al., 2006), P-amyloid 

plaques (Halle et al., 2008) and islet amyloid polypeptide (lAPP) (Masters et al., 

2010). It is composed o f  NLRP3, ASC and pro-caspase-1. The LRR domain o f  

NLRP3 is likely to be involved in sensing the danger signal, which results in the 

oligomerisation o f  NLRP3 monomers via their N A C H T domains. The PYD effector 

domain o f  NLRP3 then interacts with the PYD domain o f  ASC. ASC, serving as an 

adaptor protein, then recruits pro-caspase-1 via its CARD domain. NLRP3 is 

expressed in the cytosol o f  monocytes, dendritic cells, neutrophils, lymphocytes, 

epithelial cells and osteoblasts (Kum m er et al., 2007). The N A CHT domain o f  

NLRP3 has also been shown to bind to and hydrolyse ATP. This ATPase activity of 

NLRP3 has been shown to be essential for NLRP3-mediated functions and mutations 

in the N A C H T  domain reduces inflammasome oligomerisation, caspase-l activation, 

IL- i p  and lL-18 production and pyroptosis. Additionally, disruption o f  the NA CHT 

domain in diseases associated with NLRP3 gain-of-function mutations greatly reduces 

disease phenotype (Duncan et al., 2007).

Activation o f  the NI.RP3 intlammasome is tightly controlled and usually requires two 

independent signals. The precursor pro form o f  IL- i p  as well as the NLRP3 protein 

are normally produced in cells at a very low level, so a priming step or ‘signal I* is 

often required to drive their transcription (Bauernfeind et al., 2 0 1 1). This is usually 

facilitated through activation o f  TLRs or N 0 D 2  to initiate the NF-kB signalling 

pathway resulting in the production o f  these proteins. The priming step has also been 

demonstrated to stimulate posttranslational modifications o f  inflammasome 

components. PRR signalling through TLR4 and myeloid differentiation primary 

response gene 88 (MyD88) was shown to rapidly prime free cytosolic NLRP3 

maintained in an inactive ubiquitinated state, through de-ubiquitination o f  its LRR 

domain, which was dependent on generation o f  ROS (Juliana et al., 2012). In 

addition, a role o f  de-ubiquitination for ASC oligomerisation has also been described
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(Lopez-Caslejon el a i ,  2013). Furthermore, the molecular chaperone HSP90 and its 

ubiquitin ligase-associated co-chaperone SGTI have been shown to dissociate from 

the N A C H T  and LRR domains o f  NLRP3 after priming and this process is thought to 

be required for NLRP3 activation. The HSP90-SGT1 complex is thought to stabilise 

mature NLRP3 keeping it in an inactive but signal-competent state (M ayor et al., 

2007). Subsequent activation o f  the NLRP3 in tlamm asome referred to as ‘signal 2 ' 

results in its oligomerisation and intlammasome assembly, eventually leading to 

caspase-l dependent cleavage and secretion o f  pro-1 L -Ip  and pro-1 L-18 (Figure 1.5).

1.3.4 NLRP3 Inflammasome Activation Models

The NLRP3 inflammasome is activated by a range o f  molecules that differ both 

chemically and structurally, and the exact mechanisms o f  NLRP3 activation remain 

unclear. It seems unlikely that NI.RP3 binds directly with any o f  its agonists, and 

indeed, no studies have yet shown a direct interaction between the I.RR and any 

N1.RP3 activators. Three different models o f  NI.RP3 activation have often been 

suggested; potassium efflux; phagolysosomal destabilisation; and mitochondrial ROS 

generation (Figure 1.6). The first model proposes that activation o f  P2X7 ATP-gated 

ion channels by extracellular A l  P results in potassium (K^) efflux through the cell 

membrane. Supporting this model, it has been shown that K* concentrations below 90 

mM results in spontaneous NLRP3 intlammasome assembly whereas this is prevented 

at higher K* concentrations (Petrilli el a!., 2007). ATP-induced activation o f  P2X7 

receptors has also been linked to a hemichannel protein, pannexin-l.  Pannexin-I 

associates with P2X7 post ATP stimulation and stimulates the formation o f  a large 

non-selective pore (Kanneganti et al., 2007). These pores would allow NLRP3 

agonists to gain access into the cytosol and may activate a host cellular factor that 

activates NLRP3. The second model proposes a mechanism by which large particulate 

matter such as alum, silica and amyloid-^ may activate the NLRP3 intlammasome. 

fhe  engulfment o f  these particles by phagocytes and fusion with lysosomes leads to 

the swelling and dam age o f  the newly formed phagolysosome. As a result, lysosomal 

matter, such as the lysosomal protease cathepsin B, is released into the cytosol. 

Cathepsin B is thought to be sensed by NLRP3 leading to its activation (Hornung el 

ciL, 2008). The third model predicts involvement o f  ROS as many NLRP3 agonists 

have been shown to promote ROS formation. ROS production likely activates the
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intlammasome via an intermediate and it has previously been demonstrated that an 

increase in ROS leads to the activation o f  thioredoxin interacting protein which then 

binds to NLRP3 resulting in inflammasome activation (Zhou et al., 2010). However, a 

recent study has suggested that ROS is only required for priming the inflammasome 

and not for its activation (Bauernfeind el al., 2011). Ultimately, it is unlikely that the 

above mechanisms are independent and integration o f  these models may explain how 

a diverse range o f  agonists activates NLRP3.

More recently osmotic pressure and cell volume regulation have also been implicated 

in NLRP3 activation (Compan el al., 2012). In this study, macrophages subjected to 

hypotonic solutions underwent cellular swelling with a decrease in intracellular 

and chloride concentrations. This lead to a regulatory volume decrease (RVD) 

response controlled by the transient receptor potential (TRP) channel and TRP 

melastatin 7 (TRPM7) and the subsequent mobilisation o f  intracellular calcium ions 

(Ca‘^). A change in intracellular Ca^^ was able to activate transforming growth factor 

P-activated kinase 1 (T A K I)  which has previously been shown to activate NLRP3 

(Gong el al., 2010). Both low intracellular concentrations and a RVD response 

controlled by TRP channels were shown to be required for caspase-1 activation and 

IL-I p maturation.

1.3.5 Negative Regulation o f  the NLRP3 Inflam m asom e

As NLRP3 intlammasome activation results in the secretion o f  highly inflammatory 

cytokines as well as pyroptotic cell death in some cases, inappropriate activation 

could be detrimental to the host. Thus, inflammasome activation is tightly controlled 

and switched o ff  through numerous mechanisms. One such mechanism is through 

autophagy induction. Autophagy can directly attenuate IL - ip  production by degrading 

intlammasome components or indirectly through lowering the endogenous sources o f  

inflammasome activation, e.g. by reducing ROS generation. The adaptive immune 

system can also down-regulate the NLRP3 intlammasome through interaction o f  

mature or memory T cells with macrophages through cell surface receptors, which 

leads to inhibition o f  caspase-l function by an unidentified mechanism (Guarda el al., 

2009).
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Intlammasomes can also be negatively regulated by Type I IFNs. Type I IFNs have 

been demonstrated to reduce IL-1 levels through induction o f  the anti-inflammatory 

cytokine lL-10 (Guarda et a i ,  2011). Additionally, they can inhibit NLRP3 through 

nitric oxide (NO) production resulting in NLRP3 nitrosylation and preventing its 

oligomerisation (Mishra et al., 2013). NO can also down-regulate NL.RP3 activation 

by promoting the removal o f  damaged mitochondria (M ao et a i ,  2013). An 

endogenous microRNA, miR-223. which is myeloid-specific has also been shown to 

down-modulate the NLRP3 intlammasome by binding to the 3' untranslated region 

(UTR) o f  NLRP3 and targeting it for degradation (Bauernfeind et al., 2012, 

Haneklaus et a i ,  2012). Furthermore, a small family o f  PYD-only proteins (POPs) 

and CARD-only proteins (COPs) have also emerged as negative modulators o f  

in tlamm asome activity by acting as endogenous dominant negative proteins (Stehlik 

and Dortleutner. 2007).

1.4 IL-18 and IL-lp

E^oth being members o f  the IL-1 family o f  cytokines, IL - ip  and IL-18 share the same 

three-dimensional (3D) ^-trefoil structure comprised o f  twelve P-strands organised 

into barrel-like and cap-like structures. As described above, IL - ip  and IL-18 are 

produced as inactive intracellular precursors o f  31 and 24 kDa, respectively, that are 

processed by the intlammasome into active secreted 17 kDa forms. Capase-1- 

independent mechanisms o f  pro-1 L -18 and IL - ip  activation have also been described 

such as its cleavage by neutrophil proteinase-3, chymase and granzyme-B (Sugawara 

et al., 2001). Additionally caspase-8 has been shown to cleave p ro - lL - ip  and pro-lL- 

18. A non-canonical intlammasome involving caspase-8, mucosa-associated 

lymphoid tissue lymphoma translocation protein 1 (M A L T l)  and ASC has been 

described following stimulation with Dectin-1 and Syk kinase-mediated signalling 

(Gringhuis et al., 2012). Caspase-8, with the help o f  Fas-associated death domain 

(FADD), has also been shown to promote both priming and activation o f  canonical 

and non-canonical inflammasomes. Furthermore, direct processing o f  caspase-1 by 

caspase-8 has also been described in an inflammasome-independent manner following 

stimulation by Yersinia (reviewed in Creagh, 2014). IL - ip  is synthesised primarily by 

cells in the myeloid lineage, including monocytes, macrophages, neutrophils, 

dendritic cells and hepatocytes. Unlike IL - ip ,  however, the IL-18 precursor is
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constitutiveiy expressed by several cell types, including ECs. keratinocytes, most 

epithelial cells, monocytes, macrophages and dendritic cells. The primary sources o f 

release o f mature IL-18 are macrophages and dendritic cells, though pro-IL-18 can 

also be released from necrotic cells and processed extracellulary. and is similar to IL- 

la  and IL-33 in this regard.

1.4.1 IL-18 and IL -ip  Signalling

IL-18 signalling is initiated through the IL-18 receptor (IL -I8R ) complex. The 

binding chain o f the lL-18R is termed the IL-18R alpha chain (IL-18Ra). The binding 

o f IL-18 to IL - l8 R a  is o f low affin ity and the IL -I8R  beta chain (IL-i8R(5) is 

required to form a high-affinity heterotrimeric complex, which can initiate the IL-18 

signalling cascade. Two IL - i receptors (IL -IR s) have been identified, the biologically 

active, IL - IR I,  and the biologically inert decoy receptor, IL -IR 2 . Similar to IL-18, 

the binding o f IL-lf5 to IL - IR I,  stimulates the recruitment o f an accessory protein, IL- 

IR accessory protein (IL -IR A cP), forming the IL -IR  complex. IL-lf5 and IL-18 

initiate similar signalling cascades; the adaptor protein MyD88 is first recruited to the 

receptor complex, which sequentially recruits interleukin-1 receptor-associated 

kinase (IRAK)4/1 and TNF receptor associated factor 6 (TRAF6) (Figure 1.7). This 

results in the degradation o f inhibitor o f kB ( I k B) and release o f NF-kB into the 

nucleus as well as activation o f the JNK and p38 mitogen activated protein kinase 

(M ARK) pathways (Thomassen el al., 1998). Interestingly, IL - ip  is normally active 

on cells at low concentrations even at the pg/ml range, whereas IL-18 activation 

requires concentrations o f 10-100 ng/ml (Lee el al., 2004). IL-18Ra is expressed on 

the majority o f cell types but IL-18RP is typically only expressed on T cells and 

dendritic cells and not on the mesenchymal cells. Interleukin-12 (IL-12) or various 

other cytokines are often required to induce the expression o f IL-l8Rf5 on these cells.

IL-18 activity is balanced by a high-affin ity (400 pM) binding protein, IL-18 binding 

protein (IL-18BP), which is a constitutiveiy secreted protein. This 38-kDa protein has 

characteristics o f a decoy receptor, sim ilar to IL -IR 2  for IL-1, but is not a soluble 

form IL -l8 R a . 1L-I8BP has one IgG domain, which shares some sequence homology 

to the third IgG domain o f IL-18Ra. In the serum o f a healthy individual, IL-18BP is 

found at a 20-fold molar excess to IL-18. The production and release o f IL-I8B P  is
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up-regulated by IFNy, thus IL-18BF^ likely acts as default mechanism to reduce T 

helper cell (Tm)1 responses initiated by IL-18. protecting the body from an 

unnecessary autoimmune response. In fact many IFNy-mediated autoimmune diseases 

in humans are associated with an imbalance in levels o f  IL-18 and IL-18BP (Dinarello 

el a i ,  2013). A naturally occurring IL-IR antagonist (IL-IRa) exists, which binds to 

both IL-1 RI and IL-IR 2 but incapable o f  interacting with IL-IRAcP. IL-1 and other 

inflammatory stimuli such as lipopolysaccharide (LPS) stimulate expression o f  IL- 

1 Ra in many cell types (Arend et al.. 1998).

1.4.2 Functions of IL-18 and IL-ip

IL-18 was initially identified as an IFNy-inducing factor circulating in the serum o f  

mice treated with Proprionihateriiim acnes and challenged with LPS (Okamura et al., 

1995) and many o f  its observed function stem from IFNy production. T lymphocytes 

are the primary source o f  cytokines in the body and can be divided into cluster o f  

differentiation (CD)4^ and CD8^ T cells. CD4" T cells, also known as the Tn cells, 

are regarded as the most prolific cytokine producers and can be further categorised 

into ThI and Tn2 cells. Tui cells and the cytokines they release, most prominently 

IFNy. interleukin-2 (IL-2) and tum our necrosis factor beta (TNFP), stimulate the 

bactericidal properties o f  macrophages leading to cell-mediated immunity and 

phagocyte-dependent protective responses. In synergy with 11,-12 or interleukin-15 

(IL-15), as an IFNy-inducing factor, IL-18 plays important roles in Tul responses. IL- 

18 can induce Tul cell proliferation without activating T-cell receptors, therefore 

acting as an endogenous Th 1 cell activator. IL-18 and IFNy have also been implicated 

in inducing antigen-specific CDS^ T cell proliferation (Iwai el al., 2008). Another 

major immunoregulatory role o f  IL-18 is to induce IFNy from natural killer (NK) cells 

(Tomura el al., 1998) and to increase its expansion and cytotoxicity as well as 

activated B cells (Yoshimoto el al., 1997).

Interestingly in the absence o f  lL-12. IL-18 can drive IgE expression and 1\{1 

polarisation. The Th2 response is characterised by the release o f  interleukin-4 (lL-4), 

interleukin-5 (IL-5), IL-10 and interleukin-13 (IL-13) which results in the activation 

o f  B cells to make neutralising antibodies and inhibition o f  some macrophage 

responses, leading to humoral or antibody-mediated immunity (Nakanishi et al..

27



2001). Other functions o f  lL-18 that have been reported include stimulation o f  

granulocyte-macrophage colony-stimulating factor (GM -CSF). T N F a, IL-If5 and IL-8 

production by peripheral blood mononuclear cells (PBMCs), induction o f  cell 

adhesion molecules, induction o f  granule production and enhancement o f  the 

respiratory burst in neutrophils, and promotion o f  Th17 cell differentiation in synergy 

with interleukin-23 (lL-23) (Dinarello et a i ,  2013).

IL - ip  is also a multifunctional cytokine and is involved in a plethora o f  processes, 

including antibody production, generation o f  T n l7  cell polarisation, stimulation o f  T 

cells together with an antigen or mitogen, mediation o f  host responses to microbial 

invasion, stimulating production o f  potent inflammatory molecules (cytokines, 

prostaglandins, platelet activating factor, EC adhesion molecules and leukotrienes), 

immune cell recruitment, bone resorption, tumour angiogenesis and metastasis and 

vascular smooth muscle cell contraction. Unsurprisingly, IL - ip  has been implicated in 

a wide range o f  diseases. These include hereditary autoinflammatory diseases such as 

the cryopyrinopathies, non-hereditary autoinflammatory diseases such as Still disease 

and systemic onset juvenile idiopathic arthritis, metabolic syndromes and chronic 

diseases such as gout, type II diabetes, obesity, rheumatoid arthritis (RA) and cancer 

(Dinarello, 2009) as discussed below.

1.5 The NLRP3 Inflammasome in Disease

Inflammasome dysregulation has been implicated in almost every age-related 

condition that afflicts man and age is one o f  the greatest risk factors for most o f  the 

common chronic inflammatory diseases; atherosclerosis, metabolic syndrome, AMD, 

Alzheim er's  disease, chronic obstructive pulmonary disease (COPD) and gout. 

Indeed, the term 'in tlam m aging ' was coined by Franceschi and colleagues to illustrate 

the concept that the aging process is associated with a progressive increase in pro- 

inflammatory status due to the body 's  inability to manage the continuous antigenic 

load and stress (Franceschi et al., 2000). The inflammatory response observed here is 

different to the more traditional acute inflammation; it is a low-grade, controlled, 

chronic systemic inflammatory state and most often asymptomatic. In particular, the 

NLRP3 inflammasome has been shown to recognise many o f  the metabolic by

products associated with these diseases, e.g. monosodium urate (M SU) crystals
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associated witii gout (Martinon et al., 2006). p-amyioid plaques associated with 

A lzheim er's  disease (Halle et al., 2008), drusen deposits associated with A M D  (Doyle 

el al., 2012), lAPP involved in type two diabetes (Masters et al.. 2010) and 

cholesterol cr js ta ls  involved in atherosclerosis (Duewell et al., 2010). Other 

conditions with an inflammatory component such as inflammatory bowel disease 

(IBD) and cancer have also been linked with uncontrolled intlammasome activation.

1.5.1 IL - ip  in Disease

IL-lf5 is known to play a causative role in many o f  these diseases. For example in 

atheroscelerosis, IL - ip  plays a role in stimulating lipid plaque development and 

destabilising plaques in mice and cholesterol crystals which accumulate in this disease 

can activate the NLRP3 intlamm asome causing increased IL - ip  production. 

Moreover, when hypercholesterolemic mice that are deficient in the low-density 

lipoprotein receptor are reconstituted with bone marrow from mice deficient in 

various infiammasome components (NLRP3, ASC, IL-IP), fewer atherosclerotic 

plaques are seen to develop compared to those reconstituted with wild-type bone 

marrow (Egan et al., 2011). Similarly, in gout. MSU crystals have been shown to 

activate the NLRP3 intlammasome and the resulting IL - ip  released can trigger the 

recruitment o f  neutrophils and peritoneal infiammation.

NI.RP3 'genetic ' disorders also exist, previously known as Periodic Fever 

Syndromes, which are quite distinct in phenotype from the more chronic NLRP3 

activation disorders and result in auto-intlammatory diseases. Collectively known as 

cryopyrin-associated periodic syndromes (CAPS), these disorders are due to gain-of- 

function mutations in the NLRP3 gene, which leads to increased IL - ip  secretion. The 

clinical severity o f  CAPS vary with familial cold autoinfiammatory syndrome (FCAS) 

being the mildest form, neonatal-onset multisystem inflammatory disease (NOM ID) 

or chronic infantile neurological cutaneous and articular syndrome (CINCA) being o f  

intermediate severity and M uckle-W ells syndrome (M W S) being the most severe 

(Martinon and Tschopp. 2007). Unlike autoimmune diseases, these auto-inflammatory 

syndromes do not present typical characteristics o f  adaptive immunity, such as high- 

titre autoantibodies and antigen-specific T-cells. Instead they are disorders o f  the 

innate immune system and are characterised by recurrent fever, urticaria-like rashes
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and systemic inflammation, with sensorineural hearing loss also associated with 

MWS and bone deformities and neurological complications observed in 

NOM ID/CINCA. Remarkable clinical outcomes have been observed for these 

disorders by treatment with the IL-I blocking agents, rilonacept (Arcalyst ’̂ '), 

canakinumab (Ilaris*) and anakinra (Kineret®) (Hoffman el al., 2004, Neven et a i ,  

2010, Lepore et a l ,  2010, Goldbach-Mansky et al., 2006).

1.5.2 IL-18 in Disease

IL - I8 and its effector functions have been implicated in many diseases, both 

autoimmune and inflammatory disease states as well as in certain cancers.

1.5.2.1 IL-18 and Inflammatory Bowel Disease (IBD)

A possible role o f  the intlammasome in IBD first arose from observations that 

polymorphisms in genes encoding IL-18, NLRP3 and 1L-I8BP were linked to 

increased susceptibility to C rohn 's  disease. A frequently used mouse model for colitis 

is the dextran sulfate sodium (DSS) model, where DSS added to the drinking water 

causes epithelial injury in the intestinal wall. Epithelial cell death, increased intestinal 

permeability, mucosal ulceration and erosion, inflammatory cell infiltration and 

increased pro-inflammatory cytokine production are observed in this model. Reducing 

IL-18 with a neutralising antibody or blocking IL-18 with the IL-I8BP has been 

shown to reduce colitis in this model and has been linked to reduced IFNy levels. In 

addition, caspase-l deficient Balb/C mice were shown to be less susceptible to DSS- 

induced colitis.

However, later studies have shown opposing results and have suggested that caspase- 

I, NLRP3 or ASC deficiency is detrimental in DSS-induced colitis. Here, Asc-, 

Nlrp3- or Caspase-l-def]c\ent B6 mice showed increased disease, intestinal 

permeability, morbidity and pre-cancerous lesions, which could be rescued by IL-18 

administration (Zaki el al.. 2010a). Additionally, genetic studies revealed that SNPs in 

the Nlrp3 gene, which resulted in decreased NLRP3 expression, contributed to 

C rohn 's  disease susceptibility (Villani et al.. 2009). Some o f  the discrepancies 

observed in the mouse models may be explained by the relevant IL-18 producing cell 

populations (Siegmund, 2010). Using bone marrow chimeras, the later studies reveal 

that it is the IL-18 produced in the intestinal epithelial cells that is critical in
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maintaining intestinal homeostasis. This is through induction o f epithelial cell 

proliferation and repair in response to DSS. a process known as the compensatory 

proliferative response. However, in the earlier studies, with loss o f the barrier, 

activation and IL-18 production o f macrophages in the lamina propria o f the mucosa 

resulted in inflammation (Kanai el a i. 2001).

1.5.2.2 IL - l f t  and Cancer

Several studies have shown a dual role for IL-18 in tumour progression. An anti- 

cancerous role o f the cytokine has been demonstrated by stimulating an inflammatory 

response against cancer cells, yet, a pro-cancerous role by promoting tumour cell 

proliferation and metastasis has also been observed. The anti-cancerous effects o f IL- 

18 are primarily mediated through the induction o f Fas ligand and apoptosis or 

through the inhibition o f angiogenesis. Indeed, anti-tumour effects o f IL-18 have been 

demonstrated in mouse models o f lung cancer, breast cancer, sarcoma, lymphoma and 

melanoma. The increased cytotoxicity o f NK cells observed following IL-18 

stimulation has been attributed in many o f these models (Cho el a i,  2000). in another 

study, an adenovirus expressing IL-18 showed significant anti-tumour and apoptosis 

effects in mouse melanomas through decreasing VEGF and CD34 expression in these 

cells (Zheng et a i,  2010).

Yet, some pro-angiogenic effects o f I I . -18 may favour tumour progression in other 

models. Increased levels o f IL-18 have been observed in cancer patients and some 

common skin cancer cells have been shown to secrete IL-18. Additionally, the 

induction o f IL-18 transcription and secretion by hypoxia results in the subsequent 

expression o f hypoxia-inducible factor-1 alpha (F llF la), which can mediate tumour 

progression and metastasis. Blocking IL-18 activity with 1L-18BP has been shown to 

reduce hepatic metastasis in a mouse model o f melanoma due to the reduced lL-18- 

induced expression o f vascular cell adhesion molecule-1 (VCAM-1). Further pro- 

angiogenic effects o f IL-18 that have been described include the production o f MMP- 

9 in a human leukaemia cell line, resulting in the degradation o f the ECM and 

metastasis o f cancer cells. Furthermore, IL-18 has been shown to induce VEGF in 

certain cancer cells, which can in turn induce IL-18 production, creating a positive 

feedback loop (Palma et a i, 2013).
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With regards to its anti-cancer effects, recombinant IL-18 has entered human clinical 

trials and Phase I studies have shown immunomodulatory and clinical activity o f  the 

cytokine with a biologically active dose range (Robertson et a i ,  2008). Phase II trials 

against stage IV melanomas revealed that although lL-18 was well tolerated, it had 

limited activity by itself in these patients (Tarhini et al., 2009). Nevertheless, IL-18 in 

combination with other cytokines or therapeutic molecules does seem promising and 

some Phase I clinical trials in patients with N on-H odgkin 's  Lymphoma have shown 

that IL-18 in combination with rituximab, a CD20 monoclonal antibody, is well 

tolerated and may augment the anti-tumour activities (Robertson et al., 2013).

1.5.2.3 IL-18 and Metabolic Syndrome and Atherosclerosis

Observations that IL-18- and IL-I8R- deficient mice overeat, show a marked increase 

in body weight, display lipid abnormalities, insulin resistance, hyperglycemia and 

atherosclerosis suggested a vital role for IL-18 in regulating homeostasis. Injection o f  

recombinant IL-18 rescued the insulin resistance in these mice (Netea et al., 2006). 

Additionally, it was observed that human patients with metabolic syndrome show 

increased levels o f  IL-18 (Van Guilder et al., 2006), and a polymorphism in the 1L18 

gene linked to elevated IL-18 levels in the serum, impaired insulin sensitivity and an 

increased risk o f  the disease (Presta et al., 2009).

High expression o f  IL-18 has been found in human carotid atherosclerotic plaques 

compared to control non-diseased arteries, most prominently in the plaque 

macrophages, while expression o f  IL-18R has been observed in macrophages, smooth 

muscle cells and ECs (Mallat et al., 2001a). Furthermore, in Apolipoprotein E- 

deficient mice, an animal model o f  atherosclerosis, the administration o f  IL-18BP 

prevented atherosclerotic plaque formation, while IL-18 administration enhanced 

disease phenotype (Mallat et al., 2001b). These pro-atherogenic effects are thought to 

be a result o f  the pro-inflammatory effects that ensue following IFNy production and 

by the induced expression o f  MMPs that may aid in plaque destabilisation (Whitman 

et al., 2002).

1.5.2.4 IL-18 and Rheumatoid Arthritis (RA)

As a T ||l-d riven ,  chronic systemic inflammatory disease, the role o f  IL-18 in RA has 

also been explored extensively. IL-18 expression has been observed in synovial
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tissues from RA patients and in a mouse model o f  collagen-induced arthritis, the 

addition o f  IL-18 has been shown to aggravate the disease. IL-18 likely contributes to 

the inflammatory disease phenotype by acting as a chemoattractant for monocytes, 

lymphocytes and neutrophils, by inducing leukocyte extravasation through 

overexpression o f  V C A M -I.  by inducing chemokine and VEGF release from synovial 

fibroblasts and by inducing angiogenesis (Dai el al., 2007).

1.6 Objectives

The overall objective o f  my thesis was to investigate the role o f  inflammatory 

processes in AMD. The NLRP3 intlamm asome has recently been demonstrated to 

sense host-derived extracellular particulate or aggregated matter, including amyloid-^, 

uric acid crystals, cholesterol crystals and lAPP, all o f  which have been implicated in 

the pathogenesis o f  A lzheim er's  disease, gout, atherosclerosis and diabetes, 

respectively. The build-up o f  drusen deposits beneath the RPE is one o f  the earliest 

hallmarks o f  AMD. Drusen is also extracellular and particulate in nature so the first 

aim o f  this project was to investigate whether drusen or any o f  its components could 

activate the NLRP3 inflammasome resulting in the maturation and release o f  IL - ip  

and IL-18. The mechanism o f  NLRP3 activation was also explored for some o f  these 

activators. Using the laser-induced CNV mouse model o f  wet AMD, it was 

surprisingly found that NL,RP3 and more specifically, IL-18 played a protective role 

in the development o f  CNV lesions. As IL-18 was shown to be protective against 

CNV development in a laser-induced model, it was investigated whether it could have 

similar therapeutic effects in a novel mouse model that spontaneously develops CNV- 

like lesions. The next goal o f  this project was to examine IL-18 signalling pathways in 

vilro in endothelial and epithelial cells and to screen a range o f  angiogenic factors and 

cytokines after IL-18 treatment, in order to decipher how IL-18 could confer this 

protective role in vivo. Finally, during the course o f  this PhD, it was reported that the 

retinal degeneration mutation, ni8, in the crumbs-homolog I (Crhl)  gene is present in 

vendor lines o f  C57BL/6N mice and embryonic stem cells (Mattapallil el al., 2012). 

Many o f  the mouse lines that have been used to study eye diseases, such as AMD, 

were also found to carry the rci^ mutation. This finding has major implications for 

ocular research, thus the final goal o f  my thesis was to screen the A.sc" mouse strain 

for rciS and to cross them to C57BL/6J mice that do not harbour n iS  to eliminate the
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mutation. Additionally, the contribution o f  the genetic background on the rd8 

phenotype was examined by comparing the integrity and function o f  the retinas o f  the 

Asc ' mice with and without the rdS mutation to C57BL/6J and C57BL/6N animals.
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Figure 1.1: Schematic diagram showing the structural compositions of the retina
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Figure 1.2: Schematic diagram of the RPE in a 3- and 80- year old individual

Picture taken from SPIE Professional (http://spie.org/x38559.xm l)
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Figure 1.4: Fundus photography of A M D  patients

Fundus images o f an un-affected individual, an individual affected by dry AM D and 

an individual affected by wet AMD. Drusen deposits are evident in the individual 

with dry AMD. Sub-retinal haemorrhage as a result o f CNV formation, as well as 

drusen, is evident in the individual with wet AMD.
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Figure 1.5: Activation of the NLRP3 inflammasome

Activation o f the NLRP3 inflammasome requires two signals. The first signal 

activates TLRs to produce NLRP3 and p ro -IL -ip . The second signal is sensed by 

NLRP3 resulting in the formation o f the inflammasome complex and the cleavage o f 

pro-caspase-1 into its mature form. Caspase-I can in turn cleave pro-1 L-1 p and pro- 

IL-18 to produce IL - Ip  and IL-18, which can be secreted from the cell.
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Figure 1,6: Models of NLRP3 activation

Three activation models are favoured for NLRP3 activation. First, is the ATP- 

triggered P2X7-dependent pore formation by the pannexin-1 hemichannel, allowing 

extracellular NLRP3 agonists to enter the cytosol and directly engage NLRP3. 

Second, is the engulfment o f particulate ligands into lysosomes, which leads to its 

rupture and the release o f cathepsin B, which may be recognised by NLRP3. Third, is 

the generation o f ROS, which may stimulate NLRP3 inflammasome formation.
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Figure 1.7: IL-18 signalling pathways

Mature active IL-18 binds the IL-18R complex, which leads to the recruitment o f 

MyD88. This initiates a signaling cascade that leads to the activation o f NF-k B, 

extracellular signal-regulated kinase (ERK), JNK or p38 M APK pathways and the 

transcription o f cytokines, angiogenic and apoptotic factors.
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2 Materials and Methods

2.1 M a ter ia ls

2.1.1 Buffers and Reagents for G eneral Procedures

Sigm a-Aldrich: Bovine Serum Albumin (BSA), Trizma Hydrochloride (Tris-HCI), Glycine, 

Sodium Chloride, Tween®-20, Acetic Acid, Choloroform, Isoamyl Alcohol, Ethanol, 

Hydrochloric Acid (HCI), P-mercaptoethanol, methanol, phenol, Ethylenediaminetetraacetic 

Acid (EDTA), Triton"^ X-100, Sodium Dodecyl Sulphate (SDS), Ammonium Persulfate 

(APS), N, N, N \  N ’-tetramethylethylenediamine (TEM ED), Bis-acrylamide, Ponceau S, 

Agarose, Sucrose, Sodium Deoxycholate, Nonidet P-40

2.1.2 M aterials and Reagents for T issue Culture  

Corning: C o s t a r T r a n s w e l l P e r m e a b l e  Supports 

G E H ealthcare: Ficoll-Paque Plus

Gibco: Trvpsin-EDTA. I x Sterile Phosphate Buffer Saline (PBS), N-2- 

hydroxyethylpiperazine-N-2-ethane Sulfonic acid (HEPES) Buffer

Life Technologies: Dulbecco 's modified Eagle medium (DM EM ) GlutaM A X"^ with I mM 

Sodium Pyruvate, Hank 's  Balanced Salt Solution (HBSS)

Lonza: Endothelial Cell Basal Medium-2 (EBM-2) supplemented with 5% FBS, 

Hydrocortisone, Recombinant Human Fibroblast Growth Factor-B, Recombinant Human 

VEGF, Insulin-like Growth Factor-1, Ascorbic Acid, Recombinant Human Epidermal 

Growth Factor and Gentamicin/amphotericin B-IOOO according to manufacturer's 

instructions (Endothelial Cell Growth Medium-2, (EGM-2 MV)), Roswell Park Memorial 

Institute (RPMI)  1640 with L-glutamine

Prom ega: CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

Roche: Collagenase/Dispase 

Sarstedt: Plastic tissue cultureware

Sigm a-Aldrich: DMEM with nutrient mixture F-12 Ham, Foetal bovine serum (FBS), 

M EM -a medium. Glutamine, Puromycin, Non essential amino acids. Taurine, 

Hydrocortisone, Triiodo-thyronin, Fibronectin, Collagen IV, Penicillin-Streptomycin (P/S), 

N l  supplement. Dimethyl sulfoxide (DM SO), DNase I, Tosyllysine Chloromethyl Ketone 

Hydrochloride (TLCK), Red Cell Lysis Buffer, Trypan Blue Solution
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2.1.3 Materials and Reagents for Protein Study  

Advansta: Western Bright"^ ECL Western blotting detection kit 

FUJIFILM: Super RX FUJI Medical X-ray Film

M B L  International: Human IL-18 ELISA Kit. Mouse IL-18 ELISA Kit 

MiHipore: Polyvinyl Difluoride (PVDF) membrane

New England Biolabs: Prestained Protein Loading Marker Broad Range (7-175 kDa) 

Pierce: TMB Substrate

RnD Systems: Human Angiogenesis Array. Human Cytokine Array, Human VEGF Duoset 

ELISA Kit. Mouse VEGF Duoset ELISA Kit. Human IL-6 Duoset ELISA Kit. Mouse IL-6 

Duoset ELISA Kit. Human IL - ip  Duoset ELISA Kit. M ouse IL-lf5 Duoset ELISA Kit. 

Human IL-8 Duoset ELISA Kit.

Roche: Complete Mini-Protease Inhibitor Cocktail

Sigma-Aldrich: Kodak GBx Developer and Replenisher. Kodak GBx Fixer and 

Replenisher. Stop Reagent for TM B Substrate

T herm o Scientific: Bicinchoninic Acid (BCA) Protein Assay Reagent. 5X Lane Marker 

Reducing Sample Buffer, Pierce**  ̂ ECL Western Blotting Substrate, Restore"^ Western 

Blotting Stripping Buffer

2.1.4 Antibodies

Abeam: P-actin, Occludin, IL-18. IL - ip

Cell Signaling Technology: VEGFR2, VEGF, Phospho-p38 (Thrl 80/Tyrl 82),

Phospho-ERK (Thr202/Tyr204), Phospho-AKT (Ser473), Phopho-AM PKa (Thr 172)

Invitrogen: Claudin-5, ZO-I

Santa Cruz Biotech: V E G F R I.V E G F

Sigma-Aldrich: NLRP3

Upstate Biotechnology: Ik B

2.1.5 Recombinant Proteins, Small Molecule Inducers and Inhibitors 

Calbiochem: Caspase-I Inhibitor VI

InyivoGen: R848, CPG ODN

RnD Systems: Human Recombinant VEGF. Mouse Recombinant VEGF, Human 

Recombinant IL-8. Complement Factor H
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Sigm a Aldrich: Cvtochalasin D, CA-074 Me. Diphenyleneiodonium chloride (DPI), 

PamCys

Human recombinant IL-18 and mouse recombinant IL-18 were supplied by 

GlaxoSmithKline (GSK), GSK clinical asset SB-485232 and SB-528775, 

respectively.

2.1.6 M aterials and Reagents for RNA and DNA Study  

Am bion: Nuclease free (NF) H2O 

Invitrogen: RNase Away®

New England BioLabs: Proteinase K, Standard Taq Buffer, Taq polymerase, dNTPs, 100 

base pair Ladder,

O m ega: E.Z.N.A. Total RNA Kit I

O iagen: RNeasy® Mini Kit, QIAquick PCR Purification Kit, RNase-Free DNase I, 

QuantiTect SYBR Green reverse transcriptase-PCR Master Mix 

Sigm a Aldrich: Ethidium bromide

2 .L 7  M aterials and Reagents used for Histology and Retinal Flatm ounts 

Life Technologies: Alexa Fluor® 488 Phalloidin 

M olecular Probes: Griffonia-simlicifolia-isolectin-Alexa 568 

Polvsciences: Aqua PolyMount

Sigm a-A ldrich: Paraformaldehyde (PFA), Formalin, Hematoxylin, Eosin Y, Xylene 

T herm o Scientific: Polylysine Adhesion Slides

2.L 8. A naesthetics and Reagents used for A nim al Procedures

• Ketamine

• Xylazine (Domitor)

• Anti-Sedan

• Phenylephrine, Cyclopentalate and Tropicamide eye drops 

2 .L 9. Anim al Experim ents and E xperim ental groups

All experiments involving the use o f  the C57BL/6J, C57BL/6N, BALB/cJ, B 6.I29P2- 

B6N.I29S2-Casy77'"'^^'’7j, B6N.I29-Mr/?i""^^'' '/J and Asc'"' mice (Jackson 

Laboratories), were assessed and approved by an internal ethics committee in Trinity
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College Dublin prior to all experimentation. A ll studies carried out in the Ocular 

Genetics Unit in TCD adhere to the Association for Research in Vision and 

Ophthalmology (ARVO ) statement for the use o f animals in ophthalmic and vision 

research.

2.1.10 Buffer Recipes

• 10% APS: 0.1 g APS, I ml dHjO

• Davidson's Fixative Solution: 300 ml dH20. 200 ml formalin. 100 ml acetic 

acid. 300 ml 95% alcohol

• IX  RIPA Lysis Buffer: 50 mM Tris-CI (pH 8.0). 0.1% nonidet P-40. 150 mM 

NaCI, 0.1% SDS, 0.5% sodium deoxycholate and I complete mini-protease 

inhibitor cocktail tablet (I tablet/10 ml)

• Running Buffer: 30.3 g Tris. 144.2 g Glycine. 19 g SDS. 1000 ml dH20 (pH 

8 .6 )

• 10% SDS: 10 g SDS. 100 ml dHjO (pH 7.2)

• I OX TAE Buffer: 400 mM Tris-Acetate and 10 mM EDTA (pH 8.3)

• Tail Lysis Buffer: 50 mM Tris-CI (pH 8.0). 100 mM EDTA (pH 8.0). 100 mM 

NaCI. ] %SDS

• Transfer Buffer: 3.03 g Tris, 14.42 g Glycine. 200 ml Methanol. 600 ml dH20 

(pH 8.3)

• I M Tris: 12.1 g Tris, 100 ml d ll2 0  (pH 6.8)

• 1.5 M Tris: 18 .165 g Tris, 100 ml dH20 (pH 8.8)

• lOX Tris Buffered Saline (TBS): 6.05 g Tris, 8.766 g NaCI, 800 ml dH20 (pH

7.4)
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2.2  M eth o d s

2.2.1 T issue C ulture M ethods

All cells, including cell lines and primary cultures, were maintained in a humidified 

Sterile Cycle C O 2 incubator (Hepa Class 100, ThermoScientific) at 37°C in the 

presence o f  5% C O 2 . All cell culture procedures were carried out in a laminar flow 

cabinet (Holten LaminAir Model 1.2, Thermo Electron Corporation). Cells were 

visualised using an inverted light microscope (Olympus CK30).

2.2.1.1 hEnd.3 cells

The mouse brain endothelial cell line, bEnd.3 (American Type Culture Collection, 

[ATCC®] CRL-2299^^), was cultured in T75 flasks in DMEM G lu taM A X '^  with I 

mM sodium pyruvate supplemented with 10% FBS and 1% P/S. To passage cells, the 

medium was aspirated o ff  and cells were washed gently with PBS. The PBS was then 

removed and 4 ml o f  trypsin-EDTA was added. The flasks were incubated at 37°C for 

5 min with trypsin-EDTA, or until the cells no longer adhered to the flask. The cell 

suspension was then centrifuged at 1,000 RPM for 5 min and the cell pellet was re

suspended in fresh medium and divided into new flasks. Cells were passaged once a 

week and fed every 2-3 days with fresh medium.

2.2.1.2 THPl cells

The human acute monocytic leukemia cell line, TH Pl (European Collection o f  Cell 

Cultures), was cultured in T75 flasks in RPM I 1640 supplemented w ith 10% FBS and 

1% P/S. To passage cells, the cell suspension medium was centrifuged at 1,000 RPM 

for 5 min and the cell pellet was re-suspended in fresh medium and divided into new 

flasks. Cells were passaged three times a week.

2.2.I.3ARPE-19 cells

The human retinal pigment epithelium cell line, ARPE-19 (ATCC® CRL 2302, LGC 

Promochem), was cultured in T75 flasks in DMEM with nutrient mixture F12 Ham 

supplemented with 10% FBS and 1% P/S. Cells were passaged and fed as described 

for bEnd.3 cells (see section 2 .2 .1. 1).
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2.2.1.4 Primary Human Foetal RPE cells

Prim ary hum an  foetal R PE  cells w ere  prov ided  by co llabora to rs  at the  N ational Eye 

Institute, N ational Institutes o f  H ealth , B ethesda , M ary land , U SA . G ro w n  in M E M -a  

m ed ium  supp lem en ted  w ith  5 %  FBS, 1% g lu tam ine . 1% P/S, I %  non  essentia l am ino  

acids. 250  Mg/ml taurine, 20 ng/m l hydrocort isone , 0 .013 ng/m l t r i iodo-thyron in  and 

1% N i  supp lem ent.  T o  passage  cells  culture  m ed ium  w as  asp ira ted  and w ash ed  tw ice 

w ith PBS. 5 ml o f  t ry p s in -E D T A  w as added  to  the tiask  and  incubated  at 37°C  for 15 

min. A spinal needle  w ith  a 3 ml syringe  a ttached  w as  used to  s tream -w ash  the 

a ttached  cells. M E M - a  m ed ium  su p p lem en ted  with 15% FB S w as  added  to the cell 

suspension  and  seeded  at 1 X 10^ ce l ls /cm ‘ . A fte r  2 d ay s  cells  w ere  rep len ished  with 

M E M - a  m ed ium  su p p lem en ted  w ith  5 %  FBS.

2.2.1.5 Cell Counting and Trypan Blue Exclusion Assay

A dheren t  cells w ere  tryps in ised  as descr ibed  in section 2.2.1.1 and  cen tr ifuged  at 

1.000 R PM  for 5 m in. For suspension  cells ,  the m ed ium  con ta in ing  the cells  w as 

d irectly  cen tr ifuged . A fte r  cen tr ifuga tion  the cell pellet w as  re -suspended  in 1 ml o f  

fresh m ed ium  and an a l iquot w as  d ilu ted  I in 10 in g row th  m ed ium . T h is  d ilu tion  was 

then dilu ted  1 in 2 w ith  T rypan  blue solution and  12 ^1 o f  the suspension  w as  p ipetted  

onto  a cell coun te r  s lide and inserted into the  L u n a "^  A u to m a ted  Cell C oun ter .  The 

m ach ine  p rov ides  the total concen tra t ion  and the total n u m b er  and percen tage  o f  

viable  cells.

2.2.1.6 Cryopreservation o f  Cells

In o rd e r  to m ain ta in  healthy cell stocks, cells  w ere  frozen  dow n  at low passage  

num bers .  Subsequen t  to  tryps in isa tion  and  cen tr ifuga tion , cell pelle ts  w ere  re 

suspended  in I ml o f  g row th  m ed iu m  con ta in in g  10% D M S O  and placed  in a Nunc^*^ 

C ryo  Tube. T hese  tubes  w ere  p laced in a p re-chilled  c ryo -freez ing  con ta ine r  

(N a lgene)  and stored at -80°C  or in liquid nitrogen.

2.2.1.7 Isolation o f  Primary Human Peripheral Blood Mononuclear Cells (PBMCs)

20 ml o f  b lood w as  taken  from  healthy  vo lun teers  and transfe rred  into E D T A -co a ted  

50 ml falcon tubes  to  p revent b lood  clo tting . T he  blood w as  dilu ted  in 20  ml o f  PBS. 

20 ml o f  Ficoll Paque  Plus w as  added  to tw o 50 ml fa lcon  tubes and  20 ml o f  the
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diluted blood was added slowly to each tube. The falcon tubes were centrifuged at 

2,000 RPM for 30 min, with the acceleration and deceleration set to 5 g. After 

centrifugation, three distinct layers were visible; the bottom red blood cell layer, the 

clear Ficoll layer and the yellow  plasma layer (Figure 2 .1). A ring o f  white blood cells 

was observed between the plasma and Ficoll layer. This layer was transferred into a 

new falcon tube with a Pasteur pipette and the volume adjusted to 50 ml with PBS. 

The tube was centrifuged at 2,000 RPM for 10 min, the supernatant was removed and 

the volume adjusted to 50 ml with PBS. The 10 min centrifugation was repeated, the 

supernatant removed and the cell pellet re-suspended in 10 ml o f  RPMI 1640 medium 

supplemented with 10% FBS and i'% P/S. Cells were seeded at a concentration o f  2 X 

10  ̂cells/ml.

2.2.l.H Harvesting Mouse Bone Marrow Dendritic Cells (BMDCs)

Day 0 - The femurs and tibiae were removed from mice and the fat and muscle were 

cut away to leave clean bones. Both ends (epiphyses) o f  each bone were cut with a 

scissors. A 20 ml syringe was filled with RPMI 1640 medium supplemented with 

10% FBS and 1% P/S, a 27 G needle attached, and the bone marrow was Hushed 

through the bones into a sterile petri dish. Aggregates were broken up by passing the 

cells repeatedly through a 20 ml sy ringe with a 19 G needle attached. The cells were 

transferred to a 50 ml tube and centrifuged at 1.200 RPM for 5 min. The supernatant 

was removed and I ml o f  red cell llysis buffer was added to the pellet to lyse the red 

blood cells. The buffer was left on the cells for 2 min and then the tubes were adjusted 

to 50 mi with growth medium. The cells were centrifuged at 1,200 RPM for 5 min, 

the supernatant removed, and the pellet re-suspended in 10 ml o f  growth medium. The 

cells were counted and adjusted to a  concentration o f  1 X 10  ̂cells/ml in medium with 

20 ng/ml o f  GM-CSF (kindly provided by E. Lavelle, TCD). The cells were then 

placed in T175 tissue culture flasks and incubated at 37°C/5% CO2 Day 3 - The cells 

were fed by adding 30 ml o f  medium with 20 ng/ml o f  GM-CSF heated to 37°C per 

flask. Day 6 - The flasks were removed from the incubator carefully and the 

supernatant was gently removed from each tlask. 30 ml o f  medium with 20 ng/ml 

GM-CSF at 37°C was added to each flask and the flasks were returned to the 

incubator. Day 8 (or a/iernoon o f  Day 7) - The cells were fed by adding 30 ml o f  

medium with 20 ng/ml o f  GM-C'SF heated to 37°C per tlask. Day 10 - Loosely
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adherent cells were removed by gentle repeat pipetting o f the medium in the flasks 

and then transferred to a 50 ml tube. Cells were then centrifuged at 1,200 RPM for 5 

min, the supernatant removed and the pellets from each tube pooled w ith 10 mi o f 

medium heated to 37°C. Cells were counted and plated in 96-well plates at a 

concentration o f 6 X 10  ̂cells/ml and left at 37°C overnight (Figure 2.2).

2.2.1.9 Harvesting Mouse Bone Marrow-Derived Macrophages (BMDMs)

Day 0 - The femurs and tibiae were removed from mice and the fat and muscle were 

cut away to leave clean bones. Both ends (epiphyses) o f  each bone were cut with a 

scissors. A 20 ml syringe was filled with DM EM  G lu taM A X "^ medium 

supplemented with 10% FBS and 1% P/S, a 27 G needle attached, and the bone 

marrow flushed through the bones into a sterile petri dish. Aggregates were broken up 

by passing the cells repeatedly through a 20 ml syringe with a 19 G needle attached. 

The cells were transferred to a 50 ml tube and centrifuged at 1,200 RPM for 5 min. 

Cells were re-suspended in DMEM medium with 25 ng/ml macrophage colony 

stimulating-factor (M-CSF) and plated into 6 dishes/mouse, with 10 ml o f medium 

per mouse. Plates were incubated at 37°C/5% CO2 Day 3 - The cells were fed by 

adding 10 ml o f medium with 25 ng/ml o f M-CSF per dish. Day 5/6 - Trypsin-EDTA 

was used to remove the cells from the dishes. Cells were counted and plated in 96- 

well plates at a concentration o f 6 X 10  ̂ cells/ml and left at 37°C overnight. Yield is 

roughly 12-15 X 10  ̂cells/mouse (Figure 2.2).

M-CSF was obtained from L929-conditioned medium. L929 cells (ATCC®" CCL-I™* 

were cultured in RPMl 1640 medium supplemented with 10% FBS and 1% P/S in 

T175 flasks at 2 X 10  ̂ cells/40 ml. Cells were cultured for 7 days, after which the 

supernatant was centrifuged at 1,000 RPM for 10 min and sterile Altered. The 

conditioned medium 'M -CSF' was stored at -80°C and used at 10-15% o f the flnal 

volume o f media when culturing BMDMs.

2.2.1.10 Primary Mouse Brain Microvascular Endothelial Cell (BM VEC) Isolation

The fo llow ing buffers were made prior to cell isolation;

Working Buffer: HBSS, 10 mM HEPES, 1% P/S, 0.5% (w /v) BSA

Digest Medium: HBSS, I mg/ml collagenase/dispase, 10 mM HEPES, 1% P/S, 20

U/ml DNase 1. 0.147 |,ig/ml TLCK
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T h e protocol w a s adapted from  the m ethod  o f  A bbott and co lle a g u e s  (A b bott et a l.. 

1992).

A ll d isse c tio n  instrum ents w ere ster ilised  in 70%  ethanol. Balb/cJ m ice  w ere  

sa crificed  by C O 2 a sp h yx ia tion , sprayed  w ith  ethanol and the head rem oved  by  

sev er in g  the n eck . T he skin  on the skull w as pulled  back and in c is io n s o f  3 -5  m m  

w ere m ade in the skull at the centre and on  either sid e o f  the cereb ellu m . U sin g  a 

coarse  forcep s, the cut parts w ere rem oved  to reveal the entire brain. U sin g  a spatula, 

the brain w a s carefu lly  rem oved , p laced  into w ork in g  buffer and kept on  ice. U sin g  a 

sca lp e l, the cereb ellu m  w a s rem oved  and the rem ain ing  m en in g es w ere rem oved  by 

gen tly  ro llin g  the brain on  the sterile  W hatm an filter paper. O ne brain w as p rocessed  

at a tim e w h ilst all others w ere in w ork in g  b uffer on  ice . T he p oo led  brains w ere  

h o m o g e n ised  u sin g  a D o u n ce  h o m o g en izo r  into a sm o o th ie -lik e  co n sis te n c y  and 

cen tr ifu ged  at 1 ,800  RPM  for 5 m in. F o llo w in g  cen tr ifu gation , the supernatant w as  

rem oved  carefu lly  by p ipettin g  and the t issu e  w a s re-su sp en d ed  in 5 ml o f  d ig est  

m ed ium  (per 8 brains o f  starting m aterial). T he tissu e  d ig est w as incubated  for 1 h at 

3 7 °C , w ith  ag itation  every  15 m in by v ig o ro u s tapping o f  tub es. T he su sp en sion  w as  

cen tr ifu ged  at 1 ,800  RPM  for 5 m in. T he supernatant w a s rem oved  and the p elle t re

su sp en d ed  in 10 ml o f  22%  (w /v )  B S A  in P B S b efore centrifu gation  at 3 ,0 0 0  RPM  for 

2 0  m in. T h e m yelin  p lug, w h ich  form ed  on top o f  the B S A  gradient w as carefu lly  

rolled  aw ay  from  the tube w a lls , retriturated and p assed  through a B S A  gradient again  

to recover extra m icr o v esse ls . T u b es con ta in in g  the v esse l p elle ts w ere left inverted to  

p revent con tam in ation  by any m yelin . P elle ts  w ere re-susp en ded  in I ml o f  w ork in g  

buffer, transferred to a fresh universal con ta in in g  4  ml o f  w ork in g  buffer and  

cen tr ifu ged  at 1 ,800  RPM  for 2 0  m in. A fter  cen tr ifu gation , the supernatant w a s  

rem oved  and the p e lle ts  re-susp en ded  in 3 ml o f  d ig est m ed ium  (per e igh t brains o f  

starting m aterial) and incubated  at 3 7 °C  for 0.5-1  h w ith  occa sio n a l agitation.

D uring the seco n d  d ig estio n  culture p lastic  w are w a s coated  by incubation  w ith  100  

|ig /m l c o lla g en  IV and 50  |ig /m l flb ron ectin  in P B S . T h ey  w ere left to coa t for at least 

2 h in a h u m id ified  incubator at 3 7 °C . Just b efore use, the tissu e  cu lturew are w a s  

w ash ed  tw ice  w ith  P B S  for 15 m in. T issu e  d ig ests  w ere cen tr ifu ged  at 1 ,800  RPM  for  

5 m in and the supernatant d iscarded. T he p elle t w as re-susp en ded  in 5 m l o f  w ork in g  

b uffer and cen tr ifu ged  at 1 ,800 RPM  for 5 m in. T h e resu lting  p elle t w as then re-
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s u s p e n d e d  in 3 m l o f  f i l te re d  E G M -2  M V  g r o w th  m e d iu m  c o n ta in in g  5 |ag/ml 

p u r o m y c in  w h ic h  is to x ic  to  a n y  re s id u a l  c o n t a m i n a n t s  a n d  v e s s e l - a s s o c i a te d  c e l ls  but 

n o t  th e  B M V E C s  (P e r r ie re  e t  a l .,  2 0 0 5 ) .  T h is  v esse l  f r a g m e n t  s o lu t io n  w a s  p la ted  a t  1 

m l/5  cm^ (o r  m o r e  c o n c e n t r a te d  i f  r e q u i r e d )  a n d  left  to  a d h e r e  a n d  s p re a d  at 3 7 ° C / 5 %  

C O 2 . A f t e r  th re e  d a y s  th e  p u r o m y c in  w a s  r e m o v e d ,  th e  c e l ls  w e r e  w a s h e d  tw ic e  w ith  

P B S  an d  n o rm a l  E G M - 2  M V  g r o w th  m e d iu m  a d d e d .  C e l l s  s h o u ld  re a c h  c o n t lu e n c y  

w i th in  7 -1 0  d a y s  o f  i so la t ion .

2.2.2 M easurement o f Transendothelial Electrical Resistance (TEER)

T E E R  m e a s u r e m e n t s  w e r e  p e r f o rm e d  on  p r im a ry  m o u s e  B M V E C s ,  g r o w n  o n  6 .5  m m  

d ia m e t e r  0 .4  m m  p o re  p o ly e s te r  m e m b r a n e  t r a n s w e l l  in se r t s  (C o rn in g ®  C o s ta r ) ,  to 

a s s e s s  o p t im a l  cell g r o w th  a n d  TJ b a r r ie r  fo rm a t io n ,  a n d  to  e x a m in e  th e  e f f e c ts  o f  

ce r ta in  c y t o k in e s /m o le c u le s  o n  b a r r ie r  t ig h tn e s s .  T E E R  v a lu e s  w e r e  m e a s u r e d  u s in g  

an  E V O M  re s i s ta n c e  m e te r  f i t ted  w ith  ‘c h o p s t i c k '  e l e c t ro d e s .  B M V E C s  p la ted  on  the  

t r a n s w e l l  in se r ts  w e r e  s ta b i l i s e d  to  ro o m  te m p e r a t u r e  a n d  th e  sh o r t  p r o b e  o f  the  

e l e c t ro d e  w a s  p la c e d  in th e  ap ica l  c h a m b e r ,  th e  lo n g  p r o b e  in to  the  b aso la te ra l  

c h a m b e r ,  an d  th e  s ta b i l i s e d  r e a d in g s  w e r e  re c o rd e d .  T h e  T E E R  v a lu e  o f  th e  ‘n o  ce l ls  

w e i r  ( in se r ts  c o a te d  w i th  c o l la g e n  an d  f ib ro n e c t in  o n ly )  w a s  su b t r a c te d  f ro m  o th e r  

w e l l s  an d  a d ju s te d  to  t r a n s w e l l  s ize .  T E E R  v a lu e s  w e r e  c a lc u la t e d  a s  o h m * c m ‘‘.

2.2.3 Transweli Permeability Assay

I’e r m e a b i l i ty  a s s a y s  w e r e  p e r f o rm e d  on  p r im a ry  m o u s e  B M V E C s  g r o w n  o n  the  

t r a n s w e l l  in se r ts  a s  d e s c r ib e d  in s e c t io n  2 .2 .1 .1 0 .  A f t e r  t r e a tm e n t  o f  th e  c e l ls  w ith  

c e r ta in  c y to k in e s /g r o w th  f a c to rs  fo r  th e  r e q u i r e d  t im e s ,  th e  b a s o la te ra l  c h a m b e r  w a s  

b a th e d  in f re sh  E B M - 2  m e d iu m ,  w h i le  th e  ap ica l  c h a m b e r  w a s  r e p la c e d  w i th  1 m g /m l  

o f  F IT C - d e x t ra n  (7 0  k D a )  d i lu te d  in E B M - 2  m e d iu m  a n d  th e  c e l ls  w e r e  in c u b a te d  at 

3 7 C / 5 %  C O 2 . S a m p l i n g  a l iq u o ts  w e r e  ta k e n  f ro m  th e  b a s o la te ra l  c h a m b e r  and  

re p la c e d  w i th  f re sh  m e d iu m  e v e r y  15 m in  fo r  2 h a n d  t r a n s f e r r e d  to  9 6 -w e l l  p la tes .  

F IT C - d e x t r a n  f lu o re s c e n c e  w a s  d e t e r m in e d  u s in g  a  s p e c t r o f lu o r o m e te r  ( O p t im a  

S c ie n t i f ic )  a t an  e x c i ta t io n  w a v e le n g th  o f  4 8 5  n m  an d  a n  e m is s io n  w a v e le n g th  o f  520  

nm .  R e la t iv e  f lu o re s c e n c e  u n i ts  ( R F U )  w e r e  c o n v e r te d  to  n g /m l  v a lu e s  u s in g  F IT C -  

d e x t ra n  s ta n d a r d  c u r v e s  a n d  c o r r e c te d  fo r  b a c k g r o u n d  f lu o re s c e n c e  a n d  seria l 

d i lu t io n s  o v e r  th e  c o u r s e  o f  th e  e x p e r im e n t .  T h e  a p p a r e n t  p e r m e a b i l i ty  c o e f f ic ie n t  

( P a p p )  fo r  ea ch  t r e a tm e n t  w a s  c a lc u la te d  as  f o l lo w s :
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Papp (cm/s) = (dQ/dT) / (A x Co) 

where dQ/dT (m g/s) is the rate o f  appearance o f  FITC-dextran on the basolateral 

chamber after application, A (cm^) is the effective service area o f  the insert size and 

C(i (mg/ml) is the initial FITC-dextran concentration in the apical chamber. dQ/dT is 

the slope m (y = wx+c) calculated by plotting the cumulative amount (Q) versus time 

(s).

2.2.4 RNA Techniques

2.2.4.1 RNA Isolation from  in vitro Cell Culture

RNA was extracted from adherent cells using the E.Z.N.A® Total RNA Kit I. 

Following aspiration o f  the cell culture medium, cells were washed once with PBS, 

which again was fully aspirated. TRK lysis buffer (350 ^1, 200 |il, 50 1̂ for a 12-well, 

24-well, 96-well/transwell plate, respectively) was added to the cells and pipetted up 

and down to gently harvest and homogenise the cells. 1 volume o f  70% ethanol was 

added to the cells and vortexed to mix thoroughly. Up to 700 1̂ o f  the sample was 

transferred to a HiBind® RNA Mini Column and centrifuged at 13,000 RPM for I 

min. The filtrate was discarded and 500 |il o f  RNA Wash Buffer I added. The column 

was centrifuged at 13,000 RPM for 30 sec, and again the filtrate discarded. 500 îl o f  

Wash Buffer II was added to the column, centrifuged at 13,000 RPM for I min and 

the filtrate discarded. This washing step was repeated, followed by a centrifugation at 

maximum speed for 2 min to completely dry the column. The column was then 

transferred to a clean 1.5 ml Eppendorf tube and 40 |il o f  NF H2 O was added. A 2 min 

centrifugation at maximal speed was performed to elute the RNA. The concentration 

o f  RNA in the sample was measured using the NanoDrop 1000 (Thermo Scientific).

2.2.4.2 Real Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR) 

analysis

Quantitative analysis o f  mRNA levels was carried out by real-time RT-PCR using a 

Quantitect Syber Green Kit (Qiagen-Xeragon). Primers were designed using PrimerS. 

The following master mix was added to each well o f  a MicroAMP"^ optical 96-well 

RT-PCR plate; 10 îl Syber Green Mix, 1 |.xl Forward and Reverse Primer mix (10 

pmol), 0.15 [̂ il RT Mix (containing reverse transcriptase enzym es) and 3.85 |il NF 

H2 O. The RNA samples were diluted to the concentration 0.4 ng/jal. 5 |al o f  each RNA
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sam p le  or N F  H 2 O w a s  pipetted into the w e l l s  in triplicate. T h e  prepared plate w a s  

then covered  by an optical a d h e s iv e  film , centr ifuged  briefly  and p laced  into a 7 3 0 0  

Real T im e PCR S ystem  (A p p l ied  B io sy s te m s) .  R T -P C R  reaction co n d it io n s  w ere  as  

fo l lo w s:  50°C  for 2 0  min; 9 5 ° C  for 15 min; 37  c y c le s  o f  9 5 ° C  for 15 sec ,  57 °C  for 20  

sec .  72°C  for 10 sec .  A  d isso c ia t io n  stage w a s  added of: 9 5 °C  for 15 sec .  6 0 °C  for I 

m in. 9 5 °C  for 15 sec .  The com p arat ive  Ci m ethod  w a s  used to an a lyse  the results.

2.2.5 Genotyping of Mice

2.2.5.1. DNA Isolation from  Mouse Ear Clips

2 0 0  j-il o f  tail lysis  buffer and 15 |il o f  proteinase K ( 2 0  m g /m l)  w a s  added to ear c l ips  

in 1.5 ml E p pend orf  tubes. T h e  tubes w ere  vortexed  briefly  and incubated at 55 °C  for  

3 -4  h or overnight. 4 0 0  |il o f  a 25:24:1 ratio o f  phenol: ch loroform : isoam yl a lcoho l  

m ixture w a s  added to the tubes and vortexed . The tubes w ere  su bsequently  

centr ifuged  at 13 .000  RPM  for 5 min. The top a q u eou s  layer w a s  rem oved  to n ew  

tubes and 8 0 0  [,il o f  96%  ethanol w a s  added. The tubes w ere inverted several t im es  to 

m ix  and centrifuged  at 1 3 .000  RPM  for 10 m in. The ethanol w a s  rem oved  and the 

D N A  pellets  w ere a l lo w e d  to air dry. The D N A  w a s  re-susp en ded  in 100 |,tl o f  N F  

H2O.

2.2.5.2 Polymerase Chain Reaction (PCR)

PCR reaction m ixtures w ere  m ad e  up with 0 .2 5  |.il each  o f  100 pmol/^il forward and 

reverse primers. 2 .5  |il o f  the Standard faq  Buffer. 0 .4  |jl o f  m ix ed  d N T P s .  0 .1 2 5  (̂ 1 

o f  Taq p o lym erase ,  19 .975  ^1 o f  N F  H2 O and 1.5 |.t! o f  the D N A  isolated  ab ove .  PCRs  

w ere carried out u sing  a B iom etra  T 3 0 0 0  T h erm ocy ler .  The PCR program used was:  

9 4 °C  for 2 min; 34  c y c le s  o f  9 4 °C  for I m in, 55°C  for 1 m in. 7 2 °C  for 1 min; 72°C  

for 5 min; 4 °C  hold.

2.2.5.3 Gel Visualisation o f  DNA using Agarose Gel Electrophoresis

D N A  w a s  v isu a lised  on 2%  agarose g e ls  m ade by ad din g  e lec troph oresis-grad e  

a garose  p ow d er  to T A E  buffer and heating in a m ic r o w a v e  until all the agarose  had 

m elted . I |i l o f  e th idium  b rom id e w a s  added to 3 0  ml o f  the m elted  agarose .  This  w as  

poured into a gel cast with a c o m b  and left to set. A fter  the gel w a s  set. D N A  sam p les  

plus on e-s ix th  the v o lu m e  o f  load in g  d ye  w ere  loaded w ith  a 100 base pair ladder and
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the gel was run at 100 V for about 30 min. The resulting bands were viewed under 

UV light and images were taken with gel capture software.

2.2.5.4 DNA sequencing

For mice that were genotyped for rd8, the cDNA samples obtained from the PCR 

were cleaned up using the QIAquick PCR Purification Kit. 5 volum es o f  Buffer PB 

was added to I volume o f  the cDNA sample and the mixture was applied to a 

QIAquick spin column and centrifuged at 13,000 RPM for I min. The flowthrough 

was discarded and 0.75 ml o f  Buffer PE was added to the column and centrifuged at 

13,000 RPM for I min. Again, the flowthrough was discarded and the centrifugation 

step was repeated to com pletely remove any residual ethanol from Buffer PE. The 

QIAquick column was placed in a clean 1.5 ml Eppendorf tube and 30 jil o f  NF H2O 

was added and centrifuged at 13,000 RPM for I min to elute the DNA. The purified 

DNA was sent to Source BioSciences for sequencing.

2.2.6 Protein Techniques

2.2.6.1 Protein Isolation fron t in vitro Experiments

Protein was isolated from cells using IX RIPA lysis buffer. A protease complete mini 

protein inhibitor tablet was added to 10 ml o f  this solution. Samples were pipetted up 

and down in the lysis buffer to homogenise. The tubes were subsequently centrifuged 

at 13,000 RPM for 20 min. After centrifugation the supernatants were transferred into 

new Eppendorf tubes and stored at -20°C.

2.2.6.2 Determination o f  Protein Concentration using the BCA Protein Assay
. • . . . . (ft

BCA assays were carried out to quantify total protein in a sample using the Pierce 

BCA Assay Kit. Firstly, a standard curve was generated. Albumin standards, 

containing BSA at 2.0 mg/ml in 0.9% saline and 0.05% sodium azide were diluted to 

prepare a set o f  protein standards labelled A to I as outlined in Table 2 .1.

The BCA Working Reagent was prepared by mixing 50 parts o f  BCA Reagent A with 

I part o f  BCA Reagent B. 10 |.il o f  each standard or protein sample was added in 

duplicate into a 96-well plate. 200 pil o f  the Working Reagent was added to each well 

to start the reaction. The plate was covered and incubated at 37°C for 30 min.
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Following incubation the absorbancc was measured at 595 nm on a 

spectrophotometer. The average 595 nm absorbance measurement o f  the Blank 

standard was subtracted from the average 595 nm measurements of all other 

individual standards and samples. A standard curve was prepared by plotting the 

average blank-corrected measurement for each BSA standard vs. its concentration in 

|ig/ml and the curve was used to determine the concentration o f  each unknown 

sample.

Tube Volume o f Diluent Volume and Source of Final BSA
(dHzO) BSA Concentration

A 0 300 jxl o f  Stock 2,000 ^g/ml
B 125 ^l 375 îl o f  Stock 1,500 [,ig/ml
C 325 325 (xl o f  Stock 1,000 ng/ml
D 175 \x\ 175 pil o f  tube B dilution 750 ^g/ml
E 325 ^1 325 |il o f  tube C dilution 500 ^g/ml
F 325 ^1 325 1̂1 o f  tube E dilution 250 ^Ag/ml
G 325 325 ^1 o f  tube F dilution 125 ng/ml
H 400 ^1 100 jaI o f  tube G dilution 25 fxg/ml
1 400 ^1 0 0 ^ig/ml = Blank

Table 2.1: Preparation o f Diluted Albumin (BSA) Standards 

2.2.7. Western Blotting

Western blotting analysis identities distinct proteins using specific antibodies, 

following the separation o f  proteins by gel electrophoresis based on their molecular 

weight.

2.2.7.1 SDS-PAGE Ge! Preparation

Resolving and stacking gels were prepared according to Table 2.2. 2 electrophoretic 

plates were assembled upright with spacers and tightened by 2 clips. The resolving gel 

was poured between 2 glass plates, leaving a space the length of the comb plus I cm, 

for the stacking gel, and allowed to set. Once set, the stacking gel was poured on top 

o f  this, and the comb was placed into the gel and allowed to set. Once set, the plates 

were placed into the electrophoretic apparatus, and the electrophoretic tank was 

subsequently tilled with IX running buffer. The comb was then removed.
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12% R eso lv in g  G el 10% R eso lv in g  G el 4%  S tack in g  G el
D eion ised  H 2O 6 .6  ml 7 .93  ml 6 .8  ml

1 .5 M T r is H C l( p H 8 .8 ) 5 ml 5 ml -

0.5 M Tris H C l (pH  6 .8 ) - - 1.67 ml
30%  A cry lam id e 8 ml 6 .6 7  ml 1.33 ml
10% A P S 0 .2  ml 0 .2  ml 0.1 ml
10% S D S  (pH  7 .2 ) 0 .2  ml 0 .2  ml 0.1 ml
T E M E D 2 0  îl 2 0  nl 10 nl

T a b le  2 .2 : R e so lv in g  G e l a n d  S ta c k in g  G e l P r e p a r a tio n

2.2.7.2 Sample preparation

5 ^1 o f  5X  sam p le buffer w a s added to 2 0  |il o f  protein sam ple, and p rotein s w ere  

denatured at 95°C  for 10 m in , a lo n g  w ith  a pre-stained protein m arker, and  

su bsequ en tly  cen trifu ged  b riefly  to en su re adequate m ix in g . T he sam p le  buffer  

contains e x c e s s  S D S  and a th iol reagent, w h ich  a llo w s  for the breaking o f  d isu lfid e  

bonds. T h e S D S  conferred  all o f  the proteins w ith  a n egative  charge. T h e reduced  

p o lyp ep tid es bind the sam e am ount o f  S D S  on  w eig h t b asis (1 .4  g S D S /g  p o ly p ep tid e)  

independent o f  the am in o  acid  co m p o sitio n  and seq u en ce o f  protein, a llo w in g  p rotein s  

to be separated on  the b asis o f  their s iz e  on ly .

2.2.7.3 Loading Samples and the Electrophoresis

10 jil o f  the protein  m arker w as loaded  on to  the ou term ost w ell o f  each  gel. Equal 

con centration s o f  protein , d eterm ined  by the Pierce® B C A  protein a ssay , w ere then  

loaded into the w e lls , w ith  the m axim u m  v o lu m e loaded b ein g  20  ^il. T h e apparatus 

w as co n n ected  to the p ow er pack, and then run at 3 0  m A  per gel for ap p rox im ately  90  

m in. O n ce the d ye front w as ap p rox im ately  0 .5  cm  from  the bottom  o f  the g e l, 

electrop h oresis  w a s stopped .

2.2.7.4 Transfer o f  Proteins

In th ese  exp er im en ts , the sem i-d ry  transfer m ethod  w as used to transfer p rotein s in the  

gel on to  a P V D F  m em brane. T h e n eg a tiv e ly  charged  proteins by S D S  w ere  

transferred on to  the m em brane in an e lec tr ica l fie ld . T he P V D F  m em brane and 8 

sh eets o f  filter paper w ere cut into the sam e s iz e  as the ge l to m ake a m em b ran e-gel 

‘sa n d w ich ’ . 4  sh ee ts  o f  filter  paper w ere soak ed  in transfer buffer, and p laced  on  the 

anode o f  the elec trob lo t apparatus. T h e P V D F  m em brane w as activated  by so a k in g  in 

m ethanol for 3 0  se co n d s  and p laced  on top  o f  the filter paper again  soak ed  w ith
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transfer buffer. Following gel electrophoresis, the gel was removed from the 

apparatus and the stacking gel removed. The gel was then placed onto the membrane 

ensuring no air bubbles were present between them. Another 4 sheets o f  filter paper 

were placed on top o f  this and soaked with transfer buffer. The apparatus was set to 

run at 40 mA per gel for 2 h.

2.2.7.5 Washing, blocking and incubation with antibodies

Following transfer, the membrane was placed into a plastic tray. The efficiency o f  the 

protein transfer was determined using Ponceau-S solution. The membrane was then 

washed 4 X 1 0  min with IX TBS, and subsequently blocked with 5%  Marvel or 5% 

BSA in TBS Tween®-20 (0.05%) for I h. This prevents primary antibody binding to 

any non-specific binding sites. The membrane was incubated with the primary 

antibody in 5% blocking solution at 4°C on a shaker overnight. Following primary 

antibody incubation, the membrane was washed 4 X 1 0  min with TBS Tween®-20. 

The membrane was then incubated with the secondary antibody, anti-rabbit (IgG)- 

horse-radish peroxidase (HRP) (1:2000), for 2 h at room temperature. After 

incubation the membranes were washed 4 X 1 0  min with TBS Tween®-20.

2.2.7.6 Enhanced Chemiluntinescence (ECL)

The chemiluminescence processes were carried out in a darkroom or on a C-DiGit 

(LI-COR). Equal volumes o f  Reagent A and Reagent B o f  the ECL solution were 

mixed in a tube, poured onto the membrane and left for I min. The excess detection 

solution was poured off, and the membrane was placed between 2 acetate films. In the 

dark room, a sheet o f  X-ray film was cut out and covered the membrane in a film 

cassette. The exposure time varied for the different antibodies. The X-ray film was 

subsequently developed with developer solution until the signal was observed. The 

t1lm was then rinsed with water and fixed with the fixer solution. Again, the film was 

rinsed with water. Alternatively, after the 1 min incubation with the ECL solution, 

membranes were placed directly on the C-DiGit and scanned for 12 min and the 

optimal exposure image was selected.

2.2.7.7 Normalisation o f  the Blot

Fhe bands o f  the molecular weight marker were traced from the m em brane to the blot, 

and the membrane was washed with stripping solution for 30 min at 37°C. The
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membrane was then detected for the house-keeping protein, (3-actin to confirm that 

equal amounts o f  protein sample were loaded in each well o f  the gel. The blots 

obtained were scanned and the images were oriented correctly using Adobe® 

Photoshop®.

2.2.8 ELISA Analysis

ELlSAs were used to quantify levels o f  secreted protein in the supernatants from in 

vitro cell cultures. For adherent cells, supernatants were directly removed from tissue 

culture plates and used directly or snap-frozen in liquid nitrogen and stored at -80°C. 

For suspension cells, the plates were first centrifuged at 1,000 RPM for 5 min and the 

supernatant was removed carefully without disturbing the cell pellets.

For ELlSAs using the RnD systems DuoSet ELISA kits, the Capture Antibody was 

diluted to the working concentration in PBS and 50 ^il/well was used to coat 96-well 

microplates. Plates were sealed with Parafilm and incubated overnight at room 

temperature. Following incubation, the Capture Antibody was removed and plates 

were washed 3 X 5 min with 200 |^l/well PBS Tween®-20 (0.05%). Plates were 

blotted against clean paper towels between washes to remove any remaining PBS 

Tween®-20. Plates were blocked by adding 200 |jl/well o f  1% BSA and incubated at 

room temperature for a minimum of 1 h. The 3 X 5  min washes were then repeated. 8 

standards were prepared by 2-fold serial dilutions in 1% BSA. 50 |il o f  samples were 

added in triplicate and 100 |al o f  samples were added in duplicate to the microplates. 

Plates were covered in Parafilm and incubated overnight at 4°C. The following day, 

the 3 X 5 min washes with PBS Tween®-20 were repeated. The Detection Antibody 

was diluted in Reagent Diluent (1% BSA) and 50 ^I/well was added. The plates were 

covered and incubated for 2 h at room temperature. After the washes, 100 ^il/well of 

the working dilution o f  Streptavidin-HRP was added and the plate was covered and 

incubated at room temperature for 20 min. The washes were then repeated and 100 

^il/well o f  TMB Substrate Solution was added. The addition o f  the substrate solution 

causes a colour reaction to occur over 20 min - a blue colour develops. The intensity 

o f  the colour is proportional to the amount o f  desired protein present in each sample. 

The reaction was stopped by adding 100 |il/well of stop solution to each well, turning 

the wells yellow. The plates were gently tapped to ensure adequate mixing and air
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bubbles were removed. The optical density o f  each well was determined using a 

microplate reader set at 450 nm. The data was analysed using GraphPad Prism©. A 

standard curve was produced by plotting the final concentration o f  the standards 

(pg/ml) against the average optical density o f  each standard. The amount o f  cytokine 

present in each sample was determined from the interpolated x  values. The average 

value o f  X for each sample, the standard deviation and the standard error o f  the mean 

were calculated. See Table 2.3 for standard concentrations and antibody dilutions.

ELISA Capture Antibody Detection Antibody Highest Standard

Human
IL-lp

4 ^xg/ml mouse anti
human IL-1 p in PBS

200 ng/ml biotinylated goat anti
human IL - ip  in 1% BSA in PBS

1,500 pg/ml

Mouse
IL-lp

4 ng/ml rat anti
mouse lL-11̂ in PBS

2.5 ng/ml biotinylated goat anti
mouse IL - ip  in 0.1% BSA, 0.05% 
Tween 20 in TBS

3,400 pg/ml

Human
IL-6

2 ng/ml mouse anti
human IL-6 in PBS

50 ng/ml biotinylated goat anti-human 
lL-6 in 1% BSA in PBS

2,400 pg/ml

Mouse
IL-6

2 |Jg/ml rat anti
mouse IL-6 in PBS

400 ng/ml biotinylated goat anti
mouse IL-6 in 1% BSA in PBS

1400 pg/ml

Human
VECF

1 ng/ml mouse anti- 
human VEGF in PBS

100 ng/ml biotinylated goat anti
human VEGF in 1% BSA in PBS

2,200 pg/ml

Mouse
VEGF

0.4 ng/ml goat anti
mouse VEGF in PBS

100 ng/ml biotinylated goat anti
mouse VEGF in 1% BSA in PBS

1,600 pg/ml

Table 2.3; Concentrations o f  antibodies and standards used in ELISA analysis

For the human and mouse IL-18 ELISAs from M Bl. International, 100 ^1 o f  each 

standard and sample was added in duplicate to the pre-coated ELISA plate. Standards 

were prepared by reconstituting lyophilised hum an/m ouse IL-18 calibrator with assay 

diluent. A total o f  6 standards were prepared using a 1:2.5 serial dilution. The plate 

was covered with tin foil and left to incubate for 1 h at room temperature. The plate 

was washed 4 times by filling each well with 200 jjl o f  wash solution, leaving the 

wash buffer on for 5 min between washes. The plate was blotted against clean paper 

towels between washes to remove any remaining wash buffer. 100 |il o f  Streptavidin- 

HRP solution was added to each well and the plate was covered with tin foil and 

incubated for 30 min at room temperature. The washes were repeated. 100 jal o f  

substrate solution was added to each well and the plate was covered and incubated for 

30 min at room temperature. Following the incubation, the reaction was stopped by
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adding 100 |ii o f  stop solution to each w ell. The optical density w as measured at 450  

nm. The data w as analysed as above.

2.2.9 MTS Cell Proliferation Assay

The CellTiter 96® A Q ueous O ne Solution Cell Proliferation A ssay w as used to 

investigate cell proliferation or cell viability in in vitro  experim ents. The CellT iter  

96® A Q ueous One Solution Reagent contains M TS [3-(4 ,5-d im ethylth iazol-2-y l)-5- 

(3-carboxym ethoxyphenyl)-2-(4-su lfophenyl)-2H -tetrazolium ], w hich is a tetrazolium  

salt, and PES (phenazine ethosulfate), w hich is an electron coupling reagent. 

M etabolically active ce lls  produce nicotinam ide adenine d inucleotide phosphate 

(N A D P H ) or nicotinam ide adenine dinucleotide (N A D H ) produced and this can 

bioreduce M TS into a coloured product (form azan) that d isso lves in culture m edium .

Various concentrations o f  ce lls  w ere plated on a 96-w ell plate in 100 îl o f  culture 

medium and left overnight at 37°C /5%  CO 2 . C ells w ere then treated with various 

materials (e.g. cytokines, growth factors, inhibitors) and left to incubate for various 

tim epoints. F ollow ing treatment, m edia in the w ells w as rem oved and fresh media, 

100 |jl/w ell, w as added to the plate. 20 |al/well o f  C ellT iter 9 6 ®  A Q ueous One 

Solution Reagent w as added and the plate w as left to incubate for 1-4 h at 37°C / 5% 

CO 2 . The absorbance o f  each w ell at 490  nm w as then read using a plate reader. The 

amount o f  formazan produced as measured by the amount o f  absorbance at 4 9 0  nm is 

directly proportional to the number o f  living ce lls  in culture.

2.2.10 Proteome Profiler Array

A human an giogen esis array and a human cytokine array were used to analyse the 

expression profiles o f  a range o f  angiogenic factors and inflam m atory cytokines in 

cell culture supernatants. The angiogenesis/cytok ine array m em branes w ere blocked  

in 2 ml o f  Array Buffer 7 for 1 h at room temperature. W hile the m em branes were 

blocking, sam ples w ere prepared by adding up to 1 ml o f  each sam ple to 0.5 ml o f  

Array Buffer 4. 15 |il o f  D etection Antibody Cocktail w as added to each sam ple and 

left to incubate at room temperature for 1 h. Array buffer 7 w as then rem oved from  

the m em branes and the sam ple/antibody m ixtures were added to the m em branes. The 

m em branes w ere incubated overnight at 4°C  on a rocking platform shaker. The 

fo llow ing day, m em branes w ere w ashed 3 X 1 0  min with 20 ml o f  Wash Buffer.
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Diluted Streptavidin-HRP was tiien added to tiie membranes and incubated for 30 min 

at room temperature. The 3 X 1 0  min washes were repeated. Membranes were then 

covered with Chemi Reagent Mix for 1 min and placed between 2 acetate sheets with 

excess reagent drained off. The membranes were covered with X-ray film in a tllm 

cassette and exposed for 1-10 min. The X-ray film was subsequently developed until 

the signal was observed. The film was then rinsed with water and fixed.

The data was analysed using ImageJ. The average pixel density o f  the pair o f  

duplicate spots for positive signals and reference spots were determined. An average 

background signal was subtracted from each spot. The positive signal pixel densities 

were then divided by the corresponding reference spot pixel densities. Corresponding 

signals on the different membranes were then compared to determine relative change 

in angiogenesis/cytokine-related proteins between samples.

2.2.11 Mouse Models o f Choroidal Neovascularisation

Laser induced CNV is an accepted model o f  wet AM D. A 50 |.im laser burn (140 mW, 

100 mSec duration) disrupts the RPE, BM and the choroid. Disruption o f  BM allows 

choroid capillaries to cross into the RPE. Before the laser burns were induced mice 

had their pupils dilated with phenylephrine and tropicamide. They were given a dose 

o f  domitor (1:10) 0.1 ml and Ketamine (ketalor) 50 mg/ml (1:100) 1.15 ml/10 g. 

Ketamine is an anaesthetic and domitor is a muscle relaxant. Three laser burns were 

given in each eye near the optic nerve using a green 532 nm Iridex Iris laser. CNVs 

were induced in wild-type C57BL/6J mice. Mice were sacrificed 6 days post injury.

2.2.12 RPE Flatmounts and Confocal Microscopy

Mice were sacrificed by cervical dislocation. Using a fine forceps, the whole eye was 

gently massaged out o f  the socket. Under a dissection microscope, the eye was cut 

along the circumference around the pars plana and the cornea and lens were removed 

gently. The neural retina was then gently dislodged from the RPE/eye cup. The eye 

cups were fixed in PFA overnight at 4°C. The PFA was removed and 3 X 1 5  min 

washes with PBS were carried out with gentle rocking. Fluorescent substrates diluted 

in PBS, Alexa Fluor® 488 Phalloidin (1:300) and Griffonia-simlicifolia-isolectin- 

Alexa 568 (1:300), was added and the eye cups were left to incubate in the dark at 

4°C. I'he following day the washes were repeated at room temperature. The eyecups
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were mounted on a glass slide with the RPE facing up. Aquapolymount® was added 

on a glass cover slip and placed on each eye cup gently to avoid bubbles. RPE 

flatmounts were analysed using the ZEISS confocal microscope. Under 40X oil 

magnification 3-D Z-stack images were captured and the confocal volumes were 

analysed using IM ARIS  software.

2.2.13 Electroretinograms (ERGs)

ERGs were carried out by Dr. Paul Kenna. Mice were dark-adapted overnight and 

prepared for electroretinography under dim red light. Pupils were dilated with 2.5% 

phenylephrine and 1% cyclopentalate. An intraperitoneal (IP) injection o f  ketamine 

(2.08 mg per 15 g body weight) and xylazine (0.21 mg per 15 g body weight) was 

used to anaesthetise the mice. Standardised flashes o f  light were presented to the mice 

in a Ganzfeld bowl to ensure uniform retinal illumination. ERG responses were 

recorded simultaneously from both eyes using gold wire electrodes (Roland 

Consulting Gmbh) and Vidisic (Dr Mann Pharma. Germany) as a conducting agent 

and to maintain corneal hydration. Reference and ground electrodes were positioned 

subcutaneously, approximately 1 mm from the temporal canthus and anterior to the 

tail, respectively. Body temperature was maintained at 37°C using a heat device 

controlled by a rectal temperature probe. Responses were analysed using a RetiScan 

RetiPort electrophysiology unit (Roland Consulting Gmbh). The protocol was based 

on that approved by the International Clinical Standards Committee for human 

electroretinography. Rod-isolated responses were recorded using a dim white flash 

(25 dB maximal intensity, where maximal flash intensity was 3 candelas/m*/s) 

presented in the dark-adapted state. Maximal combined rod-cone response to the 

maximal intensity flash was then recorded. After a 10 min light adaptation to a 

background illumination o f  30 candelas/m^, cone-isolated responses were recorded to 

the maximal intensity flash, presented initially as a single flash and subsequently as 

10 Hz flickers, a-waves were measured from the baseline to the trough and b-waves 

from the baseline (in the case o f  rod-isolated responses) or from the a-wave to the 

trough.
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2.2.14 Paraffin-Embedded Sectioning of Mouse Eyes

Mice were sacrificed by cervical dislocation. Using a fine forceps, the whole eye was 

gently massaged out o f the socket and immediately fixed in Davidon's Fixative 

Solution overnight. Eyes were washed 3 X 5  min with PBS and placed in tissue 

embedding cassettes (Sigma-Aldrich) and submerged in 70% ethanol. In a tissue 

processor (Leica). the eyes were processed under gentle agitation as follows: 70% 

ethanol for I h, 80% ethanol for 1 h, 95% ethanol for I h, 100%) ethanol for I h, 100% 

ethanol for 1 h, 50% ethanol/xylene mix for 1 h, xylene for 1 h, xylene for 1 h, 

paraffin at 60°C for 1 h, paraffin under vacuum at 60°C for 1 h. Eyes were then 

orientated carefully into plastic moulds and embedded with paraffin using a paraffin 

embedding system (Leica) and allowed to cool and harden on a cryo plate. Paraffin 

embedded eyes were sectioned using a microtome (Leica). Eyes were cut into sections 

o f 5 |.im in thickness and immersed directly into a water bath at 50°C to avoid curling 

o f the sections. Sections were collected on poly lysine adhesion slides and left to dry at 

37°C overnight.

2.2.15 Haemotoxylin and Eosin Staining of Paraffin-Embedded Sections

Slides containing the paraffin sections were placed in a slide holder. To remove the 

paraffin and rehydrate the sections, slides were dipped in and out o f the following 

solutions 10 times; xylene, 100% ethanol, 90% ethanol, 70%> ethanol. Slides were 

then submerged into haemotoxylin for 6 min, rinsed in tap water, and then submerged 

into eosin for 2 min. After rinsing in tap water, slides were dehydrated by dipping in 

an out o f the following solutions 10 times; 10% ethanol, 90% ethanol, 100% ethanol, 

xylene. Coverslips were then placed on slides using Sub-X Mounting Medium. Slides 

were analysed under a light microscope (Olympus 1X81).

2.2.16 Fluorescein Angiography (FA ) and Optical Coherence Tomography 

(O C T)

FA and OCT were carried out with Dr. Matthew Campbell on the Heidelberg Retina 

Angiography 2 system. Mouse pupils were dilated with phenylephrine and 

tropicamide and subsequently anaesthetised with an IP injection o f ketamine/domitor. 

Mice were placed on the animal platform with the eye facing the camera objective. 

For OCT images, the camera was moved towards the animal until a cross-sectional
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im age o f  the retina appeared  in the  O C T  im age w indow . For FA images, a contact 

lens w as placed on the pupil to w iden  the field o f  v iew . A cquis it ion  w as first 

perfo rm ed  in infra-red m ode. M ice  w ere  then given an IP injection o f  sodium  

fluorescein. In f luorescence  m o d e  (FA at 4 8 8 /4 9 8 m ) 30° f le ld-of-v iew  I 5 3 6 x l5 3 6 p x  

B-scans w ere  acquired  at regu la r  intervals  over  a 10 m in tim e  fram e. M ice were  then 

given an IP injection o f  A ntisedan  to reverse  the effects  o f  the anaesthetics.

2.2.17 Statistical A nalysis

Statistical ana lyses  were  pe rfo rm ed  using tw o-ta iled  S tu d en t 's  t  test, w ith  statistical 

s ignif icance  be ing  considered  at P  < 0.05 w hen  tw o  individual experim enta l  g roups  

w ere  be ing  ana lysed . For m ultip le  com parisons ,  one-w ay  ana lysis  o f  variance  

(A N O V A ) w as  used with a T u k ey  post-test, and s ign if icance  w as  considered  a\. P  <  

0 .05.
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Blood diluted  
w ith  PBS

Ficoll Paque

Plasma

M ononuclear  cells  

Ficoll Paque

Erythrocytes

Figure 2.1 PBM C isolation

B efore  cen tr ifugation , the  b lood  is in a layer on top  o f  the Ficoll Paque. 

C en tr ifuga tion  separa tes  the  b lood  into d istinc t layers.
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A) L ^ s  were removed from mice and placed in a petri dish filled with media

C) The ends o f each bone was cut D) A syringe was filled w ith  media

B) Muscle and fat were removed from the bones and the femur separated from the fibia

E) Bones were flushed w ith  media F) Aggregated bone marrow was broken

Figure 2.2: Steps in the Isolation of BMDCs and BM DM s
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3 Drusen Components can Activate the NLRP3 
Inflammasome

Some o f  the data presented in this chapter has been published in Doyle, S. L., 

Campbell. M , Ozaki. E.. Salomon. R. G., Mori. A.. Kenna, P. F., Farrar, G. J., Kiang, 

A. S., Humphries, M. M., Lavelle. E. C., O'Neill, L. A., Hollyfteld, J. G. & Humphries, 

P. NLRP3 has a protective role in age-related macular degeneration through the 

induction q fIL -18  by drusen components. Nat M ed 18:791-798 (2012).

See Appendix I.

3.1 Introduction

AMD is the leading cause o f  central vision loss in the developed world. The presence 

of drusen, extracellular protein aggregates that accumulate under the RPE, is a major 

pathological hallmark in the early stages of the disease. The presence of complement 

components in drusen and the association o f  complement component polymorphisms 

with AMD highlight the importance o f  inflammatory processes in the disease 

pathogenesis. Yet, the underlying immune pathways involved remain unclear. 

Numerous histochemical, immunocytochemical and proteome studies have shown 

that drusen is composed o f  a variety o f  lipids, polysaccharides, glycosaminoglycans, 

Igs and complement factors as well as proteins with oxidative modifications, with the 

abundances o f  these components differing between drusen from normal and AMD 

donors (Crabb et al., 2002, Hageman et a l ,  2001, Umeda et a i ,  2005). As a number 

o f  recent studies have illustrated that host-derived particulate matter, e.g. cholesterol 

crystals, uric acid crystals and oligomers o f  lAPP can activate the NLRP3 

inflammasome (Duewell et a i ,  2010, Martinon et a i ,  2006, Masters et a i ,  2010) the 

main goal o f  this chapter was to investigate if drusen or any o f  its components, i.e. 

CFH and CIQ, could activate or prime the inflammasome in RPE cells and/or in 

myeloid cells. Additionally, the role o f  the inflammasome was explored in the 

development o f  laser-induced CNV, a mouse model o f  wet AMD, using mouse strains 

that were deficient in certain components o f  the inflammasome.
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3.1.1 Mouse Models of A M I)

Being a complex multi-factorial disease, there are many challenges in developing an 

animal model for AM D . A M D  presents with early and late forms o f disease, and 

numerous processes have been implicated in its pathology including oxidative stress 

and inflammation. Furthermore, anatomical differences between the human and 

rodent retinas, such as the absence o f a macula in rodents and the different 

compositions in photoreceptor populations, create additional complexities. As such, 

no single mouse strain has yet been identified that develops the fu ll spectrum o f 

disease in a progressive manner. Nevertheless, different mouse models have been 

established that display different hallmarks and processes o f AM D.

Many immunologically modified and naturally occurring dry A M D  mouse models 

have been studied. These include the C fK ' mouse, the transgenic CFH Y402H mouse, 

C3aR~ and C5aR' mice, C x S r l"  mouse. C e l l"  and Ccr2'~ mice and the C e ll"  

C x 3 r l"  double knockout (CCDKO) mouse (Ramkumar el al.. 2010). Many o f these 

mouse strains develop discrete white lesions observed in the fundus and are referred 

to as drusen-like deposits. However, these lesions have different compositions and 

localisations to human drusen. Moreover, it has recently been shown that many o f 

these mouse strains carry the rd8  mutation in the C rh l gene, which is a retinal 

degeneration mutation that also leads to discrete lesions across the retina (Mattapallil 

el al., 2012). Therefore, the true contribution o f these genes in dry A M D  pathogenesis 

remains unclear.

Other dry A M D  mouse models have focused on oxidative damage processes. One 

such model includes the CEP-immunised mouse model. CEP is the oxidation product 

o f DHA. a fatty acid abundant in the retina, and mice immunised with CEP-adducts 

have been shown to deposit complement component C3 in BM. accumulate drusen 

below the RPE. and ultimately develop A M D -like  lesions (H o lly fle ld  el al.. 2008). 

The S o d l"  mouse and ceriiloplasmin/hephaeslin mice are also models studied in 

relation to oxidative stress. Additionally, some A M D  mouse models have been based 

on lip id and glucose metabolism, including the A po E "  mouse, the Ldl receptor~'~ 

mouse and the VkU receplor mouse (Ramkumar el al.. 2010).
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Mouse models o f  wet AMD have generally relied on injecting angiogenic substances 

into sub-retinal space to alter the surrounding environment or by laser or direct 

mechanical injury to the RPE/BM. Examples o f  the former include sub-retinal 

matrigel injection, sub-retinal VEGF gene therapy and sub-retinal injection o f  

macrophages, lipid hydroperoxide and polyethylene glycol (Pennesi el al., 2012). The 

laser-induced mouse model, discussed below, is the most commonly used model that 

relies on mechanical injury to the RPE/BM.

3.1.1.2 Laser-induced CN V M ouse M odel

One commonly used mouse model o f  NV or wet AMD is the laser-induced model. 

This model o f  CNV, first developed in non-human primates by Ryan in 1979 (Ryan, 

1979), is now one o f  the most well-characterised CNV models used in rodents today. 

Laser injury using high powered, focused laser energy creates a break in BM/RPE, 

leading to increased expression o f  angiogenic factors and cytokines and the growth of 

choroidal ECs into the sub-retinal space from the choroid. The power o f  the laser is an 

important factor and burns that are too powerful lead to large-scale choroidal 

haemorrhage and avascular scarring without CNV, while some lower power burns are 

insufficient to perforate BM. FA can be used to track the progression o f  the CNV due 

to the leakiness o f  the new vessels. The mouse model, which was first adapted by 

Campochiaro's group (Tobe et al., 1998), efficiently generates CNVs in around 80% 

of  laser spots and imitates many characteristics o f  the human disease. These include 

the rapid migration o f  choroidal ECs and formation o f  new fenestrated vessels that 

penetrate BM, accumulation of pericytes and leukocytes, accumulation o f  sub-retinal 

fluid, fibrovascular scarring, leakage, and similar patterns and locations o f  angiogenic 

factors expressed, such as VEGF and its receptors, bFGF, TGFf5, and T N Fa (Miller et 

a i ,  1990, K w akt '/a / . ,2000).

The model is also suitable to use in most mouse models with genetic defects. 

However, like any mouse model, there are some drawbacks to this model. CNV 

lesions in human patients regularly remain for many years but the injury caused by the 

laser is only transient in nature with lesions involuting spontaneously by around 30 

days. The injury and the inflammatory processes seen in this model are acute and only 

accounts for the wet AMD phenotype. However, the human disease is a more chronic 

condition, with many patients showing both dry and wet forms o f  disease with chronic
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intlammation. Again, as A M D  is a multi-factorial disease, the model does not account 

for any underlying genotypic risks factors that may predispose blood vessel growth or 

environmental factors. Nevertheless, the laser-induced model o f  CNV has contributed 

greatly to the current understanding o f  the CNV pathogenesis and to the development 

o f  many novel drugs and therapies.

Furthermore, the laser-induced C N V  model o f  wet A M D  serves also as an ideal 

model o f  sterile inflammation. The laser burn penetrates through BM leading to the 

accumulation o f  sub-retinal fluid and to macrophage/leukocyte recruitment, i.e. 

inflammation, in the absence o f  m icroorganisms or infectious agents. This is likely 

brought about by a necrotic m icroenvironment induced by the laser. As necrotic tissue 

has been shown to activate the N LR P3 inflammasome (Iyer et al., 2009). it was 

explored whether NLRP3 may play a role in the growth o f  C N V  post laser burn.

3.1.2 Objectives

• I'o examine if  drusen could activate the NLRP3 inflammasome.

• l o identify if  any naturally occurring com ponents found in drusen could act as 

a priming agent.

• lo  screen if  any individual com ponents o f  drusen could activate the 

inflammasome.

• To examine the role o f  the inflam m asom e in the laser-induced mouse model o f  

C N V  development.

3.2 M ethods

3.2.1 Drusen Preparation

Drusen and m inor am ounts o f  BM, isolated from six A M D  donor eyes, were kindly 

provided by Joe G. Hollyfleld in the Cole Eye Institute in Cleveland, Ohio. The 

drusen received was sonicated to dissociate the sample into small particulate matter 

(Figure 3.1 A). The RPE material ‘RPE soup* that was produced during the isolation 

o f  drusen from A M D  eyes was used as a control in many experim ents (Figure 3.1 B).
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3.2.2 CEP-adducted Human Serum Albumin (CEP-HSA) production

CEP-HSA was kindly provided by Robert G. Salomon in Case Western University in 

Cleveland Ohio. HSA (Sigma-Aldrich) was adducted to CEP as previously described 

by this laboratory (Gu et a i ,  2003).

3.2.3 Western Blot Analysis

Western blot analysis was performed on ARPE-19 and human PBMC cell lysates 

using the protocol described in section 2.2.7. Primary antibody dilutions used were as 

follows:

Primary Antibody Blocking Solution Dilution
Rabbit anti-NLRP3 5%  Marvel 1:1000
Rabbit anti-Pro-lL-18 5%  Marvel 1:1000
Rabbit anti-Pro-IL-1 (3 5%  Marvel 1:1000
Rabbit anti-(i-actin 5%  Marvel 1:2000

Blots for NLRP3 were ran on 10% resolving gels while 12% resolving gels were used 

for all other antibodies. HRP-conjugated goat anti-rabbit IgG secondary antibody was 

used at a dilution o f  1:2000.

3.2.4 ELISA

ELISAs were performed on supernatants isolated from ARPE-19 cells, human 

PBMCs, mouse BM D M s and mouse BM D Cs as described in section 2.2.8.

3.2.5 Laser-induced Model o f CNV

Laser-induced CNV was carried out in wild-type, N lr p 3 ' \  I l l r l ' '  and 1118'''' mice as 

described in section 2.2.11.

3.3 R esults

3.3.1 Drusen activates the NLRP3 Inflammasome

Inflammation plays a pivotal role in A M D  with both local RPE cells and systemic 

myeloid cells involved in its pathogenesis. Given A M D  has both a local and systemic 

"inflammatory com ponent ',  levels o f  protein expression for some inflammasome 

components (NLRP3, p ro - lL - ip  and pro-IL-18) were first examined by Western Blot 

analysis in the human RPE cell line, ARPE-19. Protein levels were examined in 

untreated cells and cells treated with 100 ng/ml o f  LPS, to prime the inflammasome.
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Due to its w ide  availab ili ty , LPS. a ligand o f  T L R 4 .  w as  used in the m ajority  o f  

ex p e r im en ts  as this p r im in g  step. A R P E -1 9  ce lls  w ere  found  to exp ress  N L R P 3  at low 

levels in un trea ted  cells  w ith  its express ion  up-regu la ted  w ith  L PS stim ula tion . High 

exp ress ion  levels o f  pro-1 L -18 w ere  found in these  cells  consti tu t ive ly .  with  no 

m arked  d iffe rences  be tw een  untrea ted  and p r im ed  cells, dem o n s tra t in g  that pro-IL-18  

is consti tu t ive ly  exp ressed  in these  epithelial cells  (F igu re  3.2 A). H ow ever ,  p ro - IL - ip  

levels w ere  unde tec tab le  by W estern  Blot ana lys is  in these  cells, both un trea ted  and 

L P S -p rim ed . N ex t,  the  ability  o f  these  cells to  p ro d u ce  and secre te  I L - l p  in response  

to p r im ing  w ith  a varie ty  o f  T L R  ligands and  ac t iva t ing  w ith  A T P  w as  tested. A T P  is 

a  po tass ium  eff lux  agen t and a c o m m o n ly  used ac t iva to r  o f  the  in f lam m asom e. 

P am C y s ,  Po ly inosin ic -po lycy tidy lic  acid (Poly (I :C )) ,  LPS, R 848 and C p G B  w ere  

used, w hich  are  ligands for T L R 2 , T L R 3 , T L R 4 , T L R 7 /8  and T L R 9 ,  respectively . 

H ow ever ,  the  am o u n t  o f  l l . - l  p p roduced  in these  cells, de tec ted  by E L IS A , w as  at the 

low er limit o f  the a ssay  sensitiv ity  (F igure  3.2 B).

H isto log ica l s tudies  have  d o cu m en ted  the  presence  o f  per iphera l m ye lo id -de r ived  

cells  in C N V s  in h u m an s  (G ro ssn ik lau s  et a l., 2000)  and an im al m o d e ls  (N ish im u ra  el 

cil., 1990), thus, it w as  hypo thes ised  that these  cells  cou ld  be pr im ary  sources  o f  IL -18 

and  II .-1p  in o u r  system . Indeed, h u m an  P B M C s, isolated from  healthy  vo lun teers  as 

descr ibed  in section  2 . 2 . 1.7, w ere  show n  to consti tu t ive ly  exp ress  p ro -IL -18  and  also 

exp ress  N L R P 3  and p r o - I L - ip  w hen  s tim ula ted  with LPS (F igure  3.3). W hen  P B M C s  

w ere  p r im ed  with LPS for 3 h, and  trea ted  w ith  d rusen  isolated  from  six A M D  d o n o r  

eyes for  6 h, increas ing  levels o f  I L - i p  and  lL -18  w ere  p roduced , quan tif ied  by 

E L IS A  (F igure  3.4 A, B). ln te r leuk in -6  ( lL -6 )  levels w e re  unaltered  indicating  that 

the  effec ts  w ere  specif ic  to I L - l p  and  IL-18 (F igure  3 .4  C). R P E  soup  w as  used as a 

control for these  ex p e r im en ts  and  its addition  to  L P S -p r im ed  P B M C s  cou ld  not alter 

secre ted  I L - ip ,  IL-18 o r  IL-6 levels (F igure  3.5 A, B, C). S im ila r  ex p e r im en ts  were  

carried  out on the h u m an  m o nocy tic  cell line T H P l  and  aga in  d rusen  w as  sh o w n  to 

increase  secre ted  IL-I p and IL-18 levels  in L P S -p r im ed  ce lls  (F igure  3 .6 A, B).

A s desc r ibed  in section  1.3.2, four  in t la m m a so m e s  have c lear ly  been  descr ibed  to  date 

w ith  additional in t la m m a so m e s  curren tly  be ing  cha rac ter ised . A ctiva tion  o f  each 

results  in the  ac tiva tion  o f  p ro -casp ase - l  and the  su b seq u en t  c leavage  o f  p ro -IL -18
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and pro-lL-ip. However, as the NLRP3 inflammasome has already been shown to be 

the sensor o f  numerous particulate matter, it was hypothesised that this inflammasome 

would be the most probable for drusen-induced inflammatory activity. Bone marrow 

was isolated from wild-type and NlrpS'^' mice and used to culture BMDCs as 

described in section 2 .2 .1.8. LPS-primed wild-type BMDCs produced significantly 

higher levels o f  IL -ip  in response to drusen activation compared to LPS-primed 

N lrpS"  BMDCs (Figure 3.7 A). IL-6 levels were unaltered between the groups 

indicating that the effects were specific to IL-ip  (Figure 3.7 B). Again, no significant 

differences in IL-ip  (Figure 3.8 A) or IL-6 (Figure 3.8 B) levels were observed 

between LPS-primed N lrpS"  and wild-type BMDCs when treated vv̂ ith the RPE 

control material.

3.3.2 CEP-HSA Primes the Inflammasome

Due to the sterile nature o f  AMD, it was explored if any naturally occurring 

components o f  drusen could prime the inflammasome. Components with protein 

modifications generated from the oxidation o f  lipids and carbohydrates are found in 

drusen. These include CEP-protein adducts generated from the oxidation o f  DHA. It 

has been recently shown that CEP and other pyrroles are recognised by TLR2 (West 

el al., 2010). Hence, it was investigated if CEP-HSA, a protein modification abundant 

in drusen and serum o f  AMD patients, could prime the inflammasome and produce 

pro-IL-ip and pro-IL-18.

Human PBMCs were primed with increasing doses o f  CEP-HSA or HSA alone for 3 

h and activated with ATP for one hour. ELISA analysis revealed increasing levels of 

IL-ip  production (Figure 3.9 A) with increasing levels o f  CEP-HSA in the 

supernatants o f  these cells. A small increase in IL-ip was observed in the highest 

dose o f  HSA alone. This is likely due to contaminants during the synthesis o f  HSA 

and it has been observed previously that no batch o f  HSA is ever free from a certain 

amount o f  CEP adducts (personal communication with Dr. Matthew Campbell and 

Prof. Joe Hollyfield). As a control, PBMCs were primed with EPS and activated with 

CEP-HSA or HSA alone to make sure the CEP-HSA was not also activating the 

inflammasome. No increases in 1L-If5 production were observed thereby eliminating 

this possibility (Figure 3.9 B). Wild-type mouse BMDCs primed with increasing
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doses o f  CEP-HSA and activated with ATP also produced increasing IL-ip  levels 

which were not observed in N lrpS"  BMDCs (Figure 3.10 A) or Caspa.se-1 '' BMDCs 

(Figure 3.10 C). IL-6 levels were increased dose-dependently by CEP, which is 

expected for a TLR ligand, but no significant differences were observed between 

wild-type and NlrpS ' ' BMDCs (Figure 3 .10 B).

3.3.3 CFH does Not Activate the Inflammasome

Next, it was investigated whether any individual component o f  drusen may activate 

the inflammasome in a more specific manner, as not all individuals presenting with 

drusen develop vision loss and the exact components found in drusen varies between 

people. The complement system plays a crucial role in innate immunity and nearly 

every component and regulator o f  the system has been found in drusen. CFF! was flrst 

examined, as polymorphisms in this gene remain one o f  the largest risk factors for 

AMD.

Human PBMCs were primed with LPS for 3 h and treated with increasing doses of 

CFH for 6 h. EIJSA analysis of the cell supernatants showed no significant 

differences in IL-ip  (Figure 3.11 A) or IL-6 (Figure 3.11 B) levels between LPS- 

primed cells and IT’S-primed cells treated with CFH. Similar experiments were 

carried out in THPI cells and again no differences were observed between LPS- 

primed cells and LPS-primed cells treated with CFH (Figure 3.1 I C, D). These results 

were supported by comparing IL-ip  production in wild-type and N lrp3 '' BMDMs. In 

a similar manner, BMDMs were primed with LPS for 3 h and treated with increasing 

doses o f  CFH for 6 h. No significant differences in IL -ip  (Figure 3.12 A) or IL-6 

(Figure 3.12 B) levels were observed between LPS-primed cells and LPS-primed cells 

treated with CFH or between wild-type and N lrpS"  BMDMs.

3.3.4 C IQ  Activates the Inflammasome and Activation Involves the 

Phagolysosome

CIQ, a component o f  complement C l ,  was subsequently opted for study. C IQ  can 

recognise Igs that are complexed to antigens and binding o f  C IQ  to these complexes 

leads to the initiation o f  the complement pathway. Human PBMCs primed with LPS 

and treated with C IQ  showed an increase in IL- ip and IL-18 levels. To confirm the
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role of caspase-1, the caspase-I inhibitor VI, was added in increasing doses. Caspase- 

1 inhibitor decreased both IL -ip  and 1L-I8 production in a dose-dependent manner 

(Figure 3.13 A, B). IL-6 levels remained unchanged indicating that the effects were 

specific to IL -ip  and lL-18 (Figure 3.13 C). C IQ  alone did not cause an up-regulation 

in IL-ip, illustrating the requirement o f  a priming agent.

Numerous models o f  NLRP3 activation have been proposed, based on the nature of 

the stimulus. One model proposed for particulate matter involves the phagocytosis of 

the particulate and the subsequent rupture o f  the lysosome resulting in the release of 

its contents such as cathepsin B. Another model suggests that all NLRP3 activators 

generate ROS, which can then activate the inflammasome through the ROS-sensitive 

thioredoxin interacting protein (TXNIP). In order to determine which model C IQ  may 

follow, human PBMCS were incubated with various inhibitors o f  these models 

(Figure 3.14). To examine the ROS model, human LPS-primed PBMCs were 

incubated with the NADPH oxidase inhibitor DPI one hour prior to C IQ  activation. 

Increasing doses o f  DPI had no effect on ClQ-induced IL-lp, IL-18 or lL-6 secretion 

(Figure 3.15 A). To examine the phagolysosome model, LPS-primed cells were 

incubated with Bafilomycin A |, a highly specific inhibitor o f  the vacuolar A fPase 

system that is necessary for lysosomal acidification, and the cathepsin B inhibitor CA- 

074 Me, one hour prior to C IQ  activation. Increasing doses o f  either Bafilomycin A| 

(Figure 3.15 B) or Cathepsin B inhibitor (Figure 3.15 C) decreased IL-ip and IL-18 

levels implying the involvement o f  the phagolysosome in CIQ-induced NLRP3 

activation. IL-6 levels remained unchanged illustrating that the effect observed was 

specific for lL-1 p and IL-18.

3.3.5 NLRP3 Protects against Exacerbated Laser-Induced CNV through IL-18 

(undertaken with Dr. M atthew Campbell)

As the laser-induced model o f  CNV serves as a model o f  both wet AMD and sterile 

inflammation, this model was used to investigate CNV growth after laser burns in 

mice in which certain genes o f  the NLRP3 inflammasome were knocked out. Three 

focal laser burns were administered to each retina o f  wild-type, N lrp3", and lU rl''' 

mice as described in section 2.2 .11. 6 days post injury their eyes were harvested and 

retinal flatmounts were stained with a vascular endothelial marker, isolectin, and their
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CNV volumes were assessed. A significant increase in CNV growth and sub-retinal 

haemorrhaging was observed in N lrpS '' mice compared to wild-type and H lr l''' mice 

6 days post injury (Figure 3.16 A). These observations pointed towards lL-18 as a 

regulator o f  CNV development, and indeed, when laser burns were administered in 

I II8 "  mice. CNV volumes were significantly increased compared to wild-type mice 

(Figure 3 .16 B).

3.4 Discussion

AMD is the leading cause o f  blindness in Ireland in people over the age o f  50, and 

7.000 new cases are being diagnosed each year. The presence o f  drusen. extracellular 

protein aggregates that accumulate under the RPE, is a major pathological hallmark in 

the early stages o f  the disease. The end stage dry and wet forms o f  the disease 

culminate in vision loss and are characterised by focal degeneration o f  the RPE and 

cone photoreceptors, and CNV. respectively.

Recently, it has been shown that particulate matter such as cholesterol crystals and 

lAPP can activate the NLRP3 intlammasome (Duewell et al., 2010. Masters el a i ,  

2010). Here, drusen isolated from AMD donor eyes is also shown to activate the 

NLRP3 intlammasome in myeloid-derived cells, leading to the secretion o f  the pro- 

intlammatory cytokines IL-ip  and IL-18. NLRP3 activation generally requires a 

priming step as the precursor pro forms o f  IL-ip . as well as the NLRP3 protein, are 

normally produced in cells at very low levels. LPS, a TLR4 agonist that is widely 

used in in vitro studies, was used in this study as the priming agent in some 

experiments. However, as the inflammatory response observed in AMD patients is 

likely to be sterile, and more importantly, LPS has no known role to play in the 

development of AMD, other components o f  drusen that may act as priming agents 

were searched.

Components with protein modifications, generated from the oxidation o f  lipids and 

carbohydrates have been found in drusen. One such example, CEP-modifled proteins, 

generated from the oxidation of DHA (Crabb et al., 2002) has recently been shown to 

be a 1L.R2 agonist on ECs (West et al.. 2010). Thus, experiments were performed
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where myeloid cells were primed with CEP-HSA and activated with a NLRP3 

activator. Positive results implicated the presence o f  a naturally occurring priming 

agent that accumulates at high concentrations within the eyes of AMD patients and in 

serum samples o f  these subjects. In the past, polymyxin B has been used in research 

to eliminate endotoxin contamination in reagents. Polymyxin B is a cyclic polypeptide 

antibiotic derived from the bacterium Bacillus polmyxa that can bind lipid A. the toxic 

component o f  LPS. However, it was recently reported that polymyxin B itself can 

activate the inflammasome (Allam et a i ,  2 0 1 1) and LPS primed PBMCs treated with 

increasing doses o f  polymyxin B indeed showed an increase in IL-ip  production at 

higher doses (Figure 3.17). Interestingly, polymyxin B is commonly used in 

ophthalmic solutions to treat bacterial infections of the eye by increasing the 

permeability o f  the bacterial cell membrane. However, these new finding suggest that 

they may also directly activate the inflammasome and release IL-ip and lL-18, and 

therefore enhance innate immunity. Cells tested, however, were systemic immune 

cells and it has not been explored whether polymyxin B has smilar effects on the local 

cells present in the eye.

Moreover, to ensure the CEP was not contaminated with LPS, BMDMs from 

C3H/HeJ and C3H/HeN mice were isolated (Doyle et a i,  2012). C3H/HeJ mice carry 

a mutation in their Tlr4 gene making them unresponsive to any TI,R4 ligands such as 

I.PS. C3H/H3N mice do not carry this mutation. These BMDMs were primed with 

either LPS or CEP for 3 h and activated with ATP for I h. IL-lf5 production was 

observed in C3H/HeN in both LPS and CEP primed cells. In C3H/HeJ cells, minimal 

IL-ip  production was observed in LPS primed cells, however, priming with CEP 

resulted in high IL-ip production, implying that the CEP was LPS free and priming 

was through activation o f  TLR2 (Figure 3.18).

Next, it was assessed if any individual components o f  drusen could activate NLRP3. 

A starting point was to examine the complement system as almost every complement 

component, activator and regulator has been found in drusen. CFH was first 

considered as polymorphisms in this gene remain one o f  the largest risk factors for 

AMD. However, with negative results, C IQ , the initiator o f  the classical pathway of 

complement activation was subsequently examined. Many o f  the known NLRP3 

activators are protein aggregates and C IQ  has previously been shown to aggregate in

78



an amyloid-like fashion (Ishii et a i ,  1984). It was observed that C IQ  can indeed 

activate the NLRP3 inflammsome and that this process is likely to be dependent on 

the phagolysosome. When cells were treated with Bafllomycin A |, a highly specific 

inhibitor o f  the vacuolar H* ATPase system that is necessary for lysosomal 

acidification, and the cathepsin B inhibitor CA-074 Me, levels o f  secreted IL-ip  and 

lL-18 decreased in a dose-dependent manner. In the phagolysosome model of NLRP3 

activation, it has been suggested that cathepsin B, released from lysosomal damage, is 

sensed by NLRP3 which leads to its activation. However, cathepsin B-deficient 

macrophages have been shown to cleave caspase-1 and secrete IL- ip in a similar 

manner to wild-type macrophages in response to particulate NLRP3 activators 

(Dostert et a l .  2009). This suggests off-target effects o f  the cathepsin B inhibitor and 

that it may inhibit other cellular proteases.

Surprisingly, the in vivo results suggest a protective role for the inflammatory 

responses in the context o f  CNV development. N lrpS"  and 1118" mice showed 

exacerbated CNV lesions post laser-induced injury whereas lesions in I l l r l "  mice 

were comparable to wild-type mice. A protective role for the Nf.RFM inflammasome 

has also been implicated in IBI). where 11.-18 may play a role in modulating the 

permeability o f  the intestinal epithelium through regulating the activation o f  IFNy and 

STATl signalling (Zaki el al., 2010b). The work described here outlines the 

involvement o f  the NLRP3 inflammasome pathway in AMD and could have major 

clinical implications for wet AMD prevention. Mechanisms understanding how IL-18 

may confer this protective role will be important for future studies and for clinical 

use.

3.5 Conclusions

• Drusen can activate the NLRP3 inflammasome.

• CEP-adducted HSA can prime the inflammasome.

• C IQ  can activate the Nf.RP3 inflammasome.

• CIQ-induced NLRP3 activation is dependent on the phagolysosome.

• IL-18 confers a protective role against CNV development in the laser-induced 

mouse model.

(Data published in Doy\e el al., 2012. See Appendix 1)
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Figure 3.1: Drusen fragments and RPE soup isolated from A M D  donors

(A ) Drusen fragments (arrows) in a range o f sizes from just under 500 |im to sub- 

microscopic-sized particles. (B) RPE soup observed under a light microscope 

contained retinal/RPE material produced follow ing isolation o f drusen.
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Figure 3.2: Expression of NLRP3 inflammasome components in ARPE-19 cells

(A) Western blot analysis o f  N LRP3 and pro-IL-18 protein expression in ARPE-19 

cells that were untreated (unt) or treated with 100 ng/ml LPS for 3 h. P-actin was used 

as  a loading control to normalise the blot. Blots are representative o f  three separate 

experiments carried out in triplicate. (B) IL - ip  production, as measured by ELISA, in 

ARPE-19 cells primed with various TLR ligands (2 ^g/ml Pam3Cys, or 100 ng/ml 

LPS, or 25 fig/ml Poly(LC), or 1 |xg/ml R848, or 5 |a^g/ml C pG -O D N ) for 3 h and left 

untreated or activated with ATP (5 mM ) for a further hour. All data are means ± 

standard error o f  the mean (SEM ) with n = 3 and are representative are 3 separate 

experiments.
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Figure 3.3: Expression o f NLRP3 inflammasome components in human PBMCs

Western blot analysis o f  (A) NL.RP3, (B) pro-lL-18 and (C) p ro -IL -ip  protein 

expression in human PBM Cs that were untreated (unt) or treated with 100 ng/ml LPS 

for 3 h. P-actin was used as a loading control to normalise the blot. Blots are 

representative o f  two separate experiments.
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Figure 3.4: Secreted cytokine levels after drusen treatm ent in PBMCs

(A) I L - i p  (B) IL-18  and  (C) IL-6 p roduc tion ,  as m easu red  by E L IS A , in hum an  

P B M C s  p r im ed  w ith  L PS for 3 h and  su bsequen tly  trea ted  with increas ing  doses  o f  

d rusen  p repara t ion , iso lated  from  six A M D  d o n o r  eyes, fo r  6 h or  A T P  for I h. *7  ̂ <  

0.05, * * P  < 0 .01 , <  0.0001 by A N O V A  w ith  T u k ey  post- tes t  co m p ared  to  L PS-

trea ted  cells. All da ta  are  m e a n s  ±  S E M  w ith  n =  3 and  are  rep resen ta t ive  o f  three 

separa te  e x p e r im en ts  carried  ou t  in trip licate .
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Figure 3.5: Secreted cytokine levels after RPE soup treatment in PBMCs

(A) I L - ip  (B) IL-18 and (C) IL-6 produc tion , as m easured  by E L ISA , in hum an  

P B M C s pr im ed  with  LPS for 3 h and  subsequen tly  treated  with increasing  doses  o f  

R PE  S oup  for  6 h or  A T P  for 1 h. * * * P  <  0.0001 by A N O V A  w ith  T ukey  post-test 

c om pared  to  L PS-trea ted  cells. All data  are  m eans  ±  SE M  w ith  n =  3 and  are 

rep resen ta tive  o f  th ree  separa te  ex p e r im en ts  carr ied  ou t in triplicate.
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Figure 3.6: Secreted cytokine levels after drusen treatment in T H P l cells

(A ) IL - ip  and (B) IL-18 production, as measured by ELISA, in human I'UPI cells 

primed with LPS for 3 h and subsequently treated with increasing doses o f drusen 

preparation, isolated from six A M D  donor eyes, for 6 h or ATP for 1 h. < 0.05, 

* * P  <  0.01 by A N O V A  with Tukey post-test compared to LPS-treated cells. A ll data 

are means ± SEM with n = 3 and are representative o f three separate experiments 

carried out in triplicate.
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Figure 3.7: Drusen activates the NLRP3 inflammasome

(A) IL-ip and (B) IL-6 production, as measured by ELISA, in wild-type and N lrp3"  

mouse BMDCs primed with LPS for 3 h and treated with increasing doses o f  drusen 

preparation, isolated from six AMD donor eyes, for 6 h. *7̂  < 0.05, ***P < 0.0001 by 

ANOVA with Tukey post-test compared to LPS-treated cells. All data are means ± 

SEM with n = 3 and are representative of three separate experiments carried out in 

triplicate.
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Figure 3.8: RPE soup does not activate the NLRP3 inflammasome

(A) IL -lp  and (B) IL-6 production, as measured by ELISA, in wild-type and NlrpS'^' 

mouse BMDCs primed with LPS for 3 h and treated with increasing doses o f drusen 

preparation for 6 h. * * * p  < 0.0001 by ANOVA with Tukey post-test compared to 

LPS-treated cells. A ll data are means ± SEM with n = 3 and are representative of 

three separate experiments carried out in triplicate.
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Figure 3.9: CEP-HSA can prime the inflammasome in human PBMCs

(A) I L - ip  p roduction , as m easu red  by E L IS A , in hu m an  P B M C s  prim ed with C E P  or 

H S A  for 3 h and treated  w ith  A T P  fo r  I h. (B ) IL-I(5 p roduction , as m easured  by 

E L IS A , in P B M C s  pr im ed  with L PS for 3 h and trea ted  w ith  C E P  or H SA  for 6 h, o r  

with  A T P  for 1 h. * P  < 0.05, * * * P  <  0 .000!  by A N O V A  with T ukey  post-test 

com pared  to C E P  o r  H SA  treated  cells. All da ta  are m ean s  ±  SE M  w ith  n =  3 and are 

rep resen ta tive  o f  th ree  separa te  ex p e r im en ts  carried  ou t in triplicate.
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Figure 3.10: CEP-HSA can prime the inflammasome in mouse BMDCs

(A) IL-ip and (B) IL-6 production, as measured by ELISA, in wild-type and NlrpS'^' 

mouse BMDCs primed with CEP for 3 h and treated with ATP for 1 h. (C) IL-lf5 

production, as measured by ELISA, in wild-type and Caspase-1'^' BMDCs primed 

with increasing doses o f  HSA or CEP for 3 h and treated with ATP for 1 h. < 0.05, 

***p < 0.0001 by ANOVA with Tukey post-test compared to CEP-treated cells. All 

data are means ± SEM with n = 3 and are representative o f  three separate experiments 

carried out in triplicate.
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Figure 3.11: CFH does not activate the inflammasome in PBMCs or THPl cells

(A) IL-lf5 and (B) IL-6 production, as measured by ELISA, in human PBM Cs primed 

with LPS for 3 h and treated with CFH for 6 h or ATP for 1 h. (C) IL - ip  and (D) lL-6 

production, as measured by ELISA, in THPI cells primed with LPS for 3 h and 

treated with CFH for 6 h or ATP for 1 h. * * * P <  0.0001 by A N O V A  with Tukey post

test compared to LPS-treated cells. All data are means ±  SEM with n = 3 and are 

representative o f  three separate experiments carried out in triplicate.
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Figure 3.12: CFH does not activate the inflam masoine in mouse BMDMs

(A ) IL-ip and (B) IL-6 production, as measured by ELISA, in wild-type and NIrpS"  

mouse BMDMs primed with LPS for 3 h and treated with increasing doses o f  CFH 

for 6 h or ATP for I h. ***P < 0.0001 by ANOVA with Tukey post-test compared to 

LPS-treated cells. All data are means ± SEM with n = 3 and are representative o f  

three separate experiments carried out in triplicate.
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Figure 3.13: C IQ  can activate the inflammasome in PBMCs

(A ) !L - ip , (B) lL-18 and (C) IL-6 production, as measured by ELISA, in human :

PBMCs primed with LPS for 3 h, and activated with 5 |ig/m l C IQ  for 6 h, w ith the j

addition o f  increasing doses (OJ, L  10 |ig /m l) o f Caspase-1 inhibitor I h prior C IQ  

treatment. * P  <  0.05, * * * /*  < 0.0001 by A N O V A  with Tukey post-test compared to |

LPS+CIQ treated cells. A ll data are means ± SEM with n = 3 and are representative

o f three separate experiments carried out in triplicate. i
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Caspase-1 inhibitor VI (ZVAD) Diphenyleneiodonium chloride (DPI)
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Figure 3.14: Chemical structures o f the various inhibitors used
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Figure 3.15: ClQ-induced inflammasome activation involves the phagolysosome

IL -ip , IL-18 and IL-6 production, as measured by ELISA, in human PBMCs primed 

with LPS for 3 h, and activated with C IQ  for 6 h, with the addition o f increasing 

doses o f (A) DPI (0.1 and 1 ^M ), (B) Cathepsin B inhibitor (0.1 and I |jM ) or (C) 

Bafilomycin (2.5 and 25 ^M ) 1 h prior C IQ  treatment. *P < 0.05, * *P  <0.01, * * * / ’ < 

0.0001 by ANOVA with Tukey post-test compared to LPS+CIQ treated cells. A ll 

data are means ± SEM with n = 3 and are representative o f three separate experiments 

carried out in triplicate.
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Figure 3.16: NLRP3 protects against exacerbated laser-induced CNV through 

IL-18

(A) Laser-induced CNV in wild-type (top left). Nlrp3~'~ (top middle) and I I l r r '~  (top 

right) mice showing CNV development after laser burn. 3D reconstructed images o f 

confocal Z-stacks from wild-type (bottom left), NlrpS ' (bottom middle) and I l l r r '~  

(bottom right) mice. Also shown is a CNV volume rendering bar chart. *P < 0.0496 

by ANOVA followed by Tukey post-hoc test. Data are means ± SEM. (B) Laser- 

induced CNV in mice showing CNV development after laser burn (left). 3D

reconstructed images o f confocal Z-stacks (right). Also shown are CNV volumes in 

and wild-type mice. *P  = 0.0292 by Student's I test.
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Figure 3.17: Polymyxin B activates the inflammasome

IL - ip  production, as measured by ELISA, in human PBMCs primed with LPS for 3 h 

and treated with increasing doses o f Polymyxin B for 6 h or ATP for 1 h.

■  C3H4^oN 
80-1 ■  C3H/HeJ

3 40

Figure 3.18: Priming of the inflammasome by CEP is not due to LPS 

contamination

IL - ip  production, as measured by ELISA, in C3H/HeN or C3H/HeJ BMDMs primed 

with LPS or CEP for 3 h and treated with ATP for I h. * * P  <  0.01 by A N O V A  with 

Tukey post-test compared to LPS-treated cells. A ll data are means ± SEM with n = 3 

and are representative o f three separate experiments carried out in triplicate.
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4 Mechanisms and Efficacy of IL-18

Some o f  the data presented in this chapter has been published in Doyle, S. L., Ozaki. 

E.. Brennan. K., Humphries, M. M , Mulfaul, K., Keaney, J., Kenna, P. F., 

Maminishkis, A., Kiang, A. S., Saunders, S. P., Hams. E., Lavelle, E. C., Gardiner, C., 

Fallon. P. G., Adamson, P., Humphries, P. & Campbell, M. IL-18 attenuates 

experimental choroidal neovascularization as a potential therapy for wet age-related  

macular degeneration. Sci Transl M ed 6: 230-244 (2014).

See Appendix II.

4.1 Introduction

As observed in the previous chapter, 1118' '̂ and N lrpS"  mice developed larger lesions 

following laser-induced CNV implicating a protective role for IL-18 against CNV 

development. Thus, the first aim of this chapter was to examine if similar protective 

effects o f  IL-18 could be observed in a novel spontaneous mouse model, the mutant 

JR5558 mouse strain, which develops CNV-like lesions in the fundus. The second 

aim o f  this chapter was to try and decipher how IL-18 might be conferring the 

protective effects observed in vivo. To this end. signalling pathways utilised by IL-18 

(discussed in section 1.4.1) in endothelial and epithelial cells were examined in vitro, 

as well as screening levels of a range o f  angiogenic factors and inflammatory 

cytokines after IL-18 addition. Since reduced vascular leakage was observed in 

fluorescein angiograms in the JR5558 mice treated with IL-18, levels o f  TJ proteins 

were also examined. In particular, the role o f  VEGF and its interaction with IL-18 was 

explored. VEGF is a potent EC growth factor that plays crucial roles in cell 

proliferation, migration, survival and permeability. It has now been well established 

that VEGF plays a key role in AMD pathogenesis and high levels o f  this growth 

factor have been found in NV membranes excised from AMD patients.

4.1.1 The JR5558 Mouse

The JR5558 mouse, also referred to as the neoretinal vascularisation 2 (NRV2) 

mouse, is a novel mouse strain discovered by the Jackson Laboratory (Bar Harbor. 

ME) that follows a recessive mode o f  inheritance characterised by spontaneous retinal 

de-pigmentation and lesion development in the fundus. Multiple NV tufts are
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observed  in the  posterior  fundus  be tw een  post-natal days  PI 0 -P I  5 o f  these  mice, 

before  the  dev e lo p m en t  o f  a lethal leukaem ia  at 4-5 m o n th s  o f  age. T hese  lesions have 

initially been  described  as C N V  lesions though  recent s tudies  have  dem onstra ted  that 

the  v ascu la r  leakage m ay a lso  be due  to an g iogenes is  from  the retinal v ascu la r  plexus, 

w h ich  ex ten d s  tow ards  the RPE, thus m im ick in g  hum an  R A P  (H aseg aw a  el a l., 

2014).  A role o f  V E G F A  s ignalling  in the d e v e lo p m e n t  o f  lesions in this m o u se  model 

has  a lso  recently  been reported  (N agai el a l., 2014).

4.1.2 VEGF and the VEGF Receptors (VEGFRs)

T he V E G F s,  o rig inally  d iscovered  as vascu la r  pe rm eab il i ty  factor, are a fam ily  o f  

g row th  fac tors  that are secreted  d im eric  g ly cop ro te in s  o f  a round  ~ 4 0  kD a  in size. The 

V E G F  fam ily  com prises  o f  5 m em bers ,  V E G F A , V E G F B , V E G F C , V E G F D  and 

PIGF and s tructurally , are s im ila r  to the p la te le t-derived  g row th  fac tor  (P D G F )  family 

-  8 invariant cys te ine  residues  form in te rm o lecu la r  and in tram olecu la r  d isulf ide 

bonds, w ith  tw o  m o n o m ers  d im eris ing  in an an ti-para lle l  o rien ta tion  with receptor- 

b ind ing  sites located at opposite  ends  o f  the d im er  (M u lle r  el cil., 1997). V E G F C  and 

V E G F D  are  im portan t in regulation  o f  the lym phatic  system  w hile  PIGF and V E G F B  

disp lay  ro les in cardiac m usc le  function. Herein , will focus on V E G F A  (also  called 

V E G F ),  the  m ost potent m e m b e r  that p lays cen tra l  ro les in vacu logenes is  and 

physio log ica l and  pathological ang iogenesis .

[)ue to  d ifferentia l p re -m R N A  splicing, V E G F  has m ult ip le  isoform s, V E G F m ,  

V E G F , 2 1 , VEGF|45, VEGF|48, V E G F i^ .  VEGF,65, VEGF,83, VEGFigg, and V E G F 2 0 6 , 

w ith  the  m os t  w ell-s tud ied  being  V E G F 121 , V E G F 165 and  V E G F 1 8 9 . The  

c o r re sp o n d in g  m ouse  isoform s are one  am ino  acid  sh o r te r  than the  hum an  proteins. 

T h ese  iso fo rm s have differen t b iochem ical p ropert ies  d ue  to the  presence  o r  absence  

o f  C -te rm ina l  heparin -b ind ing  protein d o m a in s  en c o d e d  by exons  6 and  7. The 

V E G F 121 isoform  lacks the  residues encoded  by e x o n s  6 and  7 and is a freely 

d iffus ib le  protein . The m ost p redom inan t VEGFi^s isoform  lacks the  res idue  encoded  

by exon  6 and  has in term edia te  affinity  for heparan  su lfa te  and as a result is partially 

seques te red  on the cell surface  and  in the E C M . V E G F 189 b inds  to heparan  sulfate 

w ith  high affin ity  and is a lm ost  com ple te ly  seques te red  in the E C M . The affin ity  o f  

these  iso fo rm s to heparan sulfate results in d ifferen tia l  spatial d is tr ibu tions  in their
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expression, which is important for growth o f  blood vesse ls  to grow in an organised  

ordered fashion.

VEGF signalling is mediated through the V EG FRs (V E G F R l,  VEG FR2 and 

VEGFR3), which are members o f  the receptor tyrosine kinase (RTK) family. Similar 

in structure to PDGF receptors and FGF receptors, they consist o f  7 Ig domains in 

their extracellular ligand binding domain, a single transmembrane domain, an 

intracellular split tyrosine kinase domain and a C-terminal tail. V E G FR l and 

VEGFR2 are predominantly expressed in the blood vascular system, whereas  

VEGFR3 is mainly expressed in the lymphatic endothelium system. V EG FA can bind 

to both V E G FR l and VEGFR2, but not to VEGFRS, which binds to VEGFC and 

VEGFD. V EG FA signalling is also mediated by co-receptors neuropilin-1 and-2, 

which stabilise the binding o f  V E G F 165 to VEGFR2 (Soker et a i ,  1998). Following  

ligand stimulation, the V EG FRs dimerise and undergo autophosphorylation o f  

tyrosine residues on itself as well as transphosphorylation o f  downstream signal 

transducers. Phosphorylated tyrosine residues generate binding sites for intracellular 

signalling mediators with Src-hom ology-2 (SH 2) motifs, leading to the activation o f  

numerous signalling pathways. Signalling mediators that have been described include  

phospholipase Cy (PLCy), SH2 domain-containing adaptor protein B (SFIB), growth 

factor receptor bound-2, T-cell specific adaptor (TSA d) and induce signalling  

pathways such as ER, protein kinase B (PK B)/A K T, protein kinase C (PKC) and p38  

MAPK (Olsson et  al.,  2006).

V EG FRl (also known as F L T l)  is a ISO kDa transmembrane protein that binds to 

VEG FA, VEG FB and PIGF. The binding affinity o f  V E G F R l to VEGFA is an order 

o f  magnitude higher than that o f  VEG FR2, yet its kinase activity is a ten-fold lower  

than VEGFR2. Repression o f  its kinase activity may be a consequence o f  folding o f  

its intracellular domain in a manner that conceals its regulatory sequences. Indeed, 

studies have shown that a classic positive regulatory tyrosine residue in its kinase 

domain, Tyr416, which is phosphorylated in VEGFR2 and VEGFR3, remains un- 

phosphorylated in activated V E G FR l (Ito e t  al.,  1998). A n alternatively spliced,  

soluble form o f  V E G FR l has also been discovered which acts as an inhibitor o f  

angiogenesis and has been associated in the pathogenesis o f  preeclampsia (Levine et  

al.,  2004). V E G F R l is also expressed in non-ECs, including m onocytes.
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macrophages, osteoblasts, pericytes, haematopoietic stem cells and smooth muscle 

cells.

Although the exact role o f  V EG FRl still remains under debate, studies from V e g fr l"  

embryos in mice have contributed greatly to our understanding o f  the functions o f  this 

receptor. A negative role o f  V EG FR l in angiogenesis is proposed from the phenotype 

o f  V e g fr I"  embryos, where mice acquire an increase in EC progenitors and vascular 

disorganisation and die in iitero between days 8.5 and 9.5. Flowever, some in vitro 

studies have shown no role o f  this receptor in cell proliferation, migration or 

apoptosis. These differences may be a result o f  V EG FR l homodimerisation versus 

heterodimerisation with VEGFR2. Under conditions where no heterodimerisation 

occurs, V E G FR l may have no involvement in angiogenesis. Indeed, mice which only 

have the tyrosine kinase (TK) domain o f  V EG FR l is deleted, Vegfr\ (TK)"' show 

basically normal blood vessel formation. These observations also suggest V E G FR l as 

a decoy receptor that acts as a VEGF sink (Fliratsuka el al., 1998). Intriguingly, 

V eg fh  (TK )‘̂ ‘ mice are deficient in VEGF-dependent macrophage migration and also 

display slower rates o f  certain tum our growths. Furthermore, loss o f  V EG FR l kinase 

activity has been implicated in several pathological conditions such as tumours and 

RA, involving inflammation and recruitment o f  bone marrow-derived myeloid cells.

VEGFR2 or KDR/flk-l is a 230 kDa glycoprotein that binds to VEGFA, V EGFC and 

V EG FD  and is the primary mediator o f  VEGFA signalling. Other than ECs, VEGFR2 

is expressed in haematopoietic stem cells, smooth muscle cells, m egakaryocytes and 

retinal progenitor cells. An alternatively spliced soluble form o f  VEGFR2 has also 

been discovered that binds to VEGFC and prevents its binding to VEGFR3 

(Pavlakovic et al., 2010). The importance o f  V EG FA /V EG FR 2 signalling in 

vasculogenesis is highlighted from VEGFA(+/-) mice, where lack o f  one VEGFA 

allele results in embryonic lethality due to immature angiogenesis and cardiovascular 

deficiency (Ferrara et al.. 1996, Carmeliet el al., 1996). Some o f  the major functions 

o f  V EG FA /V EG FR 2 including cell proliferation, migration and survival and vascular 

permeability are discussed below.
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4.1.3 V E G F and Vascular Permeability, Cell Proliferation, Survival and 

Migration

Originally discovered as a vascular permeability factor, VEGFA induces permeability 

nearly 50,000 times more potently than histamine, acting at concentrations lower than 

I nmol/L. VEGF can induce vessel fenestrations for the passage o f  small solutes as 

well as inducing formation o f  caveolae and vesiculovacuolar organelles (VVOs) and 

transendothelial pores for the passage o f  small proteins. VVOs are small uncoated 

vesicles and vacuoles positioned periodically in the cytoplasm o f  ECs lining venules 

and small veins. VEGF-induced permeability has been shown to signal through 

PLCy and calcium influx or through AKT/PKB and requires activation o f  endothelial 

nitric oxide synthase (eNOS) and N O  production. Downstream o f  eNOS, there is 

evidence for the involvement o f  guanylyl cyclase-mediated activation o f  the Rho-Rac 

pathway. The structural changes observed include the phosphorylation and 

disassembly o f  adherens junction protein vascular endothelial cadherin and TJ 

proteins zonula occluden (ZO)-l and occludin (Bates, 2010). Vascular permeability 

plays major roles in wound healing, cancer and metastases.

One o f  the major functions o f  VEGF is EC proliferation, which is mediated through 

VEGFR2 and activation o f  the Ras-Raf-M EK-ERK 1/2 and MARK pathways. In times 

o f  stress, VEGF can also mediate cell survival via VEGFR2 and activation o f  the 

phosphatidyl inositol kinase (PI3K) and AKT/PK B pathway. Integrins and cell 

adhesion receptors are also thought to have a role in cell survival and VE-cadherin has 

been shown to interact with VEG FR2 forming a complex with P-catenin and P13K in 

the process.

Another vital role o f  VEGF is EC migration and it has been shown to involve TSAd, 

focal adhesion kinase, Paxillin, p38 M APK and the P13K/AKT pathways (Olsson et 

al., 1999). Additionally, VEGF has also been shown to be a chemoattractant for 

vascular smooth muscle cells, monocytes, mononuclear phagocytes and 

polymorphonuclear cells and V E G FR l has also been shown to play a role.

All o f  these functions o f  VEGF play crucial roles in embryogenesis as well as in 

processes such as wound healing and the reproductive cycle in the adult. However,
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aberrant VEG F/V EGFR signalling can lead to many pathological conditions including 

cancers. RA, diabetes and ischaemic retinopathies.

4.1.4 The M APKs, A K T /PK B  and AM P-activated kinase (A M PK ) Signalling  

Pathways

The M APKs are a family o f  proteins, including E R K I/2 , p38 and stress-activated 

protein kinase/c-Jun N-terminal kinase (SAPK, JNK) that are activated in response to 

a variety o f  environmental stimuli and inflammatory cytokines. They are involved in 

regulating many cellular processes including gene expression, cell survival, cell 

division, apoptosis, metabolism and motility. E R K I/2  are generally involved in 

cellular proliferation, differentiation and survival, while JNK and p38 are more 

important in inflammatory and stress functions. Downstream targets o f  M APKs 

include transcription factors such as N F-k B and activator protein-1 (AP-1), enzymes 

and other kinases (Kyriakis and Avruch, 2012).

A KT is a serine/threonine kinase that plays a major role in cell survival, proliferation, 

growth, cancer and insulin and glycogen metabolism. Activation o f  this pathway is 

initiated by growth factors, hormones and cytokines binding to their cognate 

receptors, which leads to the production o f  phosphatidylinositol 3,4,5 triphosphates 

(PIP3) by P13K. P1P3 resides at the plasma membrane and the binding o f  A K T to PIP3 

results in its translocation to the membrane. Once activated, A K T can phosphorylate a 

plethora o f  downstream substrates including CDK inhibitors, and also inhibitory 

phosphorylate a range o f  substrates such as glycogen synthase kinase-3, Bad, Bim, 

Bax and F ox01 /3a  transcription factors. A K T also regulates cell growth by regulating 

the m ammalian target o f  rapamycin (m TOR) signalling pathway (M anning and 

Cantley, 2007).

A M PK plays a vital role in regulating cellular energy homeostasis by sensing a 

reduction in cellular ATP, which arises in times o f  low glucose, hypoxia, ischaemia 

and heat shock. The kinase exists as a heterotrimer, consisting o f  a catalytic subunit a 
and two regulatory subunits, p and y. At times o f  decreased intracellular ATP levels, 

adenosine m onophosphate or adenosine diphosphate binds to the y subunit, which 

results in its conformational change and activation by making the T h r l7 2  residue in
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the activation loop of the a  subunit more prone to phosphorylation by its major 

upstream kinase LKBl .  Activated AMPK can phosphorylate a number of 

transcription factors, co-activators, repressors and enzymes that positively regulate 

signalling pathways involved in replenishing cellular ATP levels such as autophagy, 

and negatively regulate ATP-consuming processes such as gluconeogenesis, lipid and 

protein synthesis (Shirwany and Zou, 2014).

4.1.5 Objectives

• To explore the therapeutic potential o f  IL-18 in the JR5558 mouse model.

• To examine the biological activity and toxicity o f  IL-18 in RPE cells in vitro.

• To screen a range o f  angiogenic factors and inflammatory cytokines secreted

by RPE cells after IL-18 addition in vitro.

• To investigate the biological activity and anti-angiogenic potential o f  IL-18 in

mouse brain microvascular ECs.

• To examine the effects of IL-18 in systemic cells.

4.2 M aterials and M ethods

4.2.1 Recombinant proteins

Human recombinant IL-18 and mouse recombinant IL-18 were supplied by GSK. 

GSK clinical asset SB-485232 and SB-528775, respectively. SDS-PAGE gels were 

run to confirm that these proteins were o f  the correct molecular size (Figure 4.1 A. B). 

Human and mouse IL-ip and VEGF were from RnD Systems.

4.2.2 Fluorescein Angiography (FA)

FA was performed, as described in section 2.2.16. on wild-type C57BL/6J mice and 

on JR5558 mice that were intraperitoneally injected daily with IL-18 or a vehicle 

control for four days to examine the retinal vasculature and to observe any leakage 

from the blood vessels.
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4.2.3 RPE Flatmounts and Confocal Microscopy

RPE Hatmounts were made on the eyecups o f  JR5558 mice as described in section 

2.2.12. Flatmounts were incubated with phailoidin and isolectin and Z-stack confocal 

volumes were analysed using confocal microscopy and IM A R IS  software.

4.2.4 Haemotoxylin and Eosin Staining o f Paraffin-Embedded Retinal Sections

Eyes from JR5558 and C57BL/6J mice were paraffin-embedded as described in 

section 2.2.14 and retinal histology was examined by haemotoxylin and eosin staining 

o f  the sections as described in section 2.2.15.

4.2.5 Cell Viability Assays

Cell viability assays were carried out on ARPE-19 and T H Pl cells after IL-18 

administration using the MTS cell proliferation Assay and the Trypan Blue Exclusion 

Assay as described in section 2.2.9 and 2 .2 .1.5, respectively.

4.2.6 Western Blot Analysis

Western blot analysis was carried out as described in section 2.2.7. The dilutions and 

blocking solution o f  primary antibodies used were as follows:

Primary Antibody Blocking Solution Dilution
Rabbit anti-Phospho-p38 M APK 5%  BSA 1 1000
Rabbit anti-lKB-a 5%  Marvel 1 500
Rabbit anti-Phospho-p44/42 M A PK (ERK 5%  BSA 1 1000
1/2)
Rabbit anti-Phospho-AKT (Ser473) 5%  BSA 1 1000
Rabbit an ti-Phospho-A M PK a (T hrl72) 5%  BSA 1 1000
Rabbit anti-Claudin-5 5%  Marvel 1 1000
Rabbit anti-Occludin 5%  Marvel 1 500
Rabbit anti-ZO-l 5%  Marvel 1 1000
Rabbit anti-VEGF Receptor 2 5%  Marvel 1 1000
Rabbit anti-VEGF Receptor 1 5 %  Marvel 1 500
Rabbit anti-VEGF 5 %  Marvel 1 500
Rabbit anti-p-actin 5%  Marvel 1 2000

Blots for ZO-1, V E G FR l and VEGFR2 were ran on 10% resolving gels while 12% 

resolving gels were used for all other antibodies. HRP-conjugated goat anti-rabbit IgG 

secondary antibody was used at a dilution o f  1:2000.
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4.2.7 RT-PCR analysis

Transcript levels were quantified by RT-PCR using QuantiTect® Sybr® Green as 

described in section 2.2.4.2. Primers were designed using PrimerS and were as 

follows:

Forward: 5‘-GAAGAACACTTGGCCCTGAG-3'

Reverse: 5‘-TTTCACAGGCATGTGGTAGC-3'

Forward: 5^-GAAGTACAACTACAGCACTG-3’

Reverse: 5^-AAGTGACCGATGGTTTGACA-3'

Forward: 5’-GGCGGTGGTGACAGTATCTT-3’

Reverse: 5’-GTCACTGACAGAGGCGATGA-3'

Forward: 5'-TTTCTTCTATGCGCAGTTGG-3'

Reverse: 5 '-GCAGTTTGGTGCCTACTTCA-3'

Forward: 5’-ACAGTCCAATGGCCTACTCC-3‘

Reverse: 5’-ACTTCAGGCACCAGAGGTGT-3’

Forward: 5’-TCACCCACACTGTGCCCATCTACGA-3' 

Reverse: 5’-CAGCGGAACCGCTCATTGCCAATGG-3'

Human IL-18Rf5 

Mouse IL-18R(3 

Mouse VEGFR2 

Mouse Claudin-5 

Mouse Occludin 

P-actin

4.2.8 Proteome Array

Angiogenesis and cytokine arrays were carried out as described in section 2.2.10 on 

supernatants isolated from ARPE-19 cells treated with IL-18.

4.2.9 ELISA

ELISAs were performed on supernatants isolated from ARPE-19 cells, human 

PBMCs. bEnd.3 cells and mouse BMDCs as described in section 2.2.8.

4.2.10 Cell Permeability Assays

Cell permeability was quantified by taking TEER measurements and by performing 

paracellular tracer flux assays as described in sections 2.2.2 and 2.2.3. respectively.
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4.3 R esults

4.3.1 IL-18 has Therapeutic Potential in a Novel Spontaneous Chorio-Retinal 

Lesion Mouse Model

As described in section 4.1.1. the JR5558 mouse is a novel mutant mouse strain that 

e.xhibits early, spontaneous, bilateral retinal de-pigmentation and chorio-retinal lesion 

development. As a protective role o f  IL-18 was observed in the laser-induced CNV 

model, it was next explored whether recombinant IL-18 could have therapeutic 

potential in an animal model where chorio-retinal lesions develop spontaneously.

The development and progression o f  chorio-retinal lesions in these mice was first 

characterised from 3-14 weeks o f  age using FA. Lesions in these mice were visible 

within minutes after an IP injection o f  sodium fluorescein. The time taken for lesions 

to appear in the angiograms varied from 30 seconds to 5 min supporting the 

hypothesis that some lesions may be CNVs which will appear faster in the angiogram, 

while others are leakages from the inner retinal vasculature which would take more 

time for the lesions to fill out with fluorescein. The number and intensity o f  lesions 

varied with age, with lesion volumes regressing after a high peak (Figure 4.2). To 

ensure that the lesions observed in the young mice were not a result o f  normal inner 

retinal vasculature development, FA was also performed on age-matched wild-type 

C57BL/6J animals. No lesions were observed in the fundus o f  these animals after 

sodium fluorescein injection indicating that the lesions observed in the JR5558 mice 

were due to mutations carried by these animals (Figure 4.3). Additionally, after 13 

weeks, eyes were enucleated from JR5558 mice and C57BL/6J mice and paraffin- 

em bedded to examine the retinal histology by haemotoxylin and eosin staining. 

Sections from JR5558 retinas showed lesions in the outer retina, starting from the INL 

spanning through the ONL towards the RPE, capturing the track o f  a neovessel 

(Figure 4.4 A, B). Sections from C57BL/6J animals showed normal architecture o f  

the retinal layers (Figure 4.4 C).

Since a protective role for IL-18 was observed in a laser-induced mouse model o f  

C NV, it was examined whether IL-18 could have similar effects in a spontaneous 

lesion developing mouse model. IL-18 at 1000 ng/kg (n = 5) or 100 jag/kg (n = 5) or a 

vehicle control (n =  5) was administered by IP injection in 3-week-old JR5558 mice
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for 4 continuous days, as part o f  a progression study. An IP injection was chosen as 

we had previously shown that systemicaily derived lL-18 could prevent CNV 

developm ent in the laser-induced model using bone marrow chimeras (Doyle et ah 

2014). Additionally, the safety/tolerability o f  human IL-18 (GSK, SB-485232) by 

systemic administration in human patients at doses as high as 2000 ^g/kg has already 

been established, thereby efficacy o f  an IP injection o f  IL-18 for CNV treatment 

would be encouraging for further clinical potential. FA performed on day 5, revealed 

brighter and more numerous lesions, post sodium fluorescein injection, in vehicle 

control injected mice (Figure 4.5 A) compared to both groups o f  IL-18 injected mice 

(Figure 4.5 B, C). The eyecups from these mice were dissected and RPE flatmounts 

were made and stained with an F-actin marker (phalloidin) and an EC marker 

(isolectin). Flatmounts were stained with phalloidin to ensure that the dissection 

technique was suitable and that the staining seen for isolectin was not a result o f  RPE 

disruption from the dissection process. In the majority o f  the flatmounts, RPE cells 

appeared in a honeycomb-like uniform hexagonal shape indicating that the dissection 

process was optimal (Figure 4.6). CNV volumes were analysed from the RPE 

flatmounts by taking 3D Z-stack images by confocal microscopy and volumes were 

measured using IM A R IS  software. The volume size was significantly lower in animals 

dosed with 1000 ^ig/kg o f  IL-18 compared to vehicle control-injected animals. No 

significant differences in CNV volume sizes were observed between the 100 jJg/kg 

dose and vehicle control animals. Fiowever, the total number o f  lesions present on the 

flatmounts was greatly reduced in the flatmounts o f  mice injected with the 100 |ig/kg 

dose (Figure 4.7).

A similar set o f  studies was performed on 8-week old mice to examine if IL-18 could 

play a part in assisting retinal lesion regression in these mice. Again, IL-18 at 1000 

f^g/kg (n = 5) or 100 pig/kg (n =  4) or a vehicle control (n = 5) was administered by IP 

injection into the 8-week old mice for 4 continuous days. FA performed on day 5 

revealed less intense and fewer retinal lesions in IL-18-treated animals, especially at 

the lower 100 |^g/kg dose compared to vehicle-injected animals (Figure 4.8). CNV 

volum es were not significantly different between lL-18-injected mice compared to 

vehicle-injected mice assessed by confocal microscopy o f  the RPE flatmounts (Figure 

4.9).
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4.3.2 Biological ActiviU' and Anti-angiogenic Potential o f IL-18 in RPE Cells in 

vitro

The next goal in this project was to try and elucidate the mechanisms and pathways 

through which IL-18 acts to confer the protective roles seen in vivo. RPE cells were 

initially examined as these cells play a vital role in retinal homeostasis and underline 

the choroid forming the outer BRB. A recent study has reported that A lu  RNA- 

induced NLRP3 in tlamm asome activation, and m oreover IL-18 secretion, in RPE 

cells causes cell death during GA, through a M yD 88 dependent pathway (Tarallo et 

a!., 2012). Thus, investigating the safety, tolerance and efficacy levels o f  IL-18 are 

vital for future potential therapies involving IL-18. In this regard, cell viability o f  the 

human RPE cell line. ARPE-19. was examined after administration o f  human 

recombinant IL-18 (GSK asset SB-485232) at physiological and non-physiological 

doses. Cell viability was measured using a Trypan blue exclusion assay and a MTS 

assay in response to increasing doses o f  IL-18 for 24 h, 48 h and 72 h. No measurable 

cell death was observed even at a hyper-physiological dose o f  I pig/ml at any 

timepoint (Figure 4.10). Additionally, long-term (1 week and 2 weeks) physiological 

doses o f  IL-18 also did not affect cell viability in ARPE-19 cells (Figure 4.11). 

Furthermore, no differences in the protein levels o f  TJ proteins occludin and ZO-I 

could be observed in these cells by Western blotting, implying that the plasma 

membrane and TJ remained intact after IL-18 administration (Figure 4.12 A). 

Although the ARPE-19 cell line is commonly used in ophthalmic research it differs 

considerably from native RPE cells both genotypically and phenotypically 

(Strunnikova et al., 2010, Ablonczy et a!., 2011). Thus. IL-18 toxicity was also 

assessed on primary human foetal RPE cells by Western blotting. Again no 

measurable differences were observed in the levels o f  TJ proteins occludin and ZO-1 

(Figure 4.12 B). Additionally, it was investigated w hether IL-18 could induce cell 

death in myeloid cells and the human THPI monocyte cell line was examined. Again, 

treatment with increasing doses o f  IL-18 (GSK assest SB-485232) had no effect on 

cell viability measured using a Trypan blue exclusion assay and an MTS assay, even 

at the hyper-physiological dose o f  I [-ig/ml (Figure 4.13).

IL-18 signals through the IL-18 receptor complex, comprised o f  lL -1 8 R a  and IL- 

18R(1 IL - l8 R a  is expressed in most cell types, but expression o f  IL-18RP often
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requires stimulation by cytokines such as lL-12. Thus, the expression o f  IL-18RP was 

examined by RT-PCR in ARPE-19 cells. Amplification was observed with a Ct value 

o f  24.716, indicating that IL-l8R(5is expressed in these cells (Figure 4.14 A). 

Additionally, treatment o f  these cells with LPS, which would mimic the effects of 

stimulation with various cytokines, did not significantly shift the Ct value (Figure 

4.14 B), again illustrating that these cells express IL-lSRp under normal conditions.

To ensure that IL-18 was bioactive in ARPE-19 cells and the cells could respond to 

the cytokine in a classical sense, the ability o f  IL-18 to initiate IkB degradation and 

p38 MAPK phosphorylation, some of the most common signalling pathways 

employed by immune responses, was assayed. Activation o f  these pathways leads to 

IkB degradation and p38 phosphorylation, respectively. ARPE-19 cells were treated 

with increasing doses of IL-18 or IL-ip for various time-points and the protein lysates 

were assessed for NF-kB or p38 MAPK activity by Western blot analysis. The 

degradation o f  IkB was observed in ARPE-19 cells treated with IL-18 up to 30 min, 

after which IkB levels recovered. Ik B degradation was also observed in ARPE-19 

cells treated with IL-ip, with complete degradation after 10 min and recovery by 60 

min (Figure 4.15 A). Increased phosphorylation o f  p38 MAPK was also observed 

following stimulation o f  ARPE-19 cells with either IL-18 or IL-I® (Figure 4.15 B).

As IL-18 had anti-angiogenic properties in the mouse eye in vivo, with respect to 

laser-induced CNV development (section 3.3.5), a range o f  angiogenic factors (Figure 

4.16) and inflammatory cytokines (Figure 4.17) were screened from the supernatant 

o f  ARPE-19 cells, 6 h, 12 h and 24 h after IL-18 addition using proteome arrays. 

Strong protein expression o f  many o f  these factors was observed and a clear down- 

regulation was seen in levels of IL-8, VEGF, tissue factor, CCL2, MIF, pentraxin-3 

and CXCL16 in a time-dependent manner. Interestingly, only decreases in angiogenic 

factors and inflammatory cytokines were observed with no up-regulation o f  any 

component. The relationship between VEGF and IL-18 was then further examined 

using ELISAs. ARPE-19 cells treated with increasing doses o f  IL-18 for 24 h showed 

decreasing levels o f  VEGF (Figure 4.18 A). Interestingly, stimulation of these cells 

with IL-ip  was shown to have an opposite effect (Figure 4.18 B), and increasing 

levels o f  VEGF was observed. Additionally, IL-18 administration on primarj' human
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foetal R PE  cells  from three d ifferen t donors  sh o w ed  decreased  V E G F  levels w hen  

ex am in ed  by W estern  blotting (Figure  4 .18 C).

4.3.3 Biological Activity and Anti-angiogenic Potential of IL-18 in Brain ECs in 

vitro

A s descr ibed  in section 1.2.3, C N V  is the g row th  o f  new  blood  vesse ls  from 

pro lifera ting  E C s o f  the choro id . T herefore,  s tud ies  w ere  subsequen tly  focused  on the 

effec ts  o f  lL -18  on ECs, nam ely  the m ouse  brain  endothelia l  bE nd .3  cell line. Again, 

the express ion  o f  lL - l8 R p  by R T -P C R  w as  first assessed . A m plif ica t ion  was 

ob se rved  with  a C t value o f  24 .288 , indica ting  that IL -18R P is exp ressed  in these  cells 

(F igu re  4 .19  A). A dditiona lly ,  trea tm ent o f  these  ce lls  with LPS did  not s ignificantly  

shift the  C t value (Figure  4 .19  B). N ex t,  the b ioactiv ity  o f  m o u se  lL -18  (G S K  asset 

S B -5 2 8 7 7 5 )  w as  exam ined  in these  cells by assay ing  its ability  to initiate num erous  

s igna lling  pa thw ays , including the p38 and E R K l /2  M A P K s, A M P K  and A K T  

pa thw ays . A ctiva tion  o f  these  pa thw ays  all lead to the ir  phosphory la t ion . bEnd.3  cells 

w ere  treated  with increasing doses  o f  II .-18 for various t im epo in ts  and the protein 

lysates w ere  assessed  for p38, E R K I /2 ,  A M P K  or A K T  activity  by W estern  blot 

analysis . Increased phosphory la t ion  o f  p38. E R K I /2 .  A K T  and  A M P K  w ere  all 

obse rved  be tw een  5 and 60  m in  after  lL -18  addition , with levels re turn ing  to baseline 

by 120 min, indicating  that lL -1 8 w as  b ioactive  in these  cells (F igure  4.20).

T h e  re la t ionsh ip  be tw een  IL-18 and V E G F  by E L IS A  w as subsequen tly  exp lo red  in 

these  cells. Increasing  doses  o f  IL-18 adm in is tra t ion  on bEnd.3  cells  resulted  in 

dec reased  V E G F  levels secre ted  by these  cells  a ssessed  24 h later. H ow ever ,  the 

levels o f  V E G F  secreted , de tec ted  by E L IS A , w ere  at the low er limit o f  the  assay 

sensitiv ity  (F igure  4.21 A). V E G F  levels in cell lysates o f  these  cells a f te r  IL-18 

add it ion  w as  a lso  ex am in ed  by W estern  blotting. A dec rease  in V E G F  levels  was 

ob se rved  at 6 h (F igure  4.21 B) but not at 24 h (F igure  4.21 C), a lthough  levels 

de tec ted  w ere  very low. T h is  is not su rp ris ing  as be ing  ECs, bEnd.3  cells  are likely to 

respond  to V E G F  through  the  V E G F R s  and initiate s ignalling  cascades  ra ther  than 

p roduc ing  and  secre ting  its o w n  grow th  factor. Thus, the effec ts  o f  IL-18 on V E G F R l 

and V E G F R 2  w ere  next investigated . W estern  blot ana lys is  o f  bEnd.3  cells treated 

with  increasing  doses  o f  IL-18 for 6 h show ed  a do se -d ep en d en t  decrease  in V E G F R 2
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levels, while a dose-dependent increase in VEG FRI levels was observed (Figure 4.22 

A). At 24 h while increasing V EGFRI levels were still observed, decreases in 

VEGFR2 were not as significant as 6 h (Figure 4.22 B). At the transcript level, 

VEGFR2 levels were seen to decrease at 3 h and significantly at 12 h after IL-18 

treatment, but at 24 h, VEGFR2 levels returned and even increased from the initial 

baseline levels, measured by Sybr Green RT-PCR (Figure 4.22 C).

4.3.4 Effects o f VEGF and IL-18 on Cell Permeability and TJs

As discussed above, VEGF is a highly specific mitogen for vascular ECs and plays 

central roles in angiogenesis and cell permeability. In the retina. VEGF is primarily 

produced by the RPE and Muller cells, with the ECs being the principal target effector 

cells. In the context o f  NV AM D, treatments are commonly targeted towards VEGF. 

As VEGF was first discovered as a vascular permeability factor, exploring this role o f  

VEGF in terms o f  CNV development is evident and it was assessed whether IL-18 

could have the ability to interact with VEGF signalling.

TJs are contact points between the plasma membranes o f  adjacent cells and play a 

fundamental role in regulating paracellular permeability in ECs by forming a tight 

seal between neighbouring cells. TJs are primarily composed o f  integral 

transmembrane proteins, claudins (o f  which up to 24 have been identified), occludin 

and junction adhesion molecules (JAMs), but there are also several 

accessory/anchoring, structural and signalling proteins, including Z O -I ,  ZO-2, ZO-3, 

cingulin, AF-6 and 7H6 (Hawkins and Davis, 2005).

As less leakage was seen in FA in JR5558 mice dosed with IL-18, it was investigated 

if  this could be due to alterations in TJ protein levels. To this end, claudin-5 and 

occludin expression at the transcript level were examined in bEnd.3 cells after VEGF 

or IL-18 administration. As measured by Sybr Green RT-PCR. significant decreases 

in claudin-5 (Figure 4.23 A) and occludin (Figure 4.23 B) transcripts were observed 3 

h, 6 h, 9 h, and 24 h after VEGF addition. In contrast, an increase in claudin-5 

transcript level was observed 24 h after IL-18 addition (Figure 4.23 C). Occludin 

transcript levels, however, remained unaltered after IL-18 addition (Figure 4.23 D). 

Given that IL-18 and VEGF had opposite effects on claudin-5 transcript levels, it was 

investigated if  IL-18 could rescue the VEGF-induced decrease in claudin-5 or
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occludin levels. To this end, a 6 h and 24 h pre-treatment o f  IL-18 was carried out 

before a 6 h VEGF treatment. Additionally, VEGF and lL-18 were added 

simultaneously to the bEnd.3 cells for 6 h and 24 h. However, no rescue effects o f  the 

VEGF-induced down-regulation in claudin-5 (Figure 4.24 A) or occludin (Figure 4.24 

B) transcripts were observed in the IL-18 pre-treatments or in the simultaneous 

additions.

In the previous studies, the bEnd.3 cell line was used. However, like many 

immortalised cell lines these cells are prone to genotypic and phenotypic alterations 

and can become unresponsive to cytokines after several passage numbers. Hence, 

primary mouse BMVECs from Balb/cJ mice were isolated and cultured as described 

in section 2.2.1.10. These cells were grown on transwells and TEER values were 

measured daily to determine cell contluency since TEER values increase until 

contluency is reached. Once cell confluency was reached, VEGF or IL-18 was added 

to the apical or basolateral chamber and cell permeability was measured 24 h later. A 

decrease in TEER was observed in cells treated from the basolateral chamber with 

VEGF compared to untreated samples and to all other treatments (Figure 4.25 A). A 

FITC-dextran paracellular tracer flux assay was also conducted to analyse cell 

permeability. 70 kDa FITC-dextran was applied to the apical chamber of the transwell 

and the amount o f  FITC-dextran that moved into the basolateral chamber was 

measured over a 2 h period by fluorescence spectrophotometry. The concentration of 

FITC-dextran (Figure 4.25 B) and the Papp (Figure 4.25 C) in the basolateral chamber 

was enhanced greatly in cells treated with VEGF from the basolateral chamber 

compared to untreated cells indicating that VEGF increased permeability in these 

cells and that FITC-dextran could move across the paracellular pathway more easily. 

Neither apical nor basolateral treatment of IL-18 or apical treatment o f  VEGF altered 

permeability. This is in agreement with a recent paper demonstrating that basal but 

not apical VEGF induces permeability in cultured cerebral or retinal microvascular 

ECs (Hudson et ai,  2014). It was subsequently assessed whether IL-18 could rescue 

the VEGF-induced permeability in these cells. TEER values after VEGF addition, 

however, did not differ to that when IL-18 and VEGF were added together for 12 h 

and 24 h (Figure 4.26 A) and no significant differences in Papp were observed (Figure 

4.26 B).
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4.3.5 Effects o f IL-18 in Systemic Cells

Additionally, the relationship between VEGF and IL-18 was also examined in 

systemic cells o f  both human and murine in origin. Human PBMCs and mouse 

BM DCs were treated with increasing doses o f  IL-18 for 24 h. However, no significant 

differences in secreted VEGF levels were observed, detected by ELISA (Figure 4.27 

A). Treatment o f  PBMCs with IL - ip ,  on the other hand, significantly increased 

secreted VEGF levels in a dose-dependent manner (Figure 4.27 B).

4.4 Discussion

As previous findings demonstrated that IL-18 could regulate and protect CNV 

development in a laser-induced mouse model, it was explored if  it could have a 

similar effect in a spontaneous N V  mouse model. The mutant JR5558 mouse strain 

discovered by Jackson Laboratories displays spontaneous bilateral retinal lesion 

development from an early age that has been associated with an infiltration o f  F4/80^ 

macrophages and an up-regulation in VEGF. Dosing these animals, which were 3 

weeks o f  age, daily with IL-18 intra-peritoneally for four days was able to 

significantly reduce the progression o f  chorio-retinal lesions observed by FA. 

Similarly, a regression study carried out on 8 week-old JR5558 mice showed a 

reduction in lesion numbers following IL-18 administration. Interestingly, injecting 

with a lower dose o f  100 |Jg/kg IL-18 had a greater positive outcome than a higher 

dose o f  1000 |ig/kg. A possible explanation for this may be the presence o f  1L-I8*s 

own naturally occurring binding protein, IL-18 binding protein (IL-18BP). 1L-18BP is 

up-regulated by IFNy, which is induced by IL-18 itself, hence a negative feedback 

loop exists where IL-18 can stimulate production o f  its own inhibitor. Hence, a tight 

balance exists between IL-18 and IL-18BP and administration o f  a high dose o f  IL-18 

will likely increase IL-18BP, which may reduce IL-18-mediated responses. 

Additionally, IL-18 has also recently been shown to be immunogenic in mice, 

producing anti-IL-18 antibodies. Higher levels o f  VEGF are associated with early 

retinal development, so this may account for why a higher dose o f  IL-18 may be more 

beneficial in the progression study. Furthermore, RPE flatmounts were made from 

these mice and CN V  volumes were assessed using confocal microscopy. In general, a 

reduction in the volume and num ber or CN V s per flatmount was observed. However, 

these RPE flatmounts only account for CNV lesions or retinal vasculature which has
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proliferated, spread and attached to the RPE/choroid so many lesions that appeared in 

the FA that were due to leakage from the inner retinal vasculature would not be 

accounted for. Therefore, future studies examining whole retina flatmounts to assess 

lesions sizes would be o f  great importance.

In the previous chapter, drusen and some o f  its components were shown to activate 

the N LRP3 inflammasome resulting in the secretion o f  mature IL - ip  and IL-18, and 

IL-18 was seen to play a protective role in the development o f  wet AM D. However, a 

recent study has shown that NLRP3 activation and IL-18 secretion in RPE cells 

causes tissue destruction during atrophic A M D  (Tarallo et a i ,  2012). Therefore, 

assessing the safety and toxicity o f  IL-18 in RPE and myeloid cells would be o f  

upmost importance for future therapeutic applications o f  IL-18. Here, short- and long

term addition o f  physiological and non-physiological doses o f  mature IL-18 onto 

ARPE-19 cells did not result in any changes in RPE cell viability or morphology. IL- 

18 was still bioactive in these cells, as seen by its ability to activate the N F-kB  and 

M APK pathways. Similarly, primary human foetal RPE cells also showed no changes 

in T.I protein levels after IL-18 addition indicating that the cells were still viable and 

the m em branes intact. The discrepancies between these results and those seen by 

Tarallo et al. are likely due to the concentrations o f  IL-18 administered. Cell viability 

in myeloid cells, namely the human monocytic THPI cell line, was also not affected 

after mature IL-18 addition. Additionally, systemic dosing o f  IL-18 at 100 ^g/kg or 

1000 jxg/kg for four continuous days did not affect RPE viability in the JR5558 mice 

evident by the intact F-actin (phalloidin) RPE staining observed in Figure 4.5. 

Moreover, recombinant human IL-18 has already been used in clinical trials for 

cancer patients and Phase I studies have shown that it can be safely given in 

biologically active doses with only modest side effects and no sym ptoms associated 

with RPE atrophy have been reported (Robertson et al., 2006, Robertson et a i ,  2008).

in developing therapeutic strategies involving IL-18, it is important to understand how 

IL-18 may regulate CNV development and also the cellular sources o f  IL-18. In this 

regard, protein array analysis revealed that a num ber o f  cytokines and angiogenic 

factors, including VEGF and IL-8, are down-regulated in APRE-19 cells following 

IL-18 treatment. Western blot data o f  cell lysates isolated from primary human foetal
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RPE cells also showed a decrease in VEGF protein levels after IL-18 administration. 

The relationship between VEGF and lL-18 further analysed by ELISA showed that 

VEGF was again down-regulated by IL-18 in local cells, i.e. RPE cells and bEnd.3 

cells, but not in myeloid cells. Interestingly, it has been recently shown that 

interleukin-27 (IL-27), an lL-12 family member whose expression is up-regulated 24 

hours post laser-induced CNV in the choroid, can also negatively regulate CNV 

formation and can suppress VEGF production in macrophages but not in RPE cells 

(Hasegawa et a i ,  2012).

In the retina, the RPE and Muller cells are the primary sources of VEGF, while the 

retinal microvasculature and choroidal ECs are the primary cells that respond to 

VEGF. It is the ECs in the choroid that proliferate in NV AMD that causes the 

pathological CNV. Thus, the effects o f  IL-18 on ECs was next investigated. The 

mouse brain microvascular EC line, bEnd.3 was used in many o f  these experiments 

due to its widespread availability. Interestingly, a decrease in VEGFR2, the prime 

mediator o f  VEGFA signalling, was observed at the protein and transcript level 

following IL-18 stimulation. In contrast. VEGFRI, whose exact function remains 

under debate, was observed to increase following IL-18 treatment. VEGFRI has often 

been regarded as a decoy receptor, acting as a sink to VEGF to limit VEGF binding to 

VEGFR2 (Hiratsuka et al., 1998). This function o f  VEGFRI may correspond here in 

that an increase in VEGFRI by IL-18 addition could lead to less VEGF available to 

bind to VEGFR2 resulting in decreased cell proliferation, migration or permeability 

due to reduced VEGFA signalling.

A major outcome of VEGFA signalling in endothelial and epithelial cells is an 

increase in cellular permeability. Indeed, the newly formed blood vessels that grow 

from the choroid in CNVs are more permeable than conventional blood vessels and 

leak out fluid and lipids often resulting in sub-retinal haemorrhage. Furthermore, 

VEGFA signalling has been implicated in the pathogenesis o f  the chorio-retinal 

lesions observed in the JR5558 mice and a reduction in vascular leakage was 

observed in the fluorescein angiograms following IL-18 dosing. It is now well 

established that VEGF can increase paracellular permeability by altering TJ protein 

levels (Harhaj and Antonetti, 2004). Thus, the relationship between VEGF and IL-18 

was investigated in relation to paracellular permeability in brain ECs. Expectedly,
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VEGF was seen to down-regulate claudin-5 and occludin levels in bEnd.3 cells as 

well as increase permeability in paracellular tracer tlux assays in mouse primary 

BMVECs. Although IL-18 increased claudin-5 transcript levels in bEnd.3 cells, no 

significant differences were observed in paracellular permeability in primary cells. It 

was hypothesised that lL-18 may be able to rescue the effects o f  VEGF-induced cell 

permeability, since lL-18 was observed to down-regulate VEGFR2. The simultaneous 

addition o f  VEGF and lL-18 to ECs, however, had the same consequence as VEGF 

addition alone and no rescue phenotype was observed, though we cannot rule out that 

this may be due to a timing or dosing issue. Furthermore, the cells used in these 

experiments were brain-derived ECs and although they are biochemically and 

structurally similar to retinal ECs. differences have been observed between them. 

Indeed studies have shown higher expression levels o f  V EG FRs in retinal compared 

to brain-derived ECs (Rajah and Grammas. 2002) as well as being more susceptible to 

oxidative stress and increased permeability (Grammas and Riden. 2003). Moreover, in 

terms o f  wet A M D  it is the choroidal ECs that are the major cells responsible for 

disease pathology and these cells have been shown to differ significantly to retinal 

ECs in terms o f  cell marker expression and in their response to certain growth factors 

(Stewart et a i.  201 1).

4.5 Conclusions

• IL-18 has therapeutic potential in the progression and regression o f  chorio

retinal lesions in the JR5558 mouse strain.

• *IL-18 does not affect cell viability in RPE or myeloid cells in vitro.

• *IL-18 is bioactive in RPE cells and brain ECs in vitro.

• *IL-18 down-regulates a range o f  angiogenic factor and inflammatory

cytokines in RPE cells and down-regulates VEGFR2 in brain ECs.

• Effects o f  IL-18 on TJs and paracellular permeability and its interaction with

VEGF signalling remains to be elucidated.

(*Data published in Doyle et a i. 2014. See Appendix II)
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Figure 4.1: SDS-PAGE analysis o f SB-485232 and SB-528775

SDS-PAGE gels o f  (A) 100 ng human and (B) 100 ng mouse IL-18 (GSK assets SB- 

485232 and SB-528775) show a band at the predicted molecular weight of 18 kDa.
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Figure 4.2: Development of chorio-retinal lesions in JR5558 mice

Fluorescein angiograms showing the presence o f  chorio-retinal lesions in 2 (A and B) 

JR5558 mice from 3-14 weeks o f  age. Angiograms were taken 5 min after sodium 

fluorescein administration. Angiograms are representative o f  5 mice.
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Figure 4.3: Fluorescein angiograms o f C57BL/6J mice

Fluorescein angiograms o f  2 (A and B) 3.5-week-old C57BL/6J mice taken 5 min 

post sodium fluorescein injection.
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Figure 4.4: A bnorm alities in retinal architecture in JR 5558 mice

(A, B) Haem otoxylin and eosin staining o f  retinal cross sections from 2 JR5558 mice at 13.5 weeks o f  

age. Im ages were taken at 20X and 40X. (C) Haem otoxylin and eosin staining o f  a retinal cross section 

from a C57BL/6J m ouse at 13.5 w eeks o f  age. Images w ere taken at 20X and 40X. Im ages are 

representative o f  5 mice.
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Figure 4.5: FA of JR5558 progression study

Fluorescein angiograms showing chorio-retinal lesions in 3-week old JR5558 mice 

that were injected daily for 4 days with (A) vehicle control (n = 5), (B) 100 |ig/kg IL- 

18 (n = 5) or (C) 1000 |ig/kg lL-18 (n = 5). Angiograms were taken 5 min after 

sodium fluorescein administration.
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Figure 4.6: JR5558 RPE flatmount stained with an F-actin marker

C onfoca l  im age o f  an R P E  fla tm oun t d issec ted  from  JR 5 5 5 8  m ice  sta ined with the F- 

actin  m arker  A lexa  Fluor® 488  Phalloidin.
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Figure 4.7: C N V  volumes in JR5558 mice progression study

C N V  lesions stained with isolectin in 3-week old JR5558 mice that were injected 

daily for 4 days with vehicle control (top left), 100 [ig/kg IL-18 (middle left) or 1000 

pig/kg IL-18 (bottom left). Corresponding 3D reconstructed images o f confocal Z- 

stacks are shown on the right. Also shown is a C N V  volume rendering bar chart. 

=0.0005 by Student’s /-test compared to vehicle control.
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Figure 4.8: FA of JR5558 regression study

Fluorescein angiograms showing chorio-retinal lesions in 8-week old JR5558 mice 

that were injected daily for 4 days with (A) vehicle control (n = 5). (B) 100 jig/kg IL- 

18 (n = 4) or (C) 1000 ng/kg IL-18 (n = 5). Angiograms were taken 5 min after 

sodium fluorescein administration.
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Figure 4.9: C N V  volumes in JR5558 mice regression study

CNV lesions stained with isolectin in 8-week old JR5558 mice that were injected 

daily for 4 days with vehicle control (top left), 100 |Jg/kg IL-18 (middle left) or 1000 

^ig/kg IL-18 (bottom left). Corresponding 3D reconstructed images o f confocal Z- 

stacks are shown on the right. Also shown is a CNV volume rendering bar chart. P 

values for the IL-18 treated animals analysed by Student's t test were not significant 

compared to the vehicle-injected controls {P = 0.1455 and 0.2746 for the 100 ng/kg 

and 1000 jag/kg doses, respectively).
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Figure 4.10: Effect o f IL-18 on ARPE-19 cel! viability

M T S and  T ry p an  blue  exc lus ion  assays on A R P E -1 9  ce lls  trea ted  w ith  increasing 

doses  o f  lL -18  for  (A ) 24 h, (B) 48  h and (C) 72 h. 0 .2 %  S D S  w as  used as a positive 

control. * * * P  < 0 .0001 by A N O V A  with T ukey  post- tes t  co m p ared  to untreated . Data 

are m eans  ±  S E M  (n =  3 for T rypan  blue, n =  6 for M T S ) and are  rep resen ta tive  o f  3 

separa te  experim en ts .
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Figure 4.11: Effect o f long-term IL-18 exposure on ARPE-19 cell viability'

MTS and Trypan blue exclusion assays on ARPE-19 cells treated with increasing 

doses o f  IL-18 for (A) 1 week and (B) 2 weeks. 0.2% SDS was used as a positive 

control. * * * P  <  0.0001 by AN O V A  with Tukey post-test compared to untreated. Data 

are means ± SEM (n =  3 for Trypan blue, n = 6 for MTS) and are representative o f  3 

separate experiments.
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Figure 4.12: iL-18 does not a lte r  T.I protein levels in RPE cells

W estern  blot analysis  o f  ZO-1 and  O ccludin  in (A) A R P E -1 9  ce lls  and (B) p rim ary  

hum an  foetal (hO R PE cells  trea ted  with increasing doses  o f  IL-18 for 24 h. P-actin  

w as used to norm alise  the blots. Blots are represen ta t ive  o f  th ree  separa te  

experim ents .
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Figure 4.13: Effect o f  IL-18 on T H P l  cell viability

M T S and T rypan  blue exc lus ion  assays  on T H P l  cells  trea ted  w ith  increasing  doses  

o f  lL-18 for  24  h. 0 .2%  S D S  w as used as a positive control. * * * P  <  0.0001 by 

A N O V A  w ith  T ukey  post- tes t  co m p ared  to  untreated . Data  are m eans  ±  S E M  (n = 3 

for T rypan  blue, n =  6 for M T S ) and are  rep resen ta t ive  o f  3 separa te  experim ents .
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Figure 4.14: ARPE-19 cells express 1L-18RP

RT-PCR amplitlcation plot o f  IL-18RP from ARPE-19 cells that were (A ) untreated 

or (B) treated with 100 ng/ml LPS.
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Figure 4.15: IL-18 and IL - ip  are bioactive in ARPE-19 cells

Western blot analysis o f Ik B and P-p38 in ARPE-19 cells treated with (A ) 40 ng/ml 

IL-18 or (B) 40 ng/ml IL - ip  for varying amounts o f  time, p-actin was used to 

normalise the blots. Blots are representative o f  three separate experiments.
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Figure 4.16: IL-18 down-regulates angiogenic factors in ARPE-19 cells

Proteome array analysis o f angiogenesis-associated proteins in tiie medium o f ARPE- 

19 cells treated with 40 ng/ml IL-18 for 6 h. 12 h and 24 h or left untreated. Arrays 

were quantified using ImageJ. Arrays are representative o f three separate 

experiments.
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Figure 4.17: IL-18 down-regulates inflammatory cytokines in ARPE-19 cells

Proteome array analysis o f inflammatory cytokines in the medium o f ARPE-19 cells 

treated with 40 ng/ml IL-18 for 6 h, 12 h and 24 h or left untreated. Arrays are 

representative o f three separate experiments.
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Figure 4.18: Relationship between IL -18  and VEGF, and I L - ip  and VEGF in 

RPE cells

VEGF production, as measured by ELISA, in ARPE-19 cells treated with increasing 

doses o f  (A) IL-18 or (B) IL-I p for 24 h. *P < 0.05, ***P < 0.0001 by A N O V A  with 

Tukey post-test compared to untreated cells. All data are means ±  SEM with n = 3 and 

are representative o f  3 separate experiments. (C) Western blot analysis o f  VEGF in 

human foetal RPE cells from 3 different donors treated with increasing concentrations 

o f  IL-18. Blots were normalised with P-actin.
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Figure 4.19: bEnd.3 cells express IL-18RP

RT-PCR amplification plot o f  IL -I8R P  from bEnd.3 cells that were (A) untreated or 

(B) treated with 100 ng/ml LPS.

136



B
0 5 IS 30 60 120 mins

P-p38 a iw  0 mm 43 kOa

0 5 15 30 60 120 mins

P-Erkl/2 m  a V  g | r  42/44 kDa

p-actfn 43 kDa

50 ng/ml IL-18

P-actin 43 kDa

50 ng/ml IL>18

Phospho-Erkl/2
Phospho-p38

«> ^ ^

P-Akt

P-actin

S 15 30 60 120 mins

60 kDa

43 kDa

50 ng/ml IL18 

Phospho-Akt

0 5 15 30 60 120 mins

P-AMPKa ^  62kOa

P*actin 43 kDa

50 ng/ml 11-18

Phos pho-AM P K n

i>  <S> ^

Figure 4.20: IL-18 is bioactive in bEnd.3 cells

Western blot analysis o f (A ) P-p38, (B) P-ERKI/2, (C) P -AKT and (D) P -AM PKa 

after treatment o f bEnd.3 cells with 50 ng/ml IL-18 for varying amounts o f time. P- 

actin was used to normalise the blots. Blots are representative o f three separate 

experiments. Image.) used for densitometry analysis.
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Figure 4.21: Relationship between VEGF and IL-18 in bEnd.3 cells

(A) VEGF production, as measured by ELISA, in bEnd.3 cells treated with increasing 

doses o f  IL-18 for 24 h. *P < 0.05 by ANOVA with Tukey post-test compared to 

untreated cells. All data are means ± SEM with n = 3 and are representative o f  3 

separate experiments. (B, C) Western blot analysis o f  VEGF in bEnd.3 cells treated 

with increasing concentrations o f  IL-18 for (B) 6 h or (C) 24 h. p-actin was used to 

normalise the blots. ItnageJ was used for densitometry analysis. Blots are 

representative o f  3 separate experiments.
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Figure 4.22: Effects o f IL-18 on VEGFRI and VEGFR2 protein and transcript 

levels in bEnd.3 cells

(A, B) Western blot analysis o f  VEGFR2 and VEGFRI in bEnd.3 cells treated with 

increasing doses o f  IL-18 for (A) 6 h and (B) 24 h. P-actin was used to normalise the 

blots. ImageJ  was used for densitometry analysis. Blots are representative of 3 

separate experiments. (C) RT-PCR analysis o f  VEGFR2 in bEnd.3 cells treated with 

50 ng/ml IL-18 for 3 h, 6 h and 24 h. *P < 0.05 by ANOVA with Tukey post-test 

compared to untreated cells. All data are means ± SEM with n = 3 and are 

representative of 3 separate experiments.
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Figure 4.23: Transcript levels of TJ proteins after V EG F and IL-18 treatment

RT-PCR analysis o f (A) claudin-5 and (B) occludin mRNA levels in bEnd.3 cells 3 h, 

6 h. 9 h and 24 h after 50 ng/ml VEGF treatment. RT-PCR analysis o f (C) claudin-5 

and (D) occludin mRNA levels in bEnd.3 cells 3 h, 6 h and 24 h after 50 ng/ml IL-18 

treatment. *P < 0.05, **P < 0.01 by ANOVA with Tukey post-test compared to 

untreated cells. A ll data are means ± SEM with n = 3 and are representative o f 3 

separate experiments.
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Figure 4.24: Transcript levels o f TJ proteins after joint VEGF and IL-18 

treatment

R T - P C R  ana lys is  o f  (A)  c laudin-5  and (B)  occ ludin  m R N A  levels in bEnd.3  cel ls 

after  V E G F  or  the combina t ion  o f  V E G F  and IL-18 t rea tments  for  6 h and 24 h. All 

data are m eans  ±  SE M  with n =  3 and  are represen ta t ive  o f  3 dif fe rent  exper iments .
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Figure 4.25: Basolateral treatment o f VEGF can increase permeability in 

primary mouse BMVECs

(A) TEER measurements across primary mouse B M V ECs following a 24 h apical 

(Api) or basolateral (Bas) treatment with 50 ng/ml IL-18 or 50 ng/ml VEGF. (B) 70 

kDa FITC-Dextran (I mg/ml) w as applied to the apical chamber o f  a transwell plate 

following treatments outlined in (A) and its movement across primary mouse 

BM VECs was monitored over a 2 h timecourse by fluorescence spectrophotometry. 

(C) The Papp was calculated for all treatments.
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Figure 4.26: Paracellular permeability in primary m ouse BM V EC s after V EG F  

and IL-18  treatment

(A) TEER measurements across primary mouse B M V E C s following a 12 h and 24 h 

treatment with 50 ng/ml IL-18, 50 ng/ml VEGF or a jo in t addition o f  IL-18 and 

VEGF. (B) 70 kDa FITC-Dextran (I mg/ml) was applied to the apical cham ber o f  a 

transwell plate following treatments outlined in (A) and its movement across primary 

mouse BM VECs was monitored over a 2 h timecourse by fluorescence 

spectrophotometry. Papp was calculated for all treatments. All data are means ± SEM 

with n = 3.
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Figure 4.27: Relationship between IL-18 and VEGF, and IL-ip and VEGF in 

human PBMCs

VEGF production, as measured by ELISA, in human PBM Cs treated with increasing 

doses o f  (A) IL-18 or (B) lL-1 for 24 h. *P < 0.05, ***P  < 0.0001 by A N O V A  with 

Tukey post-test compared to untreated cells. All data are means ± SEM with n = 3 and 

are representative o f  3 separate experiments.
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5 Examining the Effects of the Asc’'̂ ' Genotype Background 
on the rd8 Mutation Phenotype

5.1 Introduction

5.1.1 Retinal Degeneration M utants in Mouse Models

Retinal degeneration mutants in mice have been investigated for many years and a 

number o f  naturally and spontaneously occurring mutants that show photoreceptor 

degeneration have been discovered (Chang et a i,  2002). One such mutant is rd8, 

which is caused by a single nucleotide deletion in the CrbI gene on chromosome 1. 

Crh] encodes a transmembrane protein that in mice localises to the sub-apical surface 

o f  Muller cells and loss of this protein leads to defects in junctional complexes and 

cellular polarity. Mutations in Crhl are observed in a range o f  retinal diseases 

including retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA). The rd8 

mutation causes a frameshift resulting in a premature stop codon, which truncates the 

transmembrane and cytoplasmic domain o f  CRBI .  Mice homozygous for rd8 display 

light-coloured irregular shaped spots most heavily concentrated in the inferior nasal 

quadrant in the fundus (Figure 5.1), which correspond to retinal folds and 

pseudorosettes that involve the photoreceptors and often distort the INL (Figure 5.2). 

Staining o f  the OLM or the zonula adherens (junction separating the apical and 

basolateral membranes) is seen as discontinuous and fragmented in retinal specimens 

o f  rdH mutant mice (Mehalow et a i ,  2003).

It has recently been reported that the autosomal recessive rd8 mutation, is present in 

vendor lines o f  C57BL/6N mice and embryonic stem cells but not in the C57BL/6J 

mice (Mattapallil et a i,  2012). These investigations were stimulated by the increasing 

number o f  studies reporting that ocular mutants generated by crossing onto the 

C57BL/6 background also produced a phenotype in the littermate controls, suggesting 

that the ocular phenotype was not due to the gene o f  interest. This finding has major 

implications for ocular research and indeed many o f  the mouse lines that have been 

used to study eye diseases, like AMD, have also been found to carry the rd8 mutation, 

where disease correlated completely with the presence o f  rd8 (Table 5.1).
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For example mice deficient in monocyte chemoattractant protein-1 (MCP-1), also 

known as Cc/2, or its cognate receptor C-C chemokine receptor-2 {Ccr2) were 

previously shown to develop AMD-like features, including lipofuscin and drusen 

accumulation below the RPE, complement and IgG deposition, photoreceptor atrophy 

and CNV (Ambati et al., 2003) and thought to be due to impaired macrophage 

recruitment leading to the accumulation and deposition o f  these immune components. 

However, conflicting reports about the severity o f  the retinal degeneration observed in 

the C e ll"  mice prevailed (Luhmann et al., 2009) and it was revealed by Mattapalli et 

al. that many o f  the Ccl2" mouse strains were heterozygous for the rdS mutation. 

Indeed, a recent study has shown that Ccl2" mice that were backcrossed to C57BL/6J 

mice and free from the rdS mutation did not shown any inferior autofluorescent 

lesions (Luhmann el al., 2012).

As an autosomal recessive mutation, the full rd8 phenotype is thought to require two 

rd8 alleles, however, the rdS phenotype has been reported with heterozygous 

expression in some genetic backgrounds. Additionally, it is unclear if rdS 

heterozygosity has any effect when in combination with other ocular phenotype 

genes. Again, there are inclinations that the genetic background may alter the rd8 

phenotype, as the ocular phenotypes seen in the mutant mouse lines carrying rdS are 

not all uniform. For example, many of the CxJcrT ' and Ccl2' CxScrl'^' (CCDKO) 

lines carry the rdS mutation and it is speculated to be the cause o f  the early retinal 

degeneration phenotype seen in these mice. To understand the contribution o f  the rd8 

mutation in retinal degeneration in the CCDKO mouse line, a recent study has 

compared primary and secondary pathological events during AMD pathogenesis in 

these mice to re-derived Ccl2 or CxScrl single knockout lines and CCDKO mice, 

which do not carry the rdS mutation (Luhmann el al., 2012). They show the rdS 

mutation as the primary cause o f  early retinal degeneration in the CCDKO mouse 

line, but also that the genetic background and the deficiency of Ccl2 and/or CxScrl 

can differentially modulate the retinal phenotype caused by the rd8 mutation. For 

example, all CxScrl deficient mice with the rd8 mutation exhibit a more severe 

phenotype than those only deficient in Ccl2 with rd8, which may even exhibit a slight 

protective effect.
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As an ocular lab, the presence o f  the rd8 mutation in any o f  our mouse strains would 

have a profound effect in our studies, so it was vital to screen all o f  our mice for the 

rd8 mutation. As seen in Table 5.2, the rd8 mutation was present in some o f  our 

mouse strains. The aim o f  this chapter was to screen the A sc"  mice for the rd8 

mutation and if present to cross them onto the C57BL/6J background to eliminate the 

mutation and in the process, to examine the involvement of ASC in the retinal 

degeneration process. As discussed in section 1.3.2, ASC is an adaptor protein that 

plays a central role in the NLRP3 and A1M2 inflammasomes, regulating the activities 

o f  inflammatory caspase-l.

5.1.3 Objectives

• Screen the Asc'''' mouse strain for the rd8 mutation.

• Breed the Asc'^' mice onto a C57BL/6J background.

• Examine and compare the retinal integrity and visual function o f  the A sc"  

mice with and without the rd8 mutation to C57BL/6J and C57BL/6N animals.

5.2 M ethods

5.2.1. Genotyping for the rdS mutation

DNA isolated from mouse tail clips were PCR amplified for the rd8 region in the 

Crb/ gene using the following primers:

Forward: 5*-CAAACGCTGTTTTCAGCGGA-3‘

Reverse: 5*-AAGCAGAGACAAGAGTAGCC-3*

The resulting cDNA product (874 base pairs resolved on a 2% agarose gel) was 

cleaned up using a QIAquick Purification Kit (Qiagen) and sent for sequencing to 

Source Biosciences using the reverse primer.

5.2.2 Genotyping for the Asc^' mice

DNA isolated from mouse tail clips were PCR amplified with wild-type and Asc"  

primers. Separate reactions were performed for wild-type and Asc ' primers.

Wild-type primers:

sm99-gASC 5'- CTAGTTTGCTGGGGAAAGAAC-3’
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sml05-cASC 5’-CTAAGCACAGTCATTGTGAGCTCC-3'

A s c ' ' primers:

sm99-gASC 5’-CTAGTTTGCTGGGGAAAGAAC-3'

sm!41-NEOseq6 5 '-AAGACAATAGCAGGCATGCTGG-3'

The resulting cDNA PCR product was mixed with loading buffer and agarose gel 

electrophoresis was carried out to identify the sizes of the resulting bands. Expected 

band sizes were 260 base pairs for the Asc~' primer and 450 base pairs for the wild- 

type primer.

5.2.3 Examining Retinal Function by ERG analysis

ERGs were performed by Dr. Paul Kenna on Asc y d S " " , C57BL/6N. A sc 'rd S " '" '  

and C57BL/6J mice that were dark-adapted overnight to examine retinal function as 

described in section 2.2.13. a-wave and b-wave measurements were analysed.

5.2.4 Examining Retinal Histology and ONL thickness by OCT

OCT was carried out as described in section 2.2.16 with Dr. Matthew Campbell on 

A s c ' r d H " " , C57BL/6N, A sc 'rd S " '" '  and C57BL/6.I mice to examine retinal 

histology in the 3D cross-sectional images generated. ONL thickness was measured 

using the Heidelberg Spectralis programme.

5.2.5 Examining Retinal Histology by Haemotoxylin and Eosin Staining of  

Paraffin-Embedded Sections

Eyes from Asc rd8"" C57BL/6N, A s c 'rd S " '" '  and C57BL/6J mice were paraffin-

embedded as described in section 2.2.14 and retinal histology was examined by 

haemotoxylin and eosin staining of the sections as described in section 2.2.15.

5.3 Results

5.3.1 The rdH mutation is present in Asc'^' and C57BL/6N mice

A sc "  mice were sourced from the Dixit lab in Genentech. C57BL/6N and C57BL/6J 

mice were sourced from Taconic and Harlan, respectively. DNA isolated from the ear
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clips o f  A sc"  mice, C57BL/6J and C57BL/6N mice, which do not carry and carry the 

rd8 mutation, respectively, were amplified for the rc/8 region by PCR. The size (874 

base pairs) o f  the amplified cDNA products was confirmed on an agarose gel (Figure 

5.3), purified and sent to Source BioSciences for sequencing. Chromatograms 

revealed a single nucleotide deletion at the expected position for in both alleles in 

DNA samples from C57BL/6N and Asc"  mice but not in the C57BL/6J sample 

(Figure 5.4).

5.3.2 Crossing mice with C57BL/6J mice to eliminate the rM  mutation

In order to eliminate the rd8 mutation, A sc"  mice were crossed with C57BL/6J mice 

and the resulting FI progeny, which were heterozygous for both rd8 and Asc were 

crossed with each other (Figure 5.5). The F2 progeny were first genotyped for Asc 

(Figure 5.6) and mice that had the Asc deletion in both alleles were PCR amplified for 

the region and sequenced for the rc/8 mutation (Figure 5.7).

5.3.3 No differences in visual function detected by ERG between Asc-^rdS"'^'^'and 

C57BL/6J mice, while C57BL/6N animals have an accelerated visual function 

loss compared to Asc'^'rdfT’̂ '”' mice.

It has been reported that different genetic backgrounds may differentially modulate 

the rdS retinal degeneration phenotype. For example Ccl2"Cx3crl''' and C x3crl"  

mice both carrying the rd8 mutation display a more severe disease phenotype than 

Ccl2" m\ce carrying the rd8 mutation, implicating that CC12 and CX3CR1 chemokine 

signalling may play a role in the manifestation of the rd8 phenotype. In this regard, 

visual function in Asc'^' mice with and without the rd8 mutation was examined and 

compared to C57BL/6J and C57BL/6N mice. ERGs were performed on Asc 'rdS"' 

Asc"rd8"""" and C57BL/6J mice that were 3, 6, 9 and 15 months old and on 

C57BL/6N animals that were 3, 6 and 9 months o f  age.

Electroretinography is used to assess retinal function by examining the electrical 

response to a light stimulus. The negative a-wave is derived from the rods and cones 

and corresponds to the hyperpolarisation o f  sodium ion channels in the membrane of 

the outer segments. In dark-adapted mice, the positive b-wave is derived mainly from 

the rod bipolar cells and corresponds to rod signal amplifications resulting from the 

convergence o f  rods onto bipolar cells. Results showed no significant differences in a-
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wave (Figure 5.8), or b-wave (Figure 5.9) amplitudes between A sc"rd8" '" ' and 

C57BL/6J mice at any o f  the ages examined, though amplitudes, hence visual 

function, decreased with age. C57BL/6N mice, however, had significantly decreased 

b-wave amplitudes at 3 months o f  age compared to A s c 'r d 8 " '" \  A .sc'rdS'’'" ’" and 

C57BL/6J mice and also at 6 months o f  age compared to Asc rdS"'" ' and A sc"  

rd8'"""' mice (Figure 5.9). a-wave amplitudes were also reduced in C57BL/6N mice 

compared to A sc 'rd S """" mice at 3 months o f  age (Figure 5.8). Figure 5.10 shows 

some sample ERGs.

5.3.4 ONL Thickness is decreased in Asc^'rdS^'^'”' and C57BL/6N mice compared 

to Asc ̂  and C57BL/6J mice

OCT was performed to examine the integrity o f  the neural retina and tissue micro

architecture. OCT generates in vivo cross-sectional images of the retina by analysing 

the time delay and magnitude changes of infra-red light as it is backscattered by 

tissue. OCT analysis o f Asc 'rd S " '" \ Asc-'rdS"" "’', C57BL/6J and C57BL/6N mice at 

3, 6, 9 and 15 months o f  age did not reveal any significant changes in the retinal 

architecture, although local areas o f  hyper-reflectivity were seen in the ONL in the 

Asc 'rdH"""” and C57BL/6N mice, indicative o f  rd8 (Figure 5.11). Flowever, a 

decrease in the ONL thickness was observed in A sc 'rd S """" and C57BL/6N mice 

compared to A sc 'rd S " '" ' and C57BL/6J mice (Figure 5.12). No significant 

differences in ONL thickness were observed between Asc 'rdS"""" and C57BL/6N 

mice and between A s c 'rd S " '" ' and C57BL/6J mice suggesting that the former 

decrease in ONL thickness is due to the rdS mutation and not the loss o f  ASC (Figure 

5.12).

5.3.5 Examination of Retinal Histology by Haemotoxylin and Eosin staining

Eyes from Asc 'rdS"'"', A sc '^ 'rd S "" , C57BL/6J and C57BL/6N mice were paraffin- 

embedded, sectioned and stained with haemotoxylin and eosin to examine retinal 

histology. No differences in retinal architecture were observed between the Asc'^' 

rdS"'" ' mice and C57BL/6J mice. However, a few lesions were observed in the INL 

and ONL in the Asc "rdt^"""' and C57BL/6N mice, which typified rdS. These lesions 

were visible from 3 months o f  age in the C57BL/6N animals and 6 months o f  age in 

the A sc 'rdS"" "" mice. Lesions were more prominent and numerous in the C57BL/6N 

animals compared to the Asc' 'rdS"" "" mice.
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5.4 Discussion

The rd8 mutation on the Crhl gene is a recessive mutation, which results in a form of 

retinal degeneration visualised by multiple light-coloured spots in the fundus. This 

mutation was recently reported to be present in vendor lines of C57BL/6N mice and 

embryonic stem cells, which many transgenic lines are generated from. Indeed, 

several strains used in our lab, including the A sc"  mouse strain, harboured the rc/8 

mutation in a homozygous state. As an ocular lab, eliminating the rdS mutation would 

be crucial in studies using the Asc'''' mice, thus, these mice were bred to C57BL/6J 

mice that do not carry the rd8 mutation. The FI progeny were subsequently crossed 

together and the F2 progeny was genotyped for Asc and rd8.

Additionally, it has been reported that background genes may modify the severity of 

the rd8 phenotype. For example, parental C rh r‘‘̂ /C rhr‘‘̂  mice display uniform 

retinal spotting in the fundus, however, C rh r ‘̂ ^/Crhr‘‘̂  mice on the segregating 

CAST/EiJ background have a reduced number o f  spots (Mehalow et al., 2003). 

Furthermore, it has been observed that the rd8 phenotype can be suppressed through 

numerous (generation N7) backcrosses o f  the mutation onto the C57BL/6J

background (Mehalow et al., 2003). On this note, it was wished to examine whether 

ASC, a central component o f  all intlammasomes, could influence the retinal 

degeneration phenotype. Hence, the original A sc"  mice carrying the i‘d8 mutation and 

the newly derived A sc"  mice that were free o f  rdS were compared and assessed in 

retinal function and histology with C57BL/6J and C57BL/6N mice. Intriguingly, it 

was found that while no differences in visual function were observed between 

C57BL/6J and Asc'''rd8"'"’ mice, visual function was decreased from an early age in 

the C57BL/6N mice, which was not observed in the Asc"rd8”" "" mice. This suggests 

that a deficiency in ASC, and thus o f  a functional intlammasome, may be protective 

towards the full expression of the rd8 retinal degeneration phenotype or at least 

decelerate the retinal degeneration process.

In terms o f  retinal histology, OCT retinal images revealed areas o f  hyper-reflectivity, 

reflective o f  rd8, in the C57BL/6N and Asc"rd8"""" mice that were not observed in 

the C57BL/6J and Asc"rd8"'"' mice. These areas o f  hyper-reflectivity were more
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numerous in the C57BL/6N mice compared to A sc"rd^""’" m\cc again supporting the 

notion that a deficiency in ASC may play a protective role. Accordingly, 

haematoxylin and eosin staining o f  retinal sections showed similar abnormalities in 

retinal architecture in the C57BL/6N and Asc'rdS""""  animals, although these 

anomalies were observed from an earlier age in the C57BL/6N animals.

Overall, these studies reveal that Asc may act as a modifier o f  the rd8 phenotype and 

ASC or the intlammasome pathway could be identified as a therapeutic target for 

certain types o f  retinal degeneration. These results are not that surprising as ASC 

plays a crucial role in all inflammasomes, resulting in the production and secretion o f  

two inflammatory cytokines. IL - ip  and lL-18. Therefore, future studies examining 

the role o f  11.-18 and IL - ip  in terms o f  niS  phenotype expression would also be 

desirable. Moreover, these studies implicate that genetic modifiers as well as allelic 

variations may contribute to the great variability in disease phenotype observed in 

human patients that carry C RB l mutations and present with conditions such as RF* 

and LCA. An interesting and challenging area o f  future study would be to determine 

what variants in the genetic background are responsible for these variations in disease 

phenotype and to characterise the factors that can interact with C R B l .

5.5 Conclusions

• A sc"  mice harbour the ni8  mutation in the Crhl gene in a homozygous 

manner.

• Asc ' mice were bred to C57BL/6J mice to eliminate the rd8 mutation.

• No differences in visual function or retinal histology were observed between 

the newly derived A sc"  mice free o f  the rd8 mutation and C57BL/6J animals.

• A sc"  mice carrying the rd8 mutation had decelerated visual function loss 

compared to C57BL/6N animals, implicating Asc as a modifier o f  the rdS 

phenotype.
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Figure 5.1: Fundus eye images of C57BL/6N mice

Fundus eye images of (A) C57BL/6N and (B) C57BL/6J mice. Arrows represent 

examples o f  spots typical of the rd8 phenotype. (OD = oculus dextrus or right eye, OS 

= oculus sinister or left eye). Image modified from Mattapallil et al. 2012.

•  ̂ ^   -

Figure 5.2: Haematoxylin and eosin staining o f retinal sections from C57BL/6N  

mice

Arrows represent retinal lesions that typify rd8. Image taken from Mattapallil et al. 
2 0 1 2 .



M oust Line
No.

Kx a m ined Disease*
rttS

C»en<>typet

CclJ-^- (.xicr! 8() Yes rdH/rdS
Ccl2 (jc3crl 5 Yes rdS/rdS
CcU 4 No W t/rd8
Ccl2 Oax):̂ 3 No Wt/\f't
fX^cr/ 6 Yes rdS/rdS
(,x3crl+''- 2 No Wt/rdH
Ccl2^^-(.x3crl+^- 4 No Wt/rdH
Ccl2^^ C^3crl+^- 3 No wt/wt
Cx:l2-'- fX^cr/ Rid ''~ S Yes rd8/rd8
Ccl2 C x jcrl-''- R id-^- 4 No wt/wt
Ccl2-^- C.x3crl+^- R id^'- 3 Yes rdS/rdS
Ccl2 Cx3crl~^- TraU^- 5 Yes rd8/rd8
Ccl2 Cx3crl~'- TraU^~ 5 No Wt/Vit
Ccl2 Cx3crl ' g ld/gld 50 No Wt/Wt
Ccl2^' C.x3crl^'- gldA 3 No W t/rd8
Wo-gld (Jax)4: 15 No Wt/V '̂t
W>Trail~^^ 10 No Wt/Vt
my Rid-''- 5 No Wt/Vl't
C cl2-'- Cx3cr}-''~ <CS7Biy6J)S 10 No Wt/\K't

T able 5.1: C orrelation between rdH genotype and ocular disease phenotype  

m ouse-strains that have been linked to AM D

Table taken from Mattapallil et ai, 2012.

M ouse Line rdS Genotype

C l q / wt/wt
C3/ wt/wt
C5ar^ wt/wt
Caspase-1^ wt/wt
Cfh^ wt/wt
C x3crl/ wt/wt
DBA/2J wt/wt
lllr l-/ wt/wt
1118/ wt/wt
IMPDHl transgene founders rd8/rd8
P23H Rho transgene wt/wt
1133-/ rd8/rd8
Rho/ wt/wt

T able 5.2: rdH genoty pe o f  m ouse-strains in the lab



874 base pairs 
rd8  primers 

product

Figure 5.3: Agarose gel electrophoresis for rd8 geiiotyping.

DNA samples from C57BL/6J (lanes 1-3), C57BL/6N (lanes 4-7) and A sc '' (lanes 8- 

10) mice were amplified with rd8 primers. A product o f  874 base pairs is observed 

representative o f  the rd8 primers product.
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: C A T C C C G  A G A G A C A G G C A C  fTC C G A A G A A C T

C57BL/6J

C A T C C C G  A G  A G  A C A G G C A A G A A C T

C57BL/6N

C A T C C C G A G  A G A C A G G C A C A C C A  t >  A G A A C T

Figure 5.4: Sequencing for the presence o f the rdH m utation in A sc '' mice 

Representative chromatograms for the rd8 region in C57BL/6J, C57BL/6N and Asc^' 

mice. A single nucleotide 'G ' deletion is observed in the C57BL/6N and A sc"  

samples that is representative o f  homozygous rdS expression. The C57BL/6J sample 

does not have the nucleotide deletion and is wild-type in both alleles.
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Crosses to Eliminate rd8 Mutation

Parental
generation

FI generation

F2 generation

nW
Asc-^-rd8"^^"^

(C57BL/6J)

Asc^^-rdS^'’̂ Asc*''-rd8^'''^

Asc '-rdS'^''^ /  Asc-^-rdS^/'^ /  Asc'^-rdB^^'^

Asc'^-rdS'^'''^ Asc*''rd&^‘̂ '̂  Asc'̂ -̂rd8"̂ '̂̂

QiOW W W
Asc*‘'*rd&^ '̂̂  Asc^''*rd8^'''̂  Asc'̂ 'rdS'̂ '''**

Figure 5.5: Genetic crosses bet>\een Asc^'rdS^'^"" and C57BL/6J mice to eliminate 

the rd8 mutation.

Numbers displayed in red in the F3 progeny represent the expected frequencies o f the 

corresponding genotype. The red circle represents the desired genotype Asc ' r d 8 " ' . 

Mice with the Asc 'rd8'""'{red  triangle) were also used for comparison.
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Figure 5.6: Agarose gel electrophoresis form ic genotyping.

DNA samples from the F3 progeny (Figure 5.5) were amplified with wild-type and 

/l.vc'' primers. The wild-type primers produce a product o f  450 base pairs while the 

A s c "  primers produce a band at 260 base pairs. (W T  =  wild-type, KO = knockout, bp 

= base pairs).
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: C A T C C C G  A G A G A C A G G C A C  A ^ C  G A ~ ^ A  G A A C T G T A G C

B

a
r ( jg m t/m f

Figure 5.7: Sequencing for the presence o f the rd8 mutation.

Representative chromatograms for the rd8 region in A sc"  mice that were (A) wild- 

type, (B) heterozygous and (C) homozygous mutant for the rdS mutation. A single 

nucleotide ‘G* deletion is observed in rd8"""" samples, in rd8"'"" samples, double 

peaks after the ‘G ’ nucleotide exemplify a heterozygous genotype.
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a-W av e  A m plitudes

A x ' r d S  ' 
C57BL/6J
Ax^da"'
C57BI/6N

a-Wave 3 m

c4-Lt- L ^ ^ -

a-Wave 9 m

»

I—

X JL

a-Wave 6 m

a-Wave 15 m

Figure 5.8: ERG a-wave readouts in Asc^'rdS'^'^"', C5il^L,lf>A, Asc^rdST'^"'' and 

C57BL/6N mice.

a-wave amplitudes in 3. 6. 9, and 15 month old Asc 'rdS"'"', Asc^'rdS"""" and 

C57BL/6J mice and 3, 6 and 9 month old C57BL/6N mice. All data are means ± SEM 

with n = 5. *P < 0.05, **P < 0.01 by ANOVA with Tukey post-test.
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b-Wave Amplitudes

A x  rdS ‘ 
C57BL/6J

Asc'rds"'
C57BLy6N

b-Wave 3 m b-Wave 6 m

800]
I 1

lUa
f  f  /

b-Wave 9 m

SCOi

iiir
/  f  /

400H

200J

I 1

b-wave 15 m

III
Figure 5.9: ERG b-wave readouts in Asĉ rdS'̂ '̂ '̂ ', C57BL/6J, and

C57BL/6N mice.

b-wave amplitudes in 3, 6, 9, and 15 month old A sc "rd 8 " '" \  Asc^'rdS"”"" and 

C57BL/6J and 3, 6 and 9 month old C57BL/6N mice. All data are means ± SEM with 

n = 5. */* < 0.05, **P < 0.01, *** P < 0.0001 by ANOVA with Tukey post-test.
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AsCTdS^*^  
3 months

C57BL/6J 
3 months

Asc'TdSr"^'"' 
3 months

C57BL/6N 
3 months

250nV/div

500 (iV/div

500 iiV/div

250(iV/div

a-wave- 51.2 |jV 
b-w ave-605^V

a-wave- 22.4 piV 
b-wave- 676 nV

a-wave- 33.9 (iV 
b-wave-6 8 9  |iV

a-wave- 21. SpiV 
b -w ave-301 |iV

B

Asc^rdS^'^ 
6 months

C57BL/6J 
6 months

500 nV/div a-wave -  30.8 |iV 
b-wave-4 5 6  (iV

a-wave-4 2 .7  
b-wave-4 8 1  îV

Asc-/fd8^'^'”' 
6 months

500 nV/div
a-w ave-45.2 |iV 
b-wave-4 6 5  nV

C57BL/6N 
6 months

250nV/div a-wave -  35.6 p.V 
b-wave -  326 |iV

50 ms/div

Figure 5.10
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c
Asc'/fdS^'^ 

9 months

C57BL/6J 
9 months

Asc-^TdSr^'"' 
9 months

C57BL/6N 
9 months

250|iV/div

500 nV/div

500 nV/div

250MV/div

a-w ave- 15 |iV 
b-w ave-322 piV

a-wave -  34.5 piV 
b-w ave-393 piV

a -w a v e -37.8 jiV  
b-w ave- 384 îV

b -w ave-239nV

Asc^rdS^*" 
15 months

C57BU/6J 
15 months

Asc'^TdS” '̂”' 
15 months

250nV/div

250llV/div

250^V/div

a-w ave- 15.5 piV 
b-wave -  302 )iV

a-wave -  28.7 )jV 
b -w a v e -325 îV

a-wave -  16.8 )iV 
b-wave -  243 nV

50 ms/div

Figure 5.10: ERG readouts in Asc'-rd8'"'^'"\Asc'rd8'^’'^ \ C57BL/6J and 

C57BL/6N mice.

Sample ERGs from (A ) 3 month old, (B) 6 month old and (C) 9 month old A sc" 

rd 8 " '" \  C57BL/6J, A s c ''r d ^ '" ”' and C57BL/6N mice and (D) 15 month old A sc" 

rd S "'" ', C57BL/6J and Asc'^'rdS"""" and C57BL/6N mice that were dark-adapted 

overnight. ERGs are representative o f 5 mice.
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A

3 Months

Asc'-rdS^-'^

C57BL/6J

Asc‘-rd8 '̂ '̂"'

C57BL/6N

6 Months

A s c ' rd S ^ ^ '^

C57BL/6J

Asc^rdS^^""

C57BL/6N

Figure 5.11
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c
9 Months

AsC'' r d 8 ^ '^

c57Btyej

Asc r̂d8r^""

C57BL/6N

D

15 Months

C57BL/6J

Asc-^rdSr^""

Figure 5.11: OCT analysis of retinas oiAsc^rdS"'^', C57BL/6J, and

C57BL/6N mice.

Sample OCT images from (A) 3 month old, (B) 6 month old and (C) 9 month old Asc 

'rd8"'"', C57BL/6J, Asc'''rd8"""" and C57BL/6N mice and (D) 15 month old Asc'''' 

C57BL/6J and Asc"rd8"'"’". Red arrows show areas o f  hyper-reflectivity 

representative o f  the rdS mutation. 5 mice were examined for each strain and age.
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- » •  C57BL/6J 

Asc '  rd8 '  
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3 m 6 m
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Figure 5.12: ONL thickness measurements in Asc^'rd8"'^'^', C57BL/6J,y4sc'^' 

rdfT'^’”' and C57BL/6N mice.

ONL thickness was measured at numerous distances from the optic nerve from OCT 

images taken from Asc'^'rdS"'"', Asc'rdS""''"  and C57BL/6J mice at 3, 6, 9, and 15 

months o f  age and from C57BL/6N mice at 3, 6 and 9 months. *P < 0.05, **P <0.01, 

***p < 0.0001 by ANOVA with Tukey post-test. All data are means ± SEM with n = 

5.
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Figure 5.13: Haemotoxylin and eosin staining o f retinal sections from Asc''' 

r e / s ' " mi c e  from 3 to 15 months o f age.

Eyes from A sc "rd 8 " '"' mice at 3, 6, 9, and 15 months were paraffm-embedded and 

stained with haemotoxylin and eoisn to examine histopathology. Images were taken at 

40X. Images are representative o f eyes from 5 mice at each age.
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Figure 5.14: Haemotoxylin and eosin staining of retinal sections from C57BL/6J 

mice from 3 to 15 months of age.

Eyes from C57BL/6J mice at 3, 6, 9, and 15 months were paraffm-embedded and 

stained with haemotoxylin and eoisn to examine histopathology. Images were taken at 

40X. Images are representative o f eyes from 5 mice at each age.
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Figure 5.15: Haemotoxylin and eosin staining of retinal sections from Asc^' 

rd8^’̂ "" mice from 3 to 15 months of age.

Eyes from Asc^'rdS"""" mice at 3, 6, 9, and 15 months were paraffin-embedded and 

stained with haemotoxylin and eoisn to examine histopathology. Images were taken at 

40X. Red arrows indicate retinal lesions, foldings and dysplasia o f the nuclear layers. 

Images are representative o f eyes from 5 mice at each age.
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Figure 5.16: Haemotoxylin and eosin staining of retinal sections from C57BL/6N  

mice from 3 to 9 months of age.

Eyes from C57BL/6N mice at 3, 6, and 9 months were paraffin-embedded and stained 

with haemotoxylin and eoisn to examine histopathology. images were tai<en at 40X. 

Red arrows indicate retinal lesions, foldings and dysplasia o f the nuclear layers. 

Images are representative o f eyes from 5 mice at each age.
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6 Concluding Remarks and Future Studies

AMD is tiie leading causes o f  blindness in Ireland in people over the age o f  50, and 

7.000 new cases are being diagnosed each year. Wet or NV AMD occurs in about 

10% of  cases and causes almost immediate vision loss due to the growth o f  leaky 

blood vessels from the choriocapillaris, through BM and into the retina. Current 

therapies for this advanced form o f  disease target VEGF. The antibody-based VEGF 

inhibitors, Ranibizumab (Lucentis®) and Bevacizumab (Avastin®) and the VEGFRI 

and VEGFR2 fusion protein, Atlibercept (Eyelea® or VEGF-Trap-eye) are injected 

intra-vitreally on a monthly basis, as systemic administration o f  these substances 

holds substantial risks to patients due to other major homeostatic functions o f  VEGF. 

However, with every injection there is a significant yet small risk o f  retinal 

detachment, haemorrhage and infection. Moreover, studies have shown that up to 

30% of  patients can become resistant to these antibodies after repeated treatments and 

develop recurrent exudation and vision loss after an initial positive response 

(Forooghian el al., 2009). The work described in this thesis outlines the involvement 

of the NLRP3 inflammasome pathway in the context o f  wet AMD and results suggest 

that IL-18 could have major clinical implications for wet AMD treatment. In vitro 

preliminary data is also shown o f  IL-I8‘s mechanism of action in conferring this 

protective role. Additionally, a retinal degeneration mutation, rd8, which was found to 

be carried on the A sc"  mouse strain was examined and the Asc^' genetic background 

was found to act as a genetic modifier for the rdS phenotype.

in chapter 3, drusen deposits, which represent the earliest physical sign o f  AMD, are 

shown to activate the NLRP3 inflammasome and induce the production of IL- ip and 

IL-18 in human PBMCs. The focus o f  these studies were on myeloid cells rather than 

the local RPE cells as the latter cells secrete modest IL- ip levels and moreover, 

monocytes and macrophages have been observed to surround and insert processes into 

drusen deposits in human specimens of both early and late AMD (Dastgheib and 

Green. 1994). It is worth noting that a subclinical amount of drusen is often observed 

in normal non-AMD donor eyes though the biochemical composition differs to drusen 

isolated from AMD eyes (Crabb et al., 2002). Thus, an interesting future study could 

compare inflammasome activation in response to normal drusen and AMD drusen. As
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discussed in section 1.3.3 inflammasome activation typically requires 2 signals; signal 

1 or ‘priming* the inflammasome induces transcriptional up-regulation o f  pro-1 L-1 (3 

and NLRP3, which are normally produced in cells at a very low level and signal 2 

induces the post-translational assembly of the inflammasome complex. Initially, LPS 

was used to prime the inflammasome, but since the inflammatory response observed 

in AMD is likely to be sterile, a host-derived element that could act as the priming 

signal was sought after. To this end, CEP, the end product o f  DHA oxidation, which 

has recently been shown to be a TLR2 ligand on ECs (West et al., 2010) was 

examined. Indeed, it was found that CEP adducts (CEP-HSA) could prime the 

inflammasome through TLR2 activation in myeloid cells. It is highly probable that 

other naturally occurring priming agents also reside in the retina, but CEP adducts are 

o f  particular significance in terms of AMD as increased CEP levels and auto

antibodies are seen in human AMD eyes and mice immunised with CEP adducted 

mouse serum albumin (CEP-MSA) display complement component C3 deposition in 

BM along with drusen accumulation below the RPE, which ultimately leads to AMD- 

like lesions (Hollyfleld el al., 2008).

As discussed in section 1.3.4, numerous models have been described for NLRP3 

inflammasome activation, including ROS production, lysosomal rupture, ionic 

imbalances (low intracellular concentrations) and cell swelling. In terms o f  AMD, 

NLRP3 activation is likely to involve an interaction between these different models. 

Owing to their high metabolic demand, the distal parts o f  the outer segments o f  

photoreceptors are shed every morning, which are phagocytosed by the RPE. These 

phagocytic processes are disrupted with age and more severely in AMD, which leads 

to the build-up of lipofuscin granules and residual bodies in the cytoplasm. The 

increase in these toxic substances generates oxidative stress and ROS leading to cell 

damage, and may also stimulate NLRP3 activation. Furthermore, components o f  

lipofuscin, such as A2E, have been reported to permeabilise and destabilise RPE 

lysosomes (Schutt et al., 2002) and indeed lysosomal destabilisation has been shown 

to induce NLRP3 activation (Tseng et al., 2013). Additionally, here, C lq  was 

identified as another NLRP3 inflammasome activator with its activation likely 

involving the phagolysosome.
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Next, IL-18 was shown to play a protective role with regards to N V  AM D. Laser- 

induced CNV was exacerbated in N lrpS"  and 1118" mice but not in I l l r } ' '  mice, 

directly implicating IL-18 as a key regulator o f  pathological neovascularisation. Our 

lab has also shown in a recent paper that systemic administration o f  recombinant 

mature IL-18 could prevent CNV development in the laser-induced model (Doyle et 

al., 2014). Furthermore, in Chapter 4, IP injections o f  IL-18 are shown to assist in the 

prevention o f  chorio-retinal lesion progression and regression in a novel mouse 

model. JR55558. which spontaneously develop NV lesions. These results are exciting 

as it implicates that IL-18 could potentially be used effectively as a systemic agent 

and clinical studies have already shown the safety/tolerability o f  systemic 

administration o f  human IL-18 (GSK, SB-485232) in human subjects at doses as high 

as 2000 |Jg/kg (Golab and Stoklosa, 2005).

The exact mechanisms through which IL-18 operates to provide these protective anti- 

angiogenic/anti-permeable effector functions still remain to be elucidated but some 

preliminary data indicating the importance o f  VEGF signalling are displayed. 

Addition o f  IL-18 to RPE cells resulted in a dose-dependent decrease in VEGF levels 

secreted from these cells. RPE cells are one o f  the primary producers o f  VEGF in the 

retina while the retinal and choroidal ECs are the primary cells that respond to VEGF. 

To this end, a decrease in V E G F ’s primary receptor, VEGFR2, was also observed in 

mouse brain ECs following IL-18 stimulation. Indeed blockade o f  VEGFA signalling 

has also been reported to reduce CN V  lesions in the JR5558 mice (Nagai et a i ,  2014).

Paracellular permeability and effects on TJs were also considered as VEGF is a well- 

known vascular permeability factor that down-regulates TJ proteins and fluorescein 

angiograms from the JR5558 mice showed reduced sodium fluorescein leakage from 

the vasculature following IL-18 dosing. Furthermore, recent studies have shown that 

in vivo, intraocular IL-18 injections in mice reversed the VEGF-induced reduction o f  

claudin-5 at vascular TJs (Shen et al., 2014). However, addition o f  IL-18 to mouse 

brain ECs in vitro did not significantly alter TJ protein expression levels or 

paracellular permeability nor could rescue the V EGF-induced permeability. Still, we 

cannot exclude the possibility that this may be due to a timing or dosing issue. 

Alternatively, the source o f  ECs utilised in these studies may be in question. The 

therapeutic effects o f  IL-18 observed in vivo in the laser-induced CNV model and the
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JR5558 mice were associated with choroidal ECs and choroidal/retinal ECs, 

respectively. Numerous studies have revealed that ECs from different organs and 

species display remarkable heterogeneity in structure and function so future similar 

experiments on human retinal and choroidal ECs are warranted (Grammas and Riden, 

2003, Ribatti et al., 2002).

Finally, in chapter 5, the retinal degeneration mutation, rd8, was found to be carried in 

a homozygous state in the mouse strain. As the presence o f  this mutation would 

have major implications in examining ocular diseases, the mice were crossed with 

C57BL/6J mice to eliminate this mutation. It has been reported that background genes 

may modify the rd8 phenotype, thus, the involvement o f  ASC in retinal degeneration 

was examined in the process. The original A s c '  mice carrying the rd8 mutation were 

compared to C57BL/6N mice that also carry the rd8 mutation. Intriguingly, ERG 

analysis revealed a decrease in visual function at an earlier age in the C57BL/6N mice 

compared to the Asc  ' mice carrying rdS. This suggests that ASC can act as a modifier 

of the rd8 phenotype and lack o f  a functional inflammasome in this case can slow

down the retinal degeneration process. No significant differences in visual function or 

retinal histology were observed between the re-derived A sc"  line that was free o f  rd8 

and the wild-type C57BL/6J line.

6.1: Inflammasome activation in AMD: Friend or Foe

Although drusen accumulation is central to AMD disease pathology, it remains 

unclear whether they play a harmful role promoting disease or if they are a clinical 

manifestation o f  the disease that appear as AMD progresses and actually play a 

protective role. A role for the NLRP3 inflammasome, and more specifically, IL-18, in 

protecting against CNV development has clearly been demonstrated. It is possible that 

a balance may exist whereby the retina can tolerate and even benefit from a certain 

amount of drusen due to its ability to stimulate IL-18 production, which may act as an 

anti-angiogenic effector. However, if a critical quantity o f  drusen amasses it may 

physically cause excessive damage to the surrounding tissues. This also highlights an 

important concept in age-related diseases called ‘para-inflammation’ (Xu et al., 

2009). Tissues generally experience noxious stress conditions {e.g. excessive free
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radicals) and the innate immune system is alerted in order to restore tissue 

homeostasis. The immune response elicited is generally between that o f  basal and 

inflammatory states and has been termed as para-inflammation. Para-intlammation, 

therefore is thought to be beneficial for the host. Thus, global inhibition o f  the 

inflammatory response in wet AM D would likely cause adverse effects and in fact 

recent clinical trials o f  a monoclonal antibody targeting T N F a  (infliximab) resulted 

in exacerbated symptoms in over 50% o f  wet A M D  patients (Giganti et a i ,  2010, 

Arias et a l ,  2010). However, if tissue malfunction is sustained over long periods, 

para-inflammation can become chronic and maladaptive, causing disease pathology. 

The retina undergoes a vast amount o f  pathophysiological changes with age, including 

the formation o f  oxidised lipids, proteins and DNA, a decrease in neuronal and RPE 

cell number, accumulation o f  lipofuscin within the RPE, increased BM thickness and 

the breakdown o f  the BRB. Thus, para-inflammation, in the form o f  microglia and 

macrophage activation and complement activation are induced to restore retinal 

homeostasis. However, it is probable that in A M D  the balance between stress-induced 

dam age and para-inflammation is disrupted due to environmental and genetics factors, 

resulting in a chronic inflammatory state.

In terms o f  dry A M D  or GA, it is still uncertain if IL-I p/IL-l 8 secretion is beneficial 

or detrimental in disease progression. Our lab has recently shown that the NLRP3 

inflammasome is active in the CEP-M SA -im m unised mouse model o f  dry AMD. 

Retinal sections from these mice displayed the presence o f  activated macrophages 

within the choroid and BM and above the RPE, which co-localised with cleaved 

active caspase-l and N LRP3 (Doyle et al., 2012). Another recent study has also 

shown that NLRP3 is present in donor human eyes affected with GA or N V  A M D  but 

not in age-matched controls. N LRP3 staining was observed in the RPE as well as 

extracellulary in drusen and near BM (Tseng et al., 2013). However, it remains to be 

fully elucidated whether NLRP3 activation in these studies is pathogenic or 

beneflcial.

On the other hand, two groups have shown that IL-18 induces RPE cell death in the 

eye (Tarallo et al., 2012, IJima et al.. 2014). In the first study. Tarallo et al. report that 

All! RNA is elevated in the RPE o f  A M D donor eyes with GA and that overexpression
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o f  Alu  RNA is cytotoxic to RPE cells. They state that that the cytotoxicity observed is 

due to lL-18 secretion through Alu  RNA-induced NLRP3 activation in a pathway that 

is also dependent on MyD88 signalling. However, the mechanism by which lL-18 

induced cell death is unclear. Tseng et al. hypothesise that inflammasome activation 

could contribute to AMD pathology through caspase-1-dependent pyroptotic cell 

death. Interestingly, Tarallo et al. show that the /i/w-induced RPE degeneration does 

not occur via pyroptosis and RPE degeneration is also observed in C aspase-T ' mice. 

In the second study by Ijima et al., a sub-retinal injection o f  recombinant mature IL- 

18 at a non-physiological dose o f  1 ^g is shown to induce retinal degeneration in 

wild-type mice and is associated with increased caspase-3 activation implicating the 

apoptotic pathway. However, it has been already demonstrated that intravitreal 

injections o f  hyper-physiological doses, over 3 ng (1 |Ag/ml) of a highly purified 

mature recombinant IL-18, causes cell death, which is not specific to the RPE but 

observed throughout the whole retina (Doyle et al., 2014), while physiological doses 

do not induce cell death, yet. still show efficacy. Additionally, in vitro, no changes in 

RPE cell viability or morphology were observed after addition of physiological and 

hyper-physiological doses o f  mature IL-18. Intriguingly, in the Ijima et al. study, 

serum IL-18 levels are shown to be significantly elevated in human dry AMD patients 

compared to aged-matched controls but not in wet AMD patients and conclude, 

therefore, that IL-18 is associated with dry AMD and not wet AMD. However, these 

observations are favourable for the results observed here -  dry AMD patients are 

protected from CNV development due to elevated IL-18 levels whilst insufficient IL- 

18 levels in the wet AMD patients promote CNV development.

Another recent study has also implicated inflammasome activation in an AMD model 

that is based on increased VEGF production (Marneros, 2013). In this mouse model, 

referred to as VEGF-A*’' ’’'̂ '̂  mice, the insertion o f  an IRES-NLS-lacZ-SV40pA 

sequence into the 3’ UTR o f  the VEGF gene locus removes miRNA binding sites that 

inhibit VEGF mRNA translation resulting in higher VEGF levels. These mice elicit 

features o f  both dry and wet AMD in an age-dependent progressive manner and 

display increased caspase plO and p20 subunits in RPE/choroid tissue indicative of 

inflammasome activation. Intriguingly, targeting NLRP3 or IL-IRl  in this model, by 

means o f  double mutant generations, resulted in reduced RPE barrier breakdown and
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CNV  lesion development while VEGF-A'’̂ '’'̂ '̂  mice on the 1118" background had 

increased CNV lesions, again highlighting the protective role o f  IL-18 in CNV 

development. The results also implicate a negative role for IL - ip  in GA and CNV 

development. At first, the reduced CNV lesion developm ent observed by targeting 

NLRP3 may seem contradictory to our findings in the laser-induced CNV model 

where N lrp3"  mice develop larger CNVs after the laser burn. However, these 

differences are not as surprising as may initially seem as the C N V s in the two models 

develop from very different scenarios and environments. The laser induced CNV 

model is more o f  an acute wound-healing model with neovascularisation developing 

in an area o f  healthy RPE cells. On the other hand, the CN V s that develop in the 

VEGF-A^''""’̂  mice occur in an environment where there is RPE barrier breakdown, 

sub-RPE deposit build-up, oxidative stress, NLRP3 activation, accumulation o f  

infiltrating m acrophages and activation o f  retinal Muller glia cells over an extended 

period o f  time. Therefore in the VEGF-A'^'’’'̂ '̂  mice, high levels o f  l l . - i p  and VEGF 

secreted from the immune cells likely promote CNV development, thus, targeting 

NI.RP3/1I.-I p signalling would be therapeutic. Although macrophage infiltration is 

also observed in the laser-induced model, these m acrophages are o f  the M2 subtype, 

which play important roles in immunosuppression and tissue repair unlike the classic 

Ml macrophages that are pro-inflammatory. RPE cells express high levels o f  IL-18 

and limited levels o f  IL - ip ,  therefore in this situation IL-18 plays the key protective 

role, hence targeting N LRP3/IL-18 signalling exacerbates CN V  development. 

Overall, these studies suggest that targeting both VEGF and IL - ip  while 

simultaneously increasing IL-18 levels may be a sound therapy for wet A M D  and it 

has recently been shown that injection o f  IL-18 in tandem with a VEGF neutralising 

antibody had a greater effect in attenuating CNV developm ent than anti-VEGF 

therapy alone in the laser-induced mouse model (Doyle et al., 2014).

Additionally. C am pochiaro 's  group has also demonstrated an anti-angiogenic and 

anti-permeable role for IL-18, with VEGF and IL-18 displaying a reciprocal 

relationship in the eye (Shen el al., 2014). Treatment o f  macular oedema patients with 

the VEGF inhibitor, ranibizumab. led to increased intraocular IL-18 levels, which 

correlated with an improved visual outcome. In mice with oxygen-induced ischemic 

retinopathy, an intraocular injection o f  an anti-VEGF antibody resulted in an increase
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in IL-18 posit ive m yelo id  cells  and an increase in IL-18  m R N A  in the retina. 

Furtherm ore , in traocular  injections o f  IL-18 reduced  retinal and sub-retinal 

n eovascu larisa tion  in mice. M oreover ,  IL-18 w as  also d em ons tra ted  to  reverse  the 

V E G F -in d u ced  suppression  o f  c laudin-5  at T Js  in retinal vessels  in m ice, which 

accord ing ly  led to  a reduction  in leakage and neovascu la risa tion .

In conc lus ion  these  studies  suggest that increasing  IL-18 levels accessib le  to the 

choro idal en do the lium  could  be a novel the rapy  for p reven ting  C N V  dev e lo p m en t  in 

w et A M D . W ith clinical trials o f  IL-18 for certa in  cancers  a lready  show ing  limited 

adverse  effec ts  o f  this m olecule , the use o f  recom binan t  IL-18 as a therapy  for wet 

A M D  is very  encourag ing .
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NLRP3 has a protective role in age-related macular 
degeneration through the induction of IL-18 by 
drusen components
Sarah L Doyle*’̂ , Matthew Cam pbelP’̂ , Ema Ozaki^, Robert G Salomon^, Andres Mori*, Paul F Kenna^ '*, 
Gwyneth Jane Farrar^, Anna-Sophia Kiang^, M arian M Humphries^, Ed C Lavelle*, Luke A J O’Neill',
Joe G Hollyfield^ & Peter Humphries^

Age-related macular degeneration (AMD) is the leading cause of central vision loss worldwide. Drusen accum ulation is the major 
pathological hallmark common to both dry and wet AMD. Although activation of the immune system has been im plicated in 
disease progression, the pathways involved are unclear. Here we show that drusen isolated from donor AMD eyes activates the 
NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflammasome, causing secretion of in terleuk in -ip  (IL -ip ) and 
IL-18. Drusen component CIQ  also activates the NLRP3 inflammasome. Moreover, the oxidative-stress-related protein- 
modification carboxyethylpyrrole (CEP), a biomarker of AMD, primes the inflammasome. We found cleaved caspase-1 and NLRP3 
in activated macrophages in the retinas of mice immunized with CEP-adducted mouse serum album in, modeling a dry-AMD-like 
pathology. We show that laser-induced choroidal neovascularization (CNV), a mouse model of wet AMD, is exacerbated in 
N!rp3~'~ but not Ulrl~'~ mice, directly implicating IL-18 in the regulation of CNV developm ent. These findings indicate a 
protective role for NLRP3 and IL-18 in the progression of AMD.

In the developed world, AMD is the m ost prevalent cause of legal 
blindness in older individuals*'^. AMD is a progressive disease charac
terized by the accum ulation of focal extracellular deposits on the 
Bruch’s m em brane below the retinal pigm ent epithelium  (RPE) in 
the m acula, which is recognized in an eye exam ination as drusen. 
The presence of drusen in the macula, the density of the deposits and 
the area covered by this m aterial are used to define the early stages 
in the AMD disease process. Individuals with drusen are considered 
at risk for progressing to the end-stage blinding forms of AMD^“®. 
Geographic atrophy, the end stage of the atrophic ‘d ry ’ form  of AMD, 
culminates in vision loss after focal degeneration of the RPE below the 
fovea^. W ithout the RPE, the foveal cone photoreceptors degenerate, 
causing central retinal blindness. CNV characterizes the end stage of 
the exudative ‘wet’ form of AMD, with new blood vessels breaking 
through the Bruch’s m em brane and the RPE that then hem orrhage, 
causing a blood clot to form between the RPE and the foveal photo
receptors, resulting in im m ediate blindness^ "*.

AMD is classically m ultifactorial, involving bo th  env ironm en
tal and genetic factors^. Sequence variants associated with disease 
susceptibility have now been characterized in a growing num ber of 
im m une-regulated genes*"". Activation of com plem ent on ocular 
surfaces is thought to have a m ajor role in the early disease p ro 
cess and results in d rusen  deposition. However, the m echanism s

involved in the initiation of the inflam m atory responses observed in 
the eyes of subjects with AMD are unresolved.

D rusen deposits are particulate protein aggregates that are extra
cellular in nature. These characteristics typify known activators of 
the sterile inflam m atory response that is mediated by NLRP3. NLRP3 
acts as a receptor for ‘danger’ signals, such as ATP, uric acid crystals, 
amyloid-like structures and m itochondrial dysfunction '^"'^ . These 
danger signals activate the inflam m asom e, which is m ade up of 
NLRP3, apoptosis-associated  speck-like dom ain  con tain ing  a 
caspase-recruitment domain (ASC) and pro-caspase-1, resulting in the 
cleavage of p ro -IL -1P and p ro -IL -18 into their mature proinflammatory 
forms. Furtherm ore, excessive drusen accum ulation can disrupt 
adjacent RPE cells, which subsequently die by necrosis'®, a cellular 
process now known to activate the NLRP3 inflam m asom e'^.

Here we show that drusen isolated from AMD donor eyes can activate 
the NLRP3 inflammasome. Furthermore, we show that CEP, an oxida
tive stress-related protein m odification comm only found decorating 
drusen proteins'®''^, can prime the inflammasome. In tandem , we show 
that the complement com ponent C IQ  can activate the NLRP3 inflam 
masome in a caspase-1-dependent and phagolysosom e-dependent 
manner. We observed activated caspase-1 and NLRP3 in m acro
phages surrounding the drusen-like lesions in m ice im m unized with 
CEP-adducted m ouse serum  album in (CEP-MSA), which is a model

'S c h o o l  of B io ch em is try  a n d  Im m unology, Trinity B io m ed ica l S c ie n c e s  In s t i tu te ,  Trinity C o llege  D ublin , D ublin  2 , Ire lan d . ^ O cu la r  G en e tic s  U nit, S m u rf it  In s t i tu te  of 
G e n e tic s , L incoln P la ce  G a te , Trinity C o llege  D ublin , D ublin 2 , Ire lan d . ^ D e p a rtm e n t of C hem istry , C ase  W estern  R eserv e  U niversity , C leveland , O hio, USA.
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o f d ry  A M D . We also found that NLRP3 affects disease in  a mouse 
m odel o f wet In the absence o f NLRP3 in this model, C N V
development was exacerbated. We implicate IL - 18 as a key regulator 
o f pathological neovascularization and suggest a protective role for 
the NLRP3 inflammasome in the development o f A M D .

RESULTS
The RPE is a monolayer o f cuboidal cells located between the outer 
retina and the choroid. This melanized neuroepithelium  has num er
ous functions, includ ing (i) the adsorption o f scattered and reflected 
hght, ( ii)  the form ation o f the outer b lood-re tina l barrie r and ( iii)  the 
removal by phagocytosis o f the effete tips o f the photoreceptor outer 
segments^^. Proteomic and immunohistochem ical analyses o f  drusen 

j; have identified v irtua lly every protein involved in the complement cas- 
i cade and the proteins found in  amyloid deposits, as well as a number 
S o f crystallins, which are proteins synthesized in  response to stress^^' '̂*, 
si Considering the recent discovery that host-derived particulate matter 
; such as cholesterol crystals and amyloid deposits^^'^^ can activate the 
• NLRP3 inflammasome, we were interested in  determ in ing whether 
[drusen could also in itia te the activation o f the inflammasome.

Drusen activates the NLRP3 inflammasome
We firs t used fundus photography to compare an unaffected eye 
to  the eyes o f ind iv idua ls w ith  either d ry  or wet A M D  (F ig . la ). 
We found punctate ligh t deposits in the fundus images o f the eyes 

iw 'ith  wet and dry A M D , representing drusen accumulation, and we 
found subretinal C N V  in the image o f the eye w ith  wet A M D . We 

I, sonicated the isolated drusen to dissociate the sample in to  small 
particu late matter (Fig. lb ) .  An SDS-PAGE analysis o f the drusen 

: sample showed a cohort o f proteins o f high molecular weight (greater 
ithan 60 kDa) (Fig. Ic).

The inflamm asome is a m u ltim eric  protein complex. Caspase-1 
is the cysteine protease that is activated in  the inflammasome com 
plex to cleave p ro - IL -l(3  and p ro -IL -1 8  in to  the ir mature forms. 
A ctiva tion o f caspase-1 requires the protein ASC, which forms o li
gomers to create a p la tform  for the m ultim eric  complex. Normally, 
ASC is evenly d istribu ted throughout the cell, but once activated, 
ASC aggregates to a single point known as a ‘speck’. We prim ed bone- 
m arrow -derived  macrophages (B M D M s) that stably express yellow 
fluorescent p ro te in-labeled ASC (YFP-ASC) w ith  lipopolysaccha- 
rides (LPSs) and treated them w ith  drusen or transfected them w ith  
po ly(dA -dT ) (positive contro l). ASC-YFP was d iff ic u lt to discern 
in  macrophages treated w ith  LPS alone (F ig. Id ), however, in  LPS- 
prim ed macrophages activated w ith  drusen, the form ation o f intense 
single fluorescent specks was clearly evident, which is indicative o f 
ASC oligomerization.

The in flam m ato ry  response associated w ith  A M D  has both a 
local and a systemic component. We in it ia lly  tested the ARPF.-19 
cell line fo r the presence o f NLRP3 and for the ab ility  o f the cells 
to produce IL - ip  in  response to a range o f T o ll-like  receptor (TLR) 
ligands and activation w ith  ATP. We found that although ARPE-19 
cells express NLRP3, the amount o f IL - ip  in  these cells was at the 
lower lim it  o f the assay sensitiv ity (S upp lem entary Fig. 1). Because 
o f the ir a b ility  to  access the retina in A M D , peripheral m yeloid 
cells are probably the p rim a ry  source o f IL - ip  and lL-18. We there
fore hypothesized that these cells w ould be key cells o f interest in 
our system. Hum an periphera l b lood mononuclear cells (PBMCs) 
produced IL-1(3 and IL-18 in response to activation w ith  drusen, 
even at very low  concentrations (F ig . le ,f). We used RPE mate
r ia l that was produced du ring  the dissection o f drusen from  A M D  
eyes as a con tro l fo r these experiments (S upplem entary Fig. 2). An 
im m unob lo t analysis o f caspase-1 expression in  lysates o f cells from

Unaffected Dry AMD Wet AMD

2 mm

200 um 200 um

I
250 ng ml drusen

1.500

c  1.000

Poly(dA-dT)Untreated

Drusen Drusen

WT BMDM WT BMDM
W/rp3 BMDM Nlrp3 BMDM

30.000

E 20,000

10.000

Drusen
DrusenDrusen

Caspase-

WT BMDC 
Nlrp3~'' BMDC

WT BMDC
3,000Nlrp3 BMDC

2,000

Figure 1 Drusen activates the NLRP3 inflammasome.
(a) Fundus photography from a nonsmoking unaffected 
individual, an individual with dry AMD and an individual 
With wet AMD. (b) Drusen fragments (arrows) in a range 
of sizes from just under 500 nm to submicroscopic-sized 
particles, (c) SDS-PAGE analysis of a Bruch’s membrane 
and drusen (BM/drusen) preparation. MW, molecular weight.
(d) Live-cell imaging of immortalized C57BL/6 BMDMs 
stably expressing YFP-ASC. Poly(dA-dT) was used as a positive control.
Oligomerization of ASC-YFP was observed by speck formation at an original 
magnification of x60. (e,f) Production of IL - ip  and IL-18, as measured by ELISA 
in human PBMCs primed overnight with LPS and subsequently treated with 

: increasing doses of the drusen preparation. *P < 0 .0 5 , * * *P <  0.0001 by analysis 
I of variance (ANOVA) with Tukey post test compared to LPS-treated cells, (g) Western 

blot of the cleavage products of caspase-1 after treatment of THPl cells with 
drusen. The arrow points to the caspase-1 p lO  band, (h) Production of IL - lp  (left) 
and IL-6 (right), as measured by ELISA in WT and Nlrp3~'~ BMDMs after treatment 
with increasing doses of drusen. *P<  0 .05, * * * p <  0.0001 by ANOVA with Tukey post 
test compared to LPS-treated cells, (i) Production of IL - lp  (left) and TNF-a (right), as
measured by ELISA in WT and N!rp3~'~ BMDCs after treatment with increasing doses of drusen. * * *P <  0.0001 by ANOVA with Tukey post test compared to 
LPS-treated cells. All ELISA data are representative of a minimum of three separate experiments carried out in triplicate, and all data are means ± s.e.m.
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the human m onocytic cell line T H P l after treatm ent w ith  drusen 
confirm ed increased amounts o f the cleaved caspase-1 subunit plO  
(Fig. Ig  and Supplem entary Fig. 3). Together, these results show 
that drusen from  A M D  donor eyes can activate caspase-1 and the 
ASC inflammasome complex, w hich in tu rn  results in IL - ip  and 
IL-18 production in PBMCs.

We reasoned that NLRP3 was the probable sensor fo r drusen- 
induced inflammasome activation, as it is required for in flam m a
some activation by particulate matter. We isolated bone marrow from  
both w ild-type (W T) and NLRP3-deficient {Nlrp3~^~) mice and then 
used the bone marrow to culture BM DM s and bone-m arrow-derived 
dendritic cells (BMDCs). W T  BM DM s and BMDCs produced s ign ifi
cantly higher amounts o f IL -1P in response to drusen than Nlrp3~'~ 
BM D M s and BMDCs (Fig. lh , i) ,  which were unable to promote the 
production o f mature IL - Ip  in  response to drusen. The amounts o f 
IL-6 and tum or necrosis factor a  (TN F-a ) were unaltered by the pres
ence o f drusen, which is indicative o f a specific effect o f drusen on 
IL - ip  production (Fig. lh , i) .  These results show that A M D  drusen 
are capable o f activating the NLRP3 inflammasome.

CEP-adducted human serum albumin primes the Inflammasome
Up to 65% o f the proteins that have been identified  in  drusen were 
found in  drusen isolated from  both A M D  and non-diseased donors. 
However, oxidative protein m odifications have also been observed in 
drusen, including CEP protein adducts. Cumulative oxidative damage 
contributes to aging and has long been suspected to contribute to the 
pathogenesis o f AMD^^"^^. CEP adducts are uniquely generated from  
the oxidation o f docosahexaenoate-containing lip ids and are more 
abundant in the drusen and serum o f subjects w ith  A M D  compared 
to subjects w ithou t A M D ‘ .̂ Recently, carboxyalkylpyrroles, among 
them CEP, have been shown to be recognized by TLR2 on endothelial 
cells^*'. Given that TLR2 activation would prim e cells to induce 
p ro - IL - ip , pro-IL-18 and NLRP3, we hypothesized that CEP-adducted 
proteins in  drusen and on the Bruch’s membrane could represent a 
previously un identified  p rim ing  agent.

To test this hypothesis, we prim ed PBMCs w ith  increasing con
centrations o f CEP-adducted human serum albumin (CEP-HSA) or 
HSA alone and activated the cells w ith  ATP. The production o f IL - ip  
increased w ith increasing concentrations o f CEP-HSA, but we found 
no changes in  the amount o f IL - ip  in cells prim ed w ith  HSA alone 
(Fig. 2a). W T BM DM s primed w ith CEP-HSA and activated w ith  ATP 
also produced IL - ip ,  an effect that we d id  not observe in  Nlrp3~'~ 
BM DM s (Fig. 2b), To ascertain whether CEP-HSA was p rim ing  the 
cells through TLR2 activation, we prim ed W T  and Tlr2~'~ BM DM s 
w ith  HSA or CEP-HSA and activated them w ith  ATP, ATP activation 
induced increases in IL - ip  production in W T b u t not Tlr2~^~ BMDM s 
primed w ith CEP-HSA. Furthermore, we found no IL - ip  induction in 
BM DM s from  either group prim ed w ith  HSA before ATP activation, 
again con firm ing  that it  is CEP m odifica tion  that confers the ability 
to activate TLR2 (Fig. 2c). IL-6 concentrations were equivalent in 
ATP-activated and ATP-unactivated W T  cells treated w ith CEP-HSA, 
con firm ing  the specificity o f the response for IL - ip  (Fig. 2d).

We measured IL -1P concentrations in LPS-primed W T  and Tlr2~'~ 
BM D M s activated by ATP to ensure that the Tlr2~^~ BM D M s were 
responding op tim a lly  (Supplem entary Fig. 4). To ensure our CEP- 
HSA was not contaminated w ith LPS, we isolated BMDM s from  C3H/ 
HeN and C3H/HeJ mice. C3H/HeJ mice carry a mutation in  the ir Tlr4 
gene that renders them unresponsive to LPS^'; theC 3H /H eN  mice do 
not have this mutation. C3H/HeJ BM DM s produced IL - ip  in response 
to ATP when prim ed w ith  CEP-HSA but not when prim ed w ith  LPS 
(Fig. 2e), indicating that our CEP adduct was LPS free and prim ed the 
inflammasome through TLR2 ligation. We detected T N F -a  in LPS- 
primed, but not CEP-primed, C3H/HeN BM DM s (Fig. 2f). We further 
examined the ab ility  o f CEP-HSA to prim e the NLRP3 in flam m a
some by measuring ASC-YFP speck form ation in  CEP-HSA-treated 
im m orta lized W T  BMDMs, We found focused ASC-YFP specks in 
BM D M s prim ed w ith  CEP-HSA and activated w ith  drusen (Fig. 2g), 
Drusen alone seemed to be able to cause the oligomerization o f ASC 
(Fig. 2g), im p ly ing  that alone, drusen could in itia te the form ation o f 
the m ultipro te in  p latform  for inflammasome activation. However, we

3  250

m
IW T B M D M  

***  ^  ■  Nlrp3~'' BMDM

jJLsLUE 100

I WT BMDM 

I Tlr2'*' BMDM

ATP CEP ATP ATP HSA ATP ATP

■  WT BMDM I  C3H/HeN
I  ■  T/r2"^“  BMDM 80 -| ■  C3H/H&J

f

1,500

■  C3H/HeN
■  C3H/HeJL g Control (untreated) 250 ng ml" dnjsen

Figure 2 CEP (CEP-HSA), a component of drusen, can prime 
the NLRP3 inflammasome, (a) Production of IL -ip  in human 
PBMCs primed with LPS, CEP-HSA or HSA alone in 
increasing doses and subsequently treated with ATP *P < 0.05,
* * *p <  0,0001 by ANOVA with Tukey post test compared to 
LPS-treated cells, (b) IL -lp  production in WT and Nlrp3^'- ^
BMDMs primed with CEP-HSA and then activated with 
either ATP or poly(dA-dT). ***P <  0.0001 by ANOVA with 
Tukey post test compared to Nlrp3~'~ cells, (c,d) IL -ip  and IL-6 
production in WT or Tlr2~'~ BMDMs primed with HSA or CEP-HSA 
and activated with ATP or left untreated. ***P <  0.0001 by ANOVA 
with Tukey post test for WT BMDMs treated with CEP-HSA and ATP
compared to TLR2~'~ BMDMs treated with CEP-HSA and ATP (e,f) IL -ip  and TNF-a production measured in CSH/HeN BMDMs or C3H/HeJ BMDMs primed with 
either LPS or CEP and activated with ATP. (g) Live-cell imaging of immortalized C57BL/6 BMDMs stably expressing YFP-ASC. Shown are cells primed with CEP- 
HSA (top) or HSA (bottom), followed by treatment with drusen. Oligomerization of ASC-YFP was observed by speck formation at an original magnification of x60. All 
ELISA data are representative of a minimum of three separate experiments carried out in triplicate, and all data are means ± s,e,m.
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Figure 3 Complement factor CIQ, a component of drusen, activates 
the NLRP3 inflammasome. (a) Production of IL -lp  (top) and TNF-a 
(bottom) in WT BMDMs primed with CEP-HSA and activated with 
increasing doses of CIQ. *P <  0.05 by ANOVA with Tukey post test 

[compared to CEP-HSA treatment alone, (b) Western blot of caspase-1 
cleavage products in THPl cells primed with LPS and treated with ^ 
increasing doses of CIQ. The arrow points to the caspase-1 f
plO  band, (c) Live-cell imaging of immortalized C57BL/6 BMDMs ] 

istably expressing YFP-ASC. Shown are cells primed with either ~
[IPS (top) or CEP-HSA, followed by treatment with CIQ (right). °
 ̂Oligomerization of ASC-YFP was observed by speck formation at an 
origmal magnification of x60. (d) IL -lp  (left) and TNF-a (right) 
production in WT and N!rp3~'~ BMDCs primed with LPS and activated
With increasing doses of CIQ. * **P <  0.0001 by ANOVA with Tukey post lp s  l p s  lp s

test for WT BMDCs compared to NLRP3^'^ BMDCs for each given treatment.
(e) IL -ip , IL-18 and IL-6 production in human PBMCs primed with LPS overnight and activated with CIQ, with the addition of increasing doses of Z-VAD before
CIQ treatment. All ELISA data are representative of a minimum of three separate experiments carried out in triplicate, and all data are means ts .e .m .

^  DUUi Aay. s:[j||i
- ^ ^ ■ A T P C IO  ^ ^ i d A T P C i a
Z-VAD Z-VAD Z-VAD

C IQ  C1Q C1Q

were unable to consistently detect increases in IL - ip  concentration 
when we treated PBMCs, W T  BMDMs or W T  BMDCs with drusen 
alone and assayed them using ELISA.

Drusen component C IQ  activates the inflammasome
Although drusen can distort and eventually damage the retina, as is 

jseen in geographic atrophy^^, not all people presenting with drusen 
develop vision loss; therefore, it is conceivable that in addition to the 
particulate nature of drusen causing mechanical insult to the RPE, 
some component(s) of drusen may be involved in the activation of 
the inflammasome in a more specific manner. We elected to study 
C IQ , the primary initiating component of the classical complement 
pathway, which has been identified in drusen^^. Because C IQ  is an 
effector of the innate immune system and has the potential to be 
extremely damaging to host tissue, its presence in drusen is indica
tive of an earlier or ongoing inflammatory insult. We directly evalu
ated the ability of C IQ  to activate the NLRP3 inflammasome. The 
addition of C IQ  alone to W T  BMDMs did not cause the production 
of IL - ip , however, cells that we primed with CEP-HSA before the 
addition of C IQ  produced significant amounts of 11-1(3 compared 

■ with C IQ  alone (Fig. 3a). Secretion of the proinflammatory cytokine 
i T N F -a  was unchanged after addition of C IQ  to CEP-HSA-primed  
W T  BM DMs (Fig. 3a), indicating that C IQ  was specifically activat
ing the inflammasome and was not involved in the upregulation of 
proinflammatory cytokines in general. We found cleaved caspase-1 
plO in T H P l human monocytic cells activated with C IQ  (Fig. 3b and 

1 Supplementary Fig. 5) and further established that C IQ  can cause 
,ASC oligomerization, as we found YFP-ASC specks in concentrated 
focal points within the cells activated with C IQ  after priming with 
(either LPS or CEP-HSA (Fig. 3c).

W T  BMDCs treated with C IQ  produced significantly more IL -ip  
than Nlrp3~^~ BMDCs, which did not produce IL - ip  in response to 
C IQ  activation (Fig. 3d); the amount o fT N F -a  was the same in both 
groups of BMDCs after C IQ  activation (Fig. 3d). To confirm the 
role of caspase-1, we added a caspase-1 inhibitor, Z-VAD, to human 
PBMCs before activation with C IQ . Caspase-1 inhibition decreased 
the production ofboth IL - ip  and IL-18 in a dose-dependent manner 
(Fig. 3e). Together, these results show that C IQ  can act as a danger 
signal that is sensed by the NLRP3 inflammasome. All C IQ  isolated 
from human blood and found in drusen has a propensity to aggregate, 
which we have shown using a zeta-potential analysis of a solution of 
C IQ , and we believe this is a key factor in how C IQ  can activate the 
NLRP3 inflammasome (Supplementary Fig. 6).

C IQ  inflammasome activation involves the phagolysosome
Deposits of C IQ , along with other complement factors, have been 
shown to be associated with amyloid structures or their compo- 
nents^ '̂ '̂*. It is therefore probable that this characteristic of C IQ  has 
a role in the aggregation of drusen. In addition, the function of C IQ  
in initiating opsonization would assist macrophages as they attempt 
to phagocytose these particulate drusen deposits. The mechanisms 
leading to NLRP3 inflammasome activation are unresolved and may 
depend on the stimulus. One proposed mechanism of NLRP3 acti
vation involves the phagocytosis of particulate structures, leading to 
lysosomal rupture and the release of lysosomal contents^ .̂ Another pro
posed mechanism involves the production of reactive oxygen species 
(ROS), leading to the activation of the NLRP3 inflammasome through 
the ROS-sensitive thioredoxin interacting protein (TXNIP)^®.

To determine whether the induction by C IQ  of ROS^ '̂^* was respon
sible for the inflammasome activation seen in this study, we treated
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role for IL -18 in the regulation ofVEGF expression and could explain 
the exacerbated CNV in Nlrp3~^~ and IL18~^~ mice.

DISCUSSION
Here we describe a series of observations that could have major impli
cations for the prevention of AMD. Current antibody-based therapies 
target advanced forms of AMD by inhibiting the bioactivity o f VEGF. 
However, direct and regular intraocular injection of these m onoclonal 
antibodies (Lucentis and Avastin) carries the risk o f retinal detach
m ent, hem orrhage and infection'**'.

We have shown that drusen isolated from AMD donor eyes can 
activate the NLRP3 inflam masom e. AMD drusen is composed of a 
collection of protein deposits, m any of which are adducted to CEP. 
Because o f its particulate nature, it is possible that drusen from normal 
donor eyes may also induce inflam m asom e activation, however the 
concentrations of normal drusen in the retina, by definition, are lower 
than the concentrations of AMD drusen, and the biochemical com 
positions o f the two types o f drusen are different. These differences 
are probably crucial for the progression of AMD'**. A comparison of 
norm al and AMD drusen in relation to inflam m asom e activation, 
however, has not yet been made.

We have shown that CEP-HSA can prime the inflammasome through 
TLR2 activation, providing us with a naturally occurring priming agent 
that accumulates at focal points at high concentrations within the AMD 
eye. In the case of NLRP3, the danger signal is usually particulate and is 
extracellular in nature. C IQ , a component of drusen, has been shown 
to aggregate in an amyloid-like fashion^^. We show that C IQ  isolated 
from hum an blood activates the NLRP3 inflammasome in a m anner 
that is dependent on lysosomal acidification and cathepsin B.

The sterile inflam m atory response that occurs in AMD is prob
ably a result o f the focal necrosis that occurs in the RPE cells subad- 
jacent to excessive drusen accum ulation. D rusen accum ulation in 
the Bruch’s m em brane is a hallm ark feature and diagnostic indica
tor of early AMD developm ent and is thought to be central to the 
pathology o f the disease. A lthough we observed inflam m asom e acti
vation in m acrophages associated with AM D-like lesions in CEP- 
M SA -im m unized mice, our observations indicate a protective role 
for inflam m atory processes in the progression to CNV, the exudative 
form o f AMD, and directly oppose the current dogma that is directed 
at the suppression of inflam m atory processes in disease prevention. 
Indeed, it is now accepted that some am ount of inflam m ation, so- 
called ‘parainflam m ation’, may be beneficial to the host^^ '*'*. From a 
clinical perspective, although inflam m atory processes have long been 
associated with AMD pathology and disease development, we suggest 
that global inhibition of inflam m ation in the retina in the case of wet 
AMD would not be a sound therapy. Lending strength to our obser
vations, the results of recent clinical trials of infliximab (Remicade, 
which targets tum or necrosis factor a  (T N F-a)) in individuals with 
wet AMD"*^’̂  ̂showed that in m ore than 50% of these subjects, their 
sym ptom s were greatly exacerbated. The NLRP3 inflam m asom e has 
also recently been shown to confer protection, through IL-18 produc
tion, against experim ental colitis and colorectal cancer in mice''^’'**. 
Previous studies indicated that lL-18 has a key role in retinal vascular 
developm ent. m ice showed angiectasis and vascular leakage,
and VEGF and basic fibroblast growth factor concentrations were also 
upregulated in the Ul8~'~ m ouse retinas'*^’̂ ®. Anti-angiogenic roles 
for IL-18 have also been observed in post-ischem ic injury^* and in 
the inhib ition  o f tum or angiogenesis^^.

Activation of the NLRP3 inflam m asom e by drusen suggests that 
a balance may exist whereby a certain  focal am ount o f drusen is

tolerated because of its ability to induce IL-18, which, in tu rn , may 
act as an anti-angiogenic effector, m aintaining choroidal hom eostasis 
in an inflam m atory m icroenvironm ent. It is probable that once a 
critical level o f drusen accum ulates, its protective role is negated 
by the excessive damage to the surrounding  tissues that it causes. 
Notably, we have shown that drusen-inducible inflam m atory m ed i
ators are protective against CNV developm ent and that it is the 
resultant NLRP3-m ediated elevation of IL-18 concentra tions that 
prevents the downstream  production of VEGF. Moreover, IL-18 has 
been shown not to have a role in the developm ent of experim en
tal uveitis, a m ore conventional m odel o f inflam m ation, which has 
direct im plications for future form s of therapy deriving from  our 
findings^^. Overall, our observations directly implicate NLRP3 as a 
protective agent against the m ajor disease pathology of AM D and 
suggest that strategies aim ed at producing or delivering IL-18 to  the 
eye may be beneficial in preventing the progression of CNV in the 
context of wet AMD.

METHODS
M ethods and any associated references are available in the online 
version of the paper at http://w w w .nature.com /naturem edicine/.

No/e; Supplem entary inform ation is available on the Nature Medicine website.
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ONLINE METHODS
Drusen isolation. Drusen and minor amounts o f Bruchs membrane were iso
lated as previously described'*^ from six A M D  donor eyes (88M , 91F, 97M , 85F, 
85M  and 80M ) for use in these experiments. Human research was approved by 
the Research Committee, Eye and Ear Hospital, Dublin, and informed consent 
was obtained from all subjects.

CEP-HSA production. HSA (Sigma-Aldrich, USA) was adducted with CEP as 
previously described^'*.

ELISA analysis. ELISA was used to quantify cytokines in the supernatants 
from the various experimental groups used throughout this study. IL -1 p (R&D  
Systems), IL-18 (M BL International), IL -6 (R8cD Systems), T N F -a  (R8iD  
Systems) and VEGF (R8cD Systems) were analyzed throughout. A ll ELISAs 
were conducted a minimum of three times in triplicate. Inhibitors used during 
this study were added at the following concentrations 1 h before inflammasome 
activation: 1 Hg/ml of caspase-1 inhibitor V I (Calbiochem), 5 |iM  cytochalasin D  
(Sigma-Aldrich, Ireland), 10 CA-074 Me (cathepsin B inhibitor) (Sigma-
Aldrich, Ireland) and 10 ^ M  D PI (Sigma-Aldrich, Ireland).

Western blot analyses. Antibodies specific for caspase-1 (Santa Cruz Biotech), 
p-actin (Abeam), NLRP3 (Sigma-Aldrich, Ireland) and TLR-4 (Santa Cruz 
Biotech) were incubated on polyvinylidene fluoride (P V D F) membranes over
night at 4 ®C. A ll antibodies were used at a dilution of 1 ;500 except P-actin, which 
was used at a dilution of 1:5,000. Membranes were washed with Tris-buffered 
saline and incubated with a secondary antibody to rabbit immunoglobulin G 
(IgG) with horseradish peroxidase conjugates (1:2,500) (Sigma-Aldrich, 
Ireland) or mouse IgG (1:1,000) (Sigma-Aldrich, Ireland) for 3 h at room 
temperature. Immune complexes were detected using enhanced chemilumines- 
cence. A ll western blots were repeated a m inimum  o f three times.

Cell culture. Cells from the A R PE-I9  line (American Type Culture Collection 
CRL 2302) were obtained from LGC Promochem, and T H P l cells and primary 
isolated human PBMCs were used for the in vitro inflammasome activation 
assays. Cells were cultured at 37 ®C in 5% C Oj, 95% air in a 1:1 mixture of D M E M  
and Hams F I2 medium with 1.2 g/1 sodium bicarbonate, 2.5 m M  L-glutamine, 
15 m M  4-(2-hydroxyethyl)-l-piperazine-ethanesulfonic acid (HEPES), 0.5 m M  
sodium pyruvate (Sigma-Aldrich) and 10% FCS. Primary BM DCs and BM DM s  
were also isolated from W T, Nlrp3~'^, Tlr2^^~, C 3H /H e N  and C3H/HeJ mice 
on a congenic C57BL/6 background. BMDCs and B M D M s were stained with 
antibodies to G D I Ic-A PC  and G D I lb-PeCy7. Cells were gated on live single 
cells, and expression of C D l lc  and G D I lb  was assessed by flow cytometry 
(Supplementary Fig. 13). Mouse bEnd.3 microvascular endothelial cells were 
grown on fibronectin-coated (Sigma-Aldrich, Ireland) tissue culture flasks in 
D M E M  containing glutamax and 10% FCS.

ASC speck formation analyses. Immortalized B M DM s (Gift from E. Latz, 
University of Bonn) expressing YFP-labeled ASC were primed with LPS, HSA or 
CEP-HSA and then activated with drusen or C l Q for 3 or 6 h, respectively. Live-cell 
imaging of speck formation was undertaken using a temperature- and CO 2- 
regulated confocal laser scanning microscope (Olympus FluoView T M  FVIOOO).

CEP-MSA im m unization. We used standard mouse immunization protocols^^ 
We anesthetized mice with ketamine and xylazine in PBS (80-90 mg per kg 
of body weight o f ketamine and 2 -10  m g/m l of xylazine). We used 200 |ig 
of CEP-MSA in complete Freund’s adjuvant (CFA) or incomplete Freunds 
adjucant (IFA ) (D ifco Labs) for the in itial dose and all booster doses, as 
described previously*®.

Mouse models o f CNV. A ll mouse experiments conducted during the course of 
this work adhered to the Association for Research in Vision and Ophthalmology 
(A RVO ) standards, and approval from the Trinity College Dublin animal 
research ethics committee was obtained before commencement of the work. 
CNV, in which the vascular bed proliferates into the retina, mimicking neovas- 
cular A M D , was induced in mice using a green 532-nm Iridex Iris laser (532 nm, 
140 mW, 100 mSec, 50 ^m  spot size, three spots per eye) incorporating a 
microscopic delivery system, as described previously^^ This technique was 
used to induce C N V  in Nlrp3~'~, //2ri"^“, IL18~'~ and W T  mice, and in each 
experimental assay, the mice were age and gender matched. In tandem, we also 
directly injected, intravitreally after laser burn, neutralizing antibodies directed 
against IL -18 (Abeam). Mice were euthanized 6 d after the experiment, and their 
neural retinas were removed. The eye cups of the mice were then incubated 
with a Griffonia simplicifolia isolectin Alexa-568 molecule (Molecular Probes) 
(1:300) overnight at 4 ®C, and CNVs were assessed by confocal microscopy 
(Supplementary Fig. I4a,b).

Indirect im m unostaining o f retinal flatm ounts and retinal cryosections.
Indirect immunostaining was used to analyze activated macrophages and 
cleaved caspase-1, which were present in the neural retinas in the mouse models 
of A M D . Antibodies against F4/80, CD68 (Abeam) for activated macrophages, 
caspase-1 (PIO) (Santa Cruz Biotech), NLRP3 (Santa Cruz Biotech and Abeam) 
and IL -18 (Abeam) were used at a dilution of 1:100 in conjunction with confocal 
laser scanning microscopy (Olympus FluoView T M  FVIOOO).

Statistical analyses. Statistical analyses were performed using two-tailed 
Students t test, with statistical significance being considered at P < 0.05 when 
two Individual experimental groups were being analyzed. For multiple compari
sons, as was the ease in the ELISA analyses, analysis of variance was used with a 
Tukey-Kramer post test, and significance was considered at P < 0.05.

ERG analysis. ERG analysis was undertaken as previously described^^.

Additional methods. Detailed methodology is described in the Supplementary 
Methods.

54. Gu, X. et al. Oxidatively truncated docosahexaenoate phospholipids: total synthesis, 
generation, and peptide adduction chemistry. J. Org. Chem. 68 , 3 7 4 9 -3 7 6 1
(2 0 0 3 ).

5 5 . Percopo, C.M ., Hooks, J.J., Shinohara, T., Caspi, R. & Detrick, B. Cytokine-mediated 
activation of a neuronal retinal resident cell provokes antigen presentation. 
J. Immunol. 145 , 4 1 0 1 -4 1 0 7  (1 9 9 0 ).

5 6 . Marmor, M.F. e t al. ISCEV Standard for fult-field clinical electroretinography (2 0 0 8  
update). Doc. Optithalmol. 1, 6 9 - 7 7  (2 0 0 9 ).
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Editor's Summary

Treating Age-Related Macular Degeneration with IL-18

Age-related macular degeneration (AMD) comes in two forms: "wet" and "dry." Dry AMD is characterized by the 
death of various eye cells, whereas wet AMD arises from the formation of new blood vessels in the choroid. The only 
treatment for AMD is antibodies against growth factors that regulate vascular growth; this is not a cure, but rather a 
chronic therapy requiring direct injection into the eye. Seeking out a new therapy, Doyle and colleagues found that an 
inflammatory cytokine, interleukin-18 (IL-18), works to prevent neovascularization in animal models. The eyes of mice 
were hit with a laser to induce blood vessel growth, or choroidal neovascularization (CNV), which mimics the human 
AMD pathology. Recombinant, mature IL-18 injected into the eyes of mice or subcutaneously limited CNV formation. It 
has been suggested that IL-18 is toxic, but Doyle et al. showed that this is not the case through in vitro and in vivo 
studies; the "pro" form of the cytokine is, however, and can be regulated by autophagy. Because IL-18 is being tested 
in patients with cancer, the authors believe that this could translate and readily complement existing antiangiogenic 
strategies currently used for AMD, such as the antibody-based therapies targeting vascular endothelial growth factor 
(VEGF).
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IL-18 Attenuates Experimental Choroidal 
Neovascularization as a Potential Therapy for Wet 
Age-Related Macular Degeneration
Sarah L. D o y l e , E m a  Ozaki,^ Kiva Brennan/ Marian M. Hunfiphries,^ Kelly Mulfaul,^'^
James Keaney,^ Paul F. Kenna,^'^ Arvydas Maminlshkls,^ Anna-Sophia Kiang,^ Sean P. Saunders/ 
Emily H am s/ Ed C. Lavelle/ Clair G ardiner/ Padraic G. Fallon/ Peter Adamson/
Peter Hum phries/ Matthew Campbell^*

Age-related macular degeneration (AMD) is the most common form of central retinal blindness globally. Distinct pro
cesses of the Innate immune system, specifically activation of the NLRP3 inflammasome, have been shown to play a 
central role in the development of both "dry" and neovascular ("wet") forms of the disease. We show that the inflam
matory cytokine interleukin-18 (IL-18) can regulate choroidal neovascularization formation in mice. We observed that 
exogenous administration of mature recombinant IL-18 has no effect on retinal pigment epithelial (RPE) cell viability, 
but that overexpression of pro-IL-18 or pro-IL-1 p alone can cause RPE cell swelling and subsequent atrophy, a process 
that can be inhibited by the promotion of autophagy. A direct comparison of local and systemic administration of 
mature recombinant IL-18 with current anti-VEGF (vascular endothelial growth factor)-based therapeutic strategies 
shows that IL-18 treatment works effectively alone and more effectively in combination with anti-VEGF therapy and 
represents a novel therapeutic strategy for the treatment of wet AMD.

INTRODUCTION
Age-related macular degeneration (A M D ) is the leading cause o f cen
tral vision loss in developed countries, affecting l in  10 people older than 
50 years (http://vvww.amdalliance.org). W ith  a global increase in  the 
aging population, concurrent vrith improved life expectancy, the numbers 
suffering with this progressive, late-onset disease are predicted to increase 
in 2050 by 50% (I).  A M D  is a complex disease, and a comprehensive 
understanding o f its pathogenesis remains incomplete; however, it is 
strongly associated w ith  chronic oxidative stress and inflamm ation.

I'he inflammatory response in the mammalian system is triggered 
when microbes or toxins are identified by pattern recognition receptors 
(2), which can induce proinflammatory gene expression (3) or lead to 
the formation o f multiprotein platforms known as inflammasomes (4). 
Inflammasomes control the maturation o f two major proinflammatory 
cytokines, interleukin-1(3 ( IL - ip )  and IL-18, by allowing for their cleav
age from  inactive precursors into mature cytokines. Aberrant “ sterile” 
inflammation—inflammation in the absence o f infection—is believed to 
be at the center o f a range o f age-related disease and occurs when host- 
derived elements are modified and/or accumulate to form deposits that 
are not easily cleared.

Early A M D  can progress to two late forms o f disease: advanced 
“dry,”  characterized by the death o f underlying retinal pigment epithe
lium  (RPE) and cone photoreceptor cells, or exudative “wet”  A M D , 
characterized by pathological neovascularization o f the choroid [choroi
dal neovascularization (CNV)]. In wet AM D , new blood vessels break

'Department o f Clinical Medicine, School o f Medicine, Trinity College Dublin, Dublin 2, 
Ireland. "National Children's Research Centre, Our Lady's Children's Hospital, Crumlin, Dublin 
12, Ireland. 'Ocular Genetics Unit, Smurfit Institute o f Genetics, Trinity College Dublin, Dublin 
2, Ireland. “School o f Biochemistry and Immunology, Immunology Research Centre, Trinity 
Biomedical Sciences Institute, Trinity College, Dublin 2, Ireland. 'Research Foundation, Royal 
Viaoria Eye a rri Ear Hospital, Adelaide Road, Dublin 2, Ireland. '’National Eye Institute, 
National Institutes o f Health, Bethesda, MD 20892-0001, USA. 'Trinity Biomedical Sciences 
Institute. School of Medicine, Trinity College Dublin, Dublin 2, Ireland. “Ophthiris Discovery 
Performance Unit. GlaxoSmithKline, Stevenage SGI 2NY, UK
"Corresponding author. E-mail: matthewcampbell@tcd.ie (M.C): sarah.doyle@tcd.ie (S.L.D.)

through Bruch’s membrane/RPE and hemorrhage, causing a blood clot 
to form between the RPE and foveal cone photoreceptors, resulting in 
immediate central retinal blindness. About 10 to 15% o f individuals 
with dry A M D  w ill progress to the wet form; yet, it is this m inority form 
o f the disease that accounts for almost 90% o f the blindness caused by 
the condition (5).

Current antibody-based therapies for A M D  target advanced end 
stages o f the disease by inh ib iting the activity o f vascular endothelial 
growth factor (VEGF) (6). Although this is the only form o f effective 
therapy for A M D  currently in use clinically, its use requires direct 
and regular intraocular injection o f monoclonal antibodies (Lucentis, 
Avastin, or the fusion protein Eyiea), which carries with it the risk o f 
retinal detachment, hemorrhage, and infection (7, 8). Moreover, their 
use is lim ited to advanced disease, and there has been no identifiable 
end stage to the treatment, w ith some patients having received in excess 
o f 100 injections in a single eye.

We and others recently reported that the NLRP3 inflammasome is 
activated in A M D , inducing the production o f IL - lp  and IL-18, in re
sponse to the aggregation o f modified host components (9-12). Our 
study (9) described a role for the NLRP3 inflammasome in protecting 
against progression to wet A M D , demonstrating that the absence o f IL- 
18—but not IL -1P—signaling resulted in excessive CNV development 
and suggested that IL-18 specifically regulates angiogenesis in the cho
roid. We therefore concluded that treatment o f late A M D  with IL-18 
may prevent the onset o f CNV (9).

Human recombinant IL-18 [GlaxoSmithKline (GSK) clinical asset 
SB-485232] has already entered a range o f clinical trials fo r the treat
ment o f solid tumors, metastatic melanoma, peritoneal carcinoma, non- 
Hodgkin’s lymphoma, and a range o f other cancers (ClinicalTrials.gov 
identifiers: NCIXX)107718, NC1X)0085904, NCIX)050005a aixi N C I’00659178) 
(13-16). It has been administered intravenously and subcutaneously, 
and there is now a large cohort o f data pertaining to systemic tolerance 
o f recombinant human IL-18 in patients; however, it  has never been 
deployed for use in AM D. Here, we extend our previous findings and
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determine that the use o f mature recombinant IL -18 as an antiangiogenic 
therapy is viable as evidenced by a series o f dosing regimes in a murine 
model o f wet AMD. Furthermore, we establish that direct application of 
recombinant mature IL -18 to the RPE does not induce cell death, as had 
previously been hypothesized (10), and outline a general mechanism for 
RPE cell death in response to overexpression o f the proforms o f IL-18 or 
IL -ip  that can be abrogated by autophagy. The use o f IL-18 in the treat
ment o f CNV secondary to wet A M D  holds immense potential thera
peutic value for patients as evidenced by the potency o f IL-18 as an 
antiangiogenic factor in the eye, coupled with its proven safety in hu
man subjects as a systemic agent.

RESULTS

IL-18 is biologically active in primary human 
and mouse cells
We assessed the activity o f the commercially available recombinant 
mature human IL-18 from  R&D Systems alongside the GSK clinical 
asset, recombinant human IL-18 (SB-485232) (13), on natural killer 
(NK) cells in vitro. Both IL-18 (R&D Systems) and IL-18 (GSK) pro
moted the degradation o f inhibitor o f k B (IkB) 5 m in after treatment, 
indicating activation o f the nuclear factor k B (NFkB) pathway (Fig. 1 A). 
Both sources o f recombinant IL-18 also caused the phosphorylation o f 
p38 mitogen-activated protein kinase (M  APK) after 5 m in o f treatment, 
which was maintained over time, demonstrating that IL-18 engaged 
with its receptor complex to induce the M APK pathway (Fig. lA ).

IL-18 partly regulates the immune response by inducing interferon-y 
(IFN-y) production in T cells and N K  cells. We next assessed the ability 
o f both IL-18 sources to activate NK cells and to promote the induction 
o f IFN-y. Human peripheral blood mononuclear cells (PBMCs) were left 
untreated or treated vvith IL-I2, IL-18 (R&D Systems), IL-18 (GSK), or 
both IL -I2  and IL-18 from both sources. IL-18 alone increased the per
centage of CD56^CD3“  NK cells expressing CD69 by about fourfold (Fig. 
IB). In conjunction with IL-12, this increased to about 10-fold CD69 in
duction for both sources o f IL-18. Contrary to this, IL-18 alone was not 
able to induce IFN-y; however, in conjunction with IL-12, IL-18 strongly 
promoted IFN-y induction (Fig. 1C). Similar results were observed when 
PBMCs were gated for CD56*CD3* NK T  cells (fig. SI). These data in
dicate that the clinical asset IL-18 (GSK) acts as expected, paralleling 
results observed with commercially available IL-18 (R&D Systems).

We repeated flow cytometry analysis using the murine analogs o f 
IL-18 (m IL -I8 ), again sourced from  R&D Systems or GSK (named 
SB-528775) on splenocytes isolated from C57BL/6I mice. Splenocytes 
were left untreated or treated w ith  IL-12, m IL-18 (R&D Systems), 
m IL-18 (GSK), or both IL-12 and m IL 1 8  from  both sources. Both 
sources o f m IL-18 up-regulated the expression o f CD69 and induced 
IFN-y in N K p46*N K l.I*C D 3 ' splenocytes, in conjunction with IL-12; 
m lL -18 (GSK) was significantly more potent than IL -18 (R&D Systems) 
(Fig. I, D and E).

IL-18 is biologically active in RPE cells but does not affect 
cell viability
I'arallo et al. reported that IL-18 was toxic to hiunan RPE cells via an 
autoregulated and MyD88-dependent pathway (10). We next tested 
whether recombinant human IL -18 (GSK) would cause cell death when 
administered directly to human RPE cells (ARPE-19 cell line). We 
measured cell viability in response to increasing doses o f IL-18 (GSK).

n iere  was no measurable cell death of ARPE-19 cells even at a hyperphys- 
iological dose o f 10 ng/ml (Fig. 2A). Furthermore, there were no discern
ible differences in the morphology o f the ARPE-19 cells when treated 
with increasing doses o f IL -18 (GSK) up to and including 10 ng/ml over 
a 24-hour period (fig. S2A). Furthermore, there was no difference in 
levels o f the tight junction-associated component occludin in these 
samples, implying that the plasma membrane and tight junction were 
intact (fig. S2B).

To investigate whether IL-18 could induce cell death in an alternative 
cell type, we treated human TH P l monocytes with increasing doses o f 
human IL-18 (GSK). Once again, we observed no measurable cell death 
even at high concentrations o f IL -18 (10 ng/ml) (Fig. 2B). In addition, we 
measured ARPE-19 cell viability at various time points after treatment 
with IL-18 and observed no significant effects on cell viability (fig. S3).

ARPE-19 cells were also able to respond to IL-18 in a classical sense, 
as shown by a temporary decrease in iKB in  cells treated with IL-18(Fig. 
2C). IkB degradation was also observed in ARPE-19 cells treated with 
IL -ip , w ith complete degradation after 10 m in and recovery by 60 min 
(Fig. 2C). We also observed increased phosphorylation o f p38 MAPK 
after stimulation o f ARPE-19 cells vnth either IL-18 or IL -ip  (Fig. 2C).

Given the biological activity o f IL-18 in mediating Ik B degradation, 
we determined the differential regulation o f genes associated w ith NFk B 
signaling 6 and 24 hours after stimulation o f ARPE-19 cells with human 
IL-18 (GSK). O f 84 genes, we observed significant differences in only 8 
genes at the 6-hour time point and 7 genes at the 24-hour time point 
(Fig. 2D). No other NFKB-associated genes were differentially regulated 
at these time points (figs. S4 and S5).

Following our previous findings that IL-18 had antiangiogenic prop
erties in the rodent eye (9) with respect to CNV development, we sought 
to elucidate differential regulation o f expression o f angiogenesis- and 
immune-associated components 24 hours after treatment o f ARPE-19 
cells with IL-18. We observed only decreases in angiogenesis-associated 
proteins and cytokines, with no up-regulation o f any component tested 
(Fig. 2E and fig. S6).

ARPE-19 cells are a commonly used cell line in ophthalmic research; 
however, this cell line differs considerably in both phenotype and geno
type from native RPE cells (17). Hence, we ascertained the effects o f IL- 
18 on primary human RPE cells from three donors (see fig. S7 for donor 
genotypes). We observed no apoptosis/necrosis or change in morphol
ogy after treating the primary RPE cells for 24 hours with increasing 
doses o f IL-18 (fig. S8).

To determine whether there were any adverse effects on plasma 
membrane and tight junction integrity, we stained monolayers o f 
primary RPE cells for zonula occludens-1 (ZO -1)—a scaffolding protein 
localized at tight junctions and expressed at the apical periphery o f RPE 
cells. We observed no change in the pattern o f Z O -1 staining at the cell 
peripheries, and punctate Z O -1 staining was observed up to and includ
ing stimulation o f cells for 24 hours with IL-18 (1 ng/ml) (Fig. 2F). Con- 
focal, three-dimensional Z-stack im aging showed that the apical 
expression o f ZO-1 was unaffected after treatment o f cells v\ith IL-18 
(fig. S9). ZO-1 levels after treatment w ith mature IL-18 showed no 
change with increasing doses o f IL-18 (fig. SIO).

Pro-IL-18 and pro-IL-1|i overexpression causes RPE 
cell swelling
Our observations that mature recombinant IL-18 was unable to induce 
RPE cell death despite being biologically active in  this cell type did 
not correlate with the mechanism proposed in (10). To investigate this
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discrepancy, we looked to the immature precursor of active IL-18, called 
pro-IL-18. W e transfected ARPE-19 cells with vectors expressing pro- 
IL-18 or pro-IL-Ip  and analyzed cell morphology 24 hours later (Fig. 3, 
A and B). ARPE-19 cells overexpressing pro-IL-18 or pro-IL-1 p swelled— 
rather than apoptosed or blebbed—at concentrations of complementary 
DNA (cDNA) ranging from 10 to 1000 ng/ml (fig. SI 1). At the highest 
concentration o f p ro-IL -18 or p ro -IL -Ip  (1000 ng/ml), cell integrity 
was completely compromised even in cells transfected with an empty 
vector (fig. SI 1, C and D).

Ov'erexpressing p ro-IL -18 and p ro-IL -Ip  induced the expression of 
NLRP3 in ARPE-19 cells, the expression of which was low otherwise

(Fig. 3A), suggesting transcriptional induction of NLRP3. To investigate 
whether NLRP3 inflammasome component expression was causing 
this RPE cell swelling, we treated ARPE-19 cells for 3 hours with IL-la 
or tum or necrosis facto r-a  (TNF-a) (Fig. 3C) to induce expression 
of NLRP3, pro-caspase-1, and p ro -IL -1 p. Cells w’ere then treated with 
adenosine triphosphate (ATP) to activate the NLRP3 inflammasome. 
RPE cell swelling was again clearly evident within a short period of 
time (Fig. 3C). These findings suggest that classical NLRP3 inflamma
some activation causes RPE cell swelling.

We next investigated the effects of pro-IL-18 overexpression in vivo 
in m urine RPE. An adeno-associated virus (AAV) vector expressing

IL-IS (R&O) IL-18 IGSK)

T u b u l i n

B Human NK cells

il

Unstimulated IL-12 IL-18 (R&D) IL-18 (GSK)

6.94 1 33.86
U i 6

34.90
M M

31.06

i L ' A m
OXXI o.« Q.OO I  a.« m 0.W 9<H

C 069

IL-12/IL-18 (R&D) IL-12/IL-18 (GSK)

£ 100 '

il

5TST
71.46 70.48

^  .

0« iM 0.M

C Human NK cells
U nstim ulated IL-12

P * 0.0004
0.0011

P s  0 .0122 

P  = 0.0179
P  40

V  20

IL-18 (GSK)IL-18 (R&D)

! 2.68 

/ i

5.38

H ,

trw

i

2.32
i n r

1

3.13

QilC 1 UN 0.00 0 « OJO. 0,0< OM o.o<

IFN-y

s n s i

1

63.15
m r

1

66.93

. #

o.» 0.0C eoe 00<

IFN-y

~ 8 0
P = 0 .0062

Mouse splenocytes
U nstim ulated IL-12 mlL-18 (R&O) mlL-18 (GSK)

7.35
H U

23.40 9.98 68.61

?,99 0.0( m 04K 0.00 0« 000 _ j 0,«

CD69

IL-12/mll-18 (R&D) IL-12/mlL-18 (GSK)

ooa

31.54
HSI

70.69

P0< 000 0«

CD69

E Mouse splenocytes
U nstim ulated IL-12

0.0002
0  0158

S I X
^ = 0.0002

P = 0.0248

mlL-18 (R&D) mlL-18 (GSK)
5H?-----

1.22 3.4 1.04 6.39

OilQ ...flJI UK. DJM UK OM DJQB... J ajM

IFN-y

IL-12/mlL-18 (R&D) IL-12/mlL-18 (GSK)

23.46 84.20

Z

p -0.0001
^  80

E 60 0.0130

^Ar .riJ  ajy

y y
Fig. 1. Comparison of IL-18 (R&D Systems) and IL-18 (GSK). (A) NKL cells 
treated with human IL-18 (25 ng/ml) as indicated and immunoblotted for IkB, 
phospho-p38 MARK, and tubulin. R epresentative of th ree  independen t 
experiments. (B) Human PBMCs were stimulated with IL-18 (R&D Systems) or 
IL-18 (GSK) (25 ng/ml, 18 hours), alone or in combination with IL-12 (30 ng/ml), 
and analyzed for CD69* NK cells (gated on CD56*CD3“ cells). (C) Levels of IFN-y 
in NK cells from PBMCs costimulated with IL-12 and IL-18 (R&D Systems). (D) 

CD69* NK cells in C57BL/6J mouse splenocytes (gated on NKp46*NK1.1'^CD3“ NK cells) stimulated with IL-18 (GSK) (25 ng/ml, 18 hours) with or without 
IL-12 (10 ng/ml). (E) Intracellular IFN-y in mouse NK cells from splenocytes costimulated with IL-12 and mlL-18 (R&D Systems). Data in (B)and (C) are means ± SEM 
(n = 4 human donors). Data in (D) and (E) are m eans ± SEM (n = 5 mice, three independent experiments). P  values in (B) to  (E) were determ ined by analysis 
of variance (ANOVA) with Dunnett's multiple comparison test.
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mouse p ro-IL -18 cDNA, which could cirive the expression o f enhanced 
green fluorescent protein (eGFP), was administered subretinally to 
wild-type mice. Two weeks after inoculation o f this AAV, RPE cell 
swelling and pro-IL-18 expression were observed within the RPE and 
neural retina of wild-type mice (Fig. 3E, top panels). M rp y '~  mice 
displayed an identical phenotype to the wild-type mice with subretinal 
administration of pro-IL-18 (Fig. 3E, bottom panels), suggesting that 
the RPE cell swelling induced by pro-IL-18 was independent o f the 
NLRP3 inflammasome. Quantitative analysis of RPE cell swelling in ret
inal cryosections showed no significant difference between wild-type 
and Nlrp3'^~ mice (Fig. 3F). The pattern and extent of AAV transduc
tion in wild-type and Nlrp3~'~ retinas are shown in fig. SI2.

To assess the impact o f pro-IL-18 on the integrity of the neural 
retina in vivo in real time, we assessed the laminar structure of the neu
ral retina using optical coherence tom ography (OCT) in wild-type 
and Nlrp3~'~ mice 2 weeks after subretinal injection of the pro-IL- 
18 AAV. Although the swollen RPE cells were clearly visible by OCT 
in both wild-type and Nlrp3~'~ mice (Fig. 3G), there was no signif

icant impact on the integrity o f the neural retina, as assessed by ex
am ining the thickness o f the outer nuclear layer (ONL) (Fig. 3H). 
This implies that, kinetically, the cell swelling induced by pro-IL-18 
is RPE-specific.

After 3 months, rod-isolated electroretinography (ERG) showed a 
diminished readout when pro-IL-18 was overexpressed in the RPE of 
wild-type mice (fig. S13A), indicating vision impairment. Histological 
examination of the retinas of wild-type mice 2 weeks after injection of 
the pro-I L-18 AAV showed the cell swelling phenotype persisting in the 
RPE even at AAV titers as low as 0.75 x l o "  genome copies/ml (fig. 
S13B). Although cell swelling was still evident in some RPE cells, with 
some RPE cell debris (possibly cell lysis), the ONL had diminished to 2 
to 3 rows of nuclei (about 20 jam) (fig. S13C) from about 12 to 14 rows, 
likely as a result of RPE cell death over time.

Because there was no evidence of apoptosis occurring in A RPE-19 
cells after overexpression o f pro-IL-18 or p ro -IL -ip  (Fig. 3B), we 
ascertained if other cell death mechanisms were evident by analyzing 
the differential expression of 84 human genes associated with necrosis.
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Fig. 2. Bioactivity o f IL-18 and RPE cell response. (A and B) Viability of ARPE-19 cells (A) 
and human myeloid cell line THPl (B) treated vi/ith increasing doses of IL-18 (GSK) for 24 
hours. Data are means ± SEM (n = 3 replicates for trypan, 6 for MTS, in three Independent 
experiments). Staurosporine and/or 0.2% SDS w ere used as controls. P values were 
determined by ANOVA with Tukey post hoc test. (C) Western blot of kB  and phospho- 
p38 levels after treatm ent of ARPE-19 cells with IL-18 or IL-1 p for varying am ounts of time. 
p-ActIn served as control. (D) NpKB-associated genes were differentially regulated in ARPE- 

19 cells treated with IL-18 for 6 hours. *P < 0.05, **P < 0,01 versus respective untreated controls. Student's f test. Data are means ± SEM {n =  3). (E) Proteome 
array analysis of angiogenesis-associated proteins and cytokines in the medium of ARPE-19 cells treated with IL-18 (40 ng/ml) (R&D Systems) for 24 hours. (F) 
Expression and localization of ZO-1 in primary human RPE cells treated with increasing doses of IL-18 (R&D Systems) for 24 hours. Images are representative of 
two biological repeats on different donors. Scale bar, 20 nm.
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ARPE-19 cells were transfected with an empty vector, pro-IL-18 cDNA, 
or p ro-lL -lp  cDNA, and RNA was isolated 24 hours later. None of these 
genes were significantly differentially regulated when pro-1 L-18 was 
overexpressed (fig. S14), whereas only four genes were significantly dif
ferentially regulated when pro-IL-ip  was overexpressed (fig. S15). These 
data suggest that the cell swelling and any subsequent cell death in re
sponse to p ro-IL -18 are regulated at posttranscriptional and/or post- 
translational levels.

To conclusively show that pro-IL-18 overexpression did not cause the 
oligomerization of the inflammasome, murine macrophages stably trans
fected to overexpress NLRP3 and apoptosis-associated Speck-like p ro
tein containing a caspase recruitm ent dom ain (ASC)-cerulean were 
left untreated, treated with ATP, or transfected for 24 hours with either 
empty vector or mouse pro-IL -18. Although A TP caused ASC oligo
merization (speck formation) indicative o f NLRP3 inflammasome for-

6V 10 n g/m l

118 kO

Pro-IL-18 Pro-IL-IB IL-la IL-la + ATP

Pro-IL-lp

Pro-IL-18

p-A ctin
TNF-a TNF-a + ATP

Pro-IL-18 cONA

P = 0.1018

WT
(n = 8)

Nlrp3 
[n = 8)

P = 0.5014

Nlrp3''
(n = 6)

Fig. 3. Cell swelling with overexpression of pro-IL-18 and pro-IL-1|i in human RPE cells. (A and B)
Western blot analysis (A) and phase-contrast images (B) of NLRP3, pro-IL-ip, and pro-IL-18 in ARPE-19 
cells 24 hours after transfection with em pty vector (EV), pro-IL-18 cDNA, or pro-IL-ip cDNA. Treatm ent 
with higher concentrations is in fig. S11. Scale bar, 20 jim. (C) Phase-contrast im ages of cells treated  
with IL-la or TNF-a (3 hours) ± ATP for 30 min. Scale bars, 20 pm. (D) Plasmid m ap of m ouse pro-IL-18 
vector driving eGFP expression. ITR, inverted term inal repeat; CMV, cytomegalovirus; IRES, internal 
ribosom e entry site; AmpR, ampicillin resistance. (E) Histological sections o f wild-type (WT) and 
Nlrp3~'~ retinas from eyes injected with pro-IL-18 AAV, OPL, outer plexiform layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 50 |jm. (F) Num ber of swollen cells 
per section of WT and Nlrp3~'~ mice injected with pro-IL-18-expressing AAV. Data representative of 
three m easurem ents per retina with eight mice per group. P value was determ ined by Student's f test.
(G) OCT analysis of WT and N!rp3~'~ retinas 2 weeks after injection of pro-IL-18 AAV. Scale bar, 200 jim.
(H) ONL thickness in WT and N!rp3~'~ retinas 2 weeks after injection of pro-IL-18 AAV. Data are means 
of three m easurem ents per retina of ONL thickness (n = 6 mice per group). P value was determ ined 
by S tudent's f test.

mation, overexpression of pro-IL-18 did not cause inflam masom e 
formation (fig. SI6).

RPE cell sw elling Is inh ib ited  by th e  prom otion  of au to p h ag y
O ur observations indicate that cell swelling in response to p ro -  
IL-18 is NLRP3 in flam m aso m e-in d ep en d en t. W e investigated  
w hether autophagy was involved in regulating cell swelling induced 
by pro-IL -18. W estern blot analysis showed that transfection o f 
hum an ARPE-19 cells with either pro-IL -ip  or pro-IL-18 constructs 
resulted in an up-regulation of light chain 3 (LC3-I), a protein in
volved in autophagy, when compared with an empty vector control 
(fig. S17A). LC3-II, which is found on autophagosome membranes, 
was also present after treatm ent. Retinal cryosections from wild- 
type mice stained positive for LC3 after subretinal inoculation of pro- 
IL-18 cDNA (fig. S17B). Punctate LC3 was observed in the RPE, in the 

region positive for pro-IL-18, suggesting 
that LC3* autophagosom es form in re
sponse to pro-IL-18.

Rapamycin—a pharmacological agent 
that induces autophagy—inhibited ARPE-19 
cell swelling induced by pro-IL-18 and pro- 
IL-ip (fig S17C), indicating that promoting 
autophagy results in the inhibition of pro- 
IL-18- and pro-IL-Ip-mediated cell swell
ing. Conversely, 3-methyladenine (3-MA), 
an inhibitor of autophagy, effected no sig
nificant difference in the numbers of ARPE- 
19 cell swelling in response to pro-IL-18 or 
pro-IL-ip (fig. S17C). Both rapamycin and 
3-MA slightly reduced the metabolic status 
of ARPE-19 cells (fig. S17D), but neither 
afl^ected cell viability (fig. S17E).

Intravitreal injection o f IL-18 
a tte n u a te s  CNV
Here, there were contrasts in the cell death 
response of RPE cells to mature IL-18 and 
pro-IL-18. Therefore, we assessed the 
safety/tolerability o f recom binant IL-18 
when injected intravitreally in mice. In the 
study by Tarallo et al. {10), intravitreal in
jection of mice with an undisclosed dose o f 
IL-18 (from Medical & Biological Labora
tories) was reported to cause RPE-specific 
cell death. We injected increasing doses 
o f mouse IL-18 (GSK) into the vitreous of 
C57BL/6J mice [animals used in (JO)] and 
enucleated the eyes 24 hours later. We ob
served abundant dead and dying cells at 
doses ofIL-18 (>1 |ig/ml), but no cell death 
below this threshold (Fig. 4, A and B). More
over, the dying cells w'ere distributed through
out the retina and were not concentrated 
solely at the RPE (Fig. 4A).

We also analyzed retinal ftmction o f 
mice receiving intravitreal injection of 
IL-18. Although there were evident—yet 
not significant—decreases in ERG responses
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R E S E A R C H  ARTI CLE

after in jection  o f  lL-18 (1 |ig /m l), these w ere exceedingly  variab le  
(Fig. 4C ). Low er d oses o f  IL-18 d id  n o t cause  an y  a b e r ra n t ERG 
resp o n ses.

T w en ty -fou r hou rs after in jec tion  o f  IL-18 (200 ng /m l), an  im 
m u n e  cell infiltrate  was p resen t in th e  v itreous, b u t the  RPE w as p e r 
fectly preserved (Fig. 4D). A t a nonphysiological dose o f IL-18 (I |ig/m l), 
this im m une cell infiltrate was also present with RPE atrophy in som e 
regions. A t a physiological dose o f 50 ng/m l, IL-18 did not alTect the in 
tegrity o f  the retina o r the RPE (Fig, 4D). O CT analysis o f the retina after 
in trav itreal in jection  o f  IL-18 a t a range o f  doses show ed  n u m ero u s 
vitreal bodies, likely im m une cell infiltrates, at a dose o f  1 Hg/ml, with 
neural retina enhancements visible in mice injected with IL-18 (200 ng/ml) 
(Fig. 4E). These features are likely due to  activated m icrovascular endo
thelial cells and  recruitm ent o f  systemic im m une cells, but this was no t 
investigated.

Given the potent biological activity o f IL-18 at doses of 10 to 50 ng/m l, 
we com pared intravitreal adm inistration  o f  IL-18 to  anti-V EG F th er
apy, currently the only available treatm ent for patients with wet AM D. 
D M S1529, a m u rin e  V E G F -neu traliz ing  dom ain-specific  an tibody , 
w hich is considered  a m urine  analog  o f  Lucentis an d  Avastin (used 
clinically), was injected intravitreally after laser-induced CNV in mice. 
Similar to a previous report ( J S), D M S1529 decreased CN V  volum e sig
nificantly (Fig. 4F). Injecting DM S1529 in tandem  with IL-18 was even 
m ore effective at attenuating CN V  developm ent than  anti-V EG F th e r
apy alone.

Hematopoietic cell-derived IL-18 regulates and prevents 
laser-induced CNV development
W e pre\'iously show ed th a t IlI8~'~ m ice developed exacerbated CNV 
(9), im plying that this cytokine directly regulates C N V  developm ent.

P  = 0.0082

Vehicle
B ^20

50 ng/m l 100 ng/m l 1 ug/m l 10 ug/m l

/  /  /  /
IL-18

IL-18

IL-18 (50 ng/ml) Vehicle 50 ng/ml 200 ng/ml 1 ng/ml

Vehicle control

^ i T B i L j  j
sCTnmpmi SSSSS

IL-18 (200 ng/ml)

—      _  ^  — *

IL-18 (1 ^g/ml) --------  ■ ' '

 IL-18 (1 ng/m l)IL-18 (50 ng/m l IL-18 (200 ng/ml)

^  £■ 150,000-
0.0001

£ 100,000-

50,000

P -  0.0003

Vehicle DMS1529 IL-18 DMS1529-i-IL-18 Fig. 4 . Intravitreal in jection  o f  IL-18  pre
v e n ts  CNV. (A) Term inal deox y n u cleo tid y l 
tra n s fe ra se -m e d ia te d  deoxyurid ine  tr ip h o s 
phate  nick end  labeling (TUNEL) staining showed 
apoptotlc /necrotic  cells in th e  retina an d  RPE 
in response to  mlL-18 (R&D Systems). Images 
are representative o f three  mice per treatm ent. 

Scale bar, ICO nm . (B) Q uantification  o f TUNEL-positive cells in (A). Data a re  m e an s  + SEM of five fields o f view  in 
cryosec tions per retina. P value w as d e te rm in e d  by ANOVA w ith  D unnett's  m ultip le  com parison  te s t. (C) ERG m ea 
su rem en ts  in mice injected with various concentrations of mlL-18 (GSK). Data are representative o f n = 5 mice per group. 
(D) Histology of retinas after injection o f IL-18 (GSK). Scale bar, 100 jim. Images representative  of five mice per group. (E) 

OCT analysis of retinas injected with mlL-IB(GSK). Scale bar, 200jim .(F) V olume of CNV after intravitreal injection of DMS1529 (10 ng/m l) (m ouse anti-VEGF), 
mlL-18(50 ng/m l) (GSK), or a com bination  of th e  two. Data are m eans ±  SEM {n = 10 animals per group). P values w ere de te rm ined  by ANOVA with Tukey post 
hoc test. Im ages to  th e  right are representative of CNV volum es in each  experim ental group.
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R E S E A R C H  ART I CLE

I'o determ ine w hether systemically derived IL -18 could prevent the de
v elopm en t o f  C N V , we g enera ted  bon e  m arro w  ch im eras w 'hereby 
w ild-type m ice w ere irrad iated  an d  reconstitu ted  w ith  bone m arrow  
from  IlI8~'^  m ice an d  vice versa. Reconstitution was estim ated  to be 
97 to 99% (fig. S15). Similar to mice (9), chimeras
had significantly greater CN V  responses relative to wild-type—*wild-type 
chim eras (Fig. 5A). C N V  volum e was significantly increased in wild- 
type mice reconstitu ted  w ith lll8~'~  bone m arrow , w hereas Ul8~'~ mice 
reconstituted u ith  wild-type bone m arrow  developed CN V  lesions similar 
to wild-type mice (Fig. 5A). 'ITiese data indicate that 11.-18 derived from 
hematopoietic cells can protect against CNV development.

W e therefore hypothesized that systemic adm in istration  o f recom 
b in an t m atu re  IL-18 could  p reven t C N V  developm en t. A t first, we 
followed the  dosing strategy used in previous clinical trials involving 
systemic IL-18 delivery {13-16}. W e adm inistered  m lL-18 (GSK) sub- 
cutaneously to m ice at a dose o f  0.1 o r  1.0 m g/kg 1 day before and  on 
each day after laser-induced CNV. Both doses o f  IL-18 significantly a t
tenuated  C N V  (Fig. 5B), with no observable adverse effects.

Although systemic administration o f  IL-18 attenuated CNV, the dosing 
strategy used was based on a clinical trial protocol for use in cancer patients 
(13-16). To imitate a realistic dosing strategy for A M D  patients, we ascer
tained whether a single subcutaneous dose o f IL-18 could attenuate CNV 
dc\'clopinent. IL-18 (0.1 o r 1.0 mg/kg) was adm inistered on the day o f laser 
treatment. Both doses led to a decrease in CNV relative to vehicle control, 
but these were not significant (Fig. 5C). Administration o f  IL-18 1 day be
fore laser treatm ent also had no significant effect on  CNV volume (fig. 
S19); however, IL-18 adm inistered subcutaneously at a dose o f 1.0 mg/kg

2 w'eeks before laser treatm ent caused a significant reduction in CN V  vol
um e (Fig. 5D). Systemically adm inistered IL-18 at a dose o f  1.0 m g/kg had 
no adverse effect on retinal function (Fig. 5F).

Anti-VEGF th e rap y  w orks m ore effectively in com bination  
w ith IL-18
Finally, we analyzed th e  effect o f  intravitreal injection o f  anti-V EG F 
(DMS1529) in com bination with subcutaneous adm inistration o f IL-18 
(1 mg/kg) (GSK). This com bination significantly decreased CN V  volum e 
com pared to  vehicle (Fig. 6A) and  was significantly m ore potent than  
intravitreal injection o f DMS1529 alone (com paring with vehicle control 
data in Fig. 4F). (N ote that this exf)eriment was perform ed within the 
sam e experim ental cohort using the sam e vehicle control at the sam e 
time, but data are show n on  two different graphs.) Given the translational 
potential for the use o f systemic IL-18 in the treatm ent o f  wet AM D, we 
exam ined  th e  effect o f  adm in iste rin g  IL-18 (0.1 o r  1.0 m g/kg) su b 
cutaneously on the day o f  CN V  and  for 3 subsequent days after to reflect 
a clinical scenario. A fter 7 days, we noted decreased CN V  volum e of 
mIL-18 at bo th  0.1 and  1 m g/kg (Fig. 6B) and decreased C N V -induced 
perm eability (Fig. 6C).

DISCUSSION

O u r previous findings indicated that IL-18 w arranted  ftjrther investiga
tion for its role in regulating CN V  developm ent. A lthough we had  d em 
onstrated  a protective role for IL-18 in the developm ent o f  wet AM D

A -T.
P = 0 .0330 WT -» H18 ' P s  0.0001

^ B D a y l  Day 2 Day 3 Day 4 Day 5 Day 6  Day 7 250 .000 t > . q o o i---------

IL-18 (s.c) IL-18 (s.c) IL-18 (s.c) IL-18 (s.c)IL-18 (s.c)iL-18 (s-c) I .

Vehicle IL-18 (0.1 m a/kg) IL-18 (1 m g/kg)

■ 200,000 

I 150,000
s
>  100,000

1 P »  0 .0 0 1  

■ > .
(n = 25) (n = 2 2 ) ( n  =  2X) (n =  20)

^  Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
IL-18 (s.c)

IL-18 (0.1 rng/kg) IL-18 (1 m gA g)

V-'’’

2 w eeks prior Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

l~iM ^ |rfs^
Vehicte IL-18 (0.1 m t/k g ) IL-18 (1 m t/k g )

. ZMI.OUU-j f  ^0.1522 — 150,000-| ------’■'""i
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=lrnm
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Fig. 5. SystemlclL-18 controls 
CNV developm ent. (A) Bone 
marrow transplants took place as 
indicated between WT chimeric 
mice and 1118 mice, and laser- 
induced CNV volume was quan
tified. Data are averages ± SEM. 
(B to D) CNV volume after treat

m ent with IL-18. (B) mlL-18 (GSK) was injected subcutaneously 
(s.c) 1 day before CNV and each day during th e  developm ent 

of CNV. (C) mlL-18 (GSK) was injected on th e  day of CNV only. (D) 
mlL-18 (GSK) was Injected 2 weeks before CNV. Data are means ± SEM 
(n = 10 mice per trea tm en t group). (E) ERG analysis of retinal function 
1 week after adm inistration of IL-18 (1.0 mg/kg) (GSK) (nV, signal in
tensity; ms, tim e betw een divisions). Data are representative of two 
mice. For (A) to  (D), P values w ere determ ined by AIMOVA with Tukey 
post hoc test.
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R E S E A R C H  ARTI CLE

(9), others had reported that IL-18 played a pathogenic role in the de
velopm ent o f geographic atrophy  (JO). W e had observed NLRP3 acti
vation in RPE cells in a m odel o f  d ry  AM D  (9) bu t had no t determ ined 
w hether it was pathogenic o r  protective; therefore, we w ere keen to 
assess the effect o f IL-18 on  the RPE. In contrast to Tarallo et al. {10), 
we d id no t observe any  change in RPE cell viability o r  m orphology 
w hen cells were treated with physiological doses o f  IL-18. W e conclude 
that although RPE cells are biologically responsive to IL-18, it does not 
cause cell death when adm inistered exogenously in its m ature form. W e 
suggest that the destruction o f the RPE reported in (JO) upon intravitreal 
adm inistration o f IL-18 is due to a response driven by hyperphysiological 
dosing of IL-18, which draw s in an excessive im m une cell infiltrate, re
sulting in nonspecific severe local tissue dam age to the retina as a whole.

W e initially hypothesized tha t assem bly o f  the NLRP3 inflam m a- 
som e itself m ay cause cell death in RPE cells. Each individual RPE cell 
is in direct contact with about 25 pho toreceptor cells (19). This implies

that RPE cells would be highly resistant to changes in cell shape given 
their evolved tight junctions, which com prise the outer blood-retina bar
rier. Cellular swelling has com e to the fore as a key initiator of the NLRP3 
inflamm asom e (20). W e observed RPE cell swelling simply upon over
expression o f  either pro-IL-18 or p ro -IL -lp . This implied that assembly 
o f the NLRP3 inflam m asom e in RPE cells m ay associate with deregulated 
cell swelling, likely resulting in RPE atrophy. This correlates with obser
vations reported in (12), where activation o f  the NLRP3 inflamm asom e in 
ARPE-19 cells resulted in pyroptosis, a process o f  cell death where cells 
swell before undergoing lysis. However, upon further investigation, we 
d e term ined  th a t th e  cell sw elling p h en o ty p e  observed w as N LRP3- 
independent, because the RPE cells were similarly swollen and  distorted 
in m ice lacking NLRP3 as in w ild-type mice, after subretinal injection 
with a pro-IL-18-expressing AAV.

Autophagy is a hom eostatic cellular process involved in protein  and 
organelle degradation via the lysosomal pathway, and has been recently 

linked  w ith  th e  p a th o g en es is  o f  A M D  
(20-24).  A utophagy  has been show n to 
control IL -ip  secretion by targeting p ro -  
IL - ip  fo r d eg rad a tio n  in m acro p h ag es 
(25). W e investigated w hether overexpres
sion o f  pro-IL-18 might also prom ote auto- 
p h ^ y  and whether this coiJd regulate cell 
swelling. Indeed , au tophagy  was visible 
in ARPE-19 cells overexpressing pro-IL-18. 
Furthermore, when autophagy was promoted, 
the cell swelling phenotype was inhibited, 
indicating that a u t o p h ^  can regulate path
ological RPE cell volume, likely ow ing to 
sequestration and degradation o f  the abun
dant pro-IL-18.

Mature IL-18 was nontoxic to RPE cells. 
Therefore, we pursued this molecule in this 
study and  have illustrated the potential o f 
recom binant IL -18 as a therapeutic for the 
treatm ent o f  CNV associated with exudative 
AM D (Pig. 7). IL-18 could be used as an ad
junct therapy alongside current antibody- 
based strategies. How ever, th is cytokine 
can also w ork as poten tly  alone as anti- 
VEGE drugs in these animal models. C ur
rent use o f  Lucentis for the trea tm ent o f  
wet AM D  is restricted to intravitreal injec
tion  because system ic adm in istra tion  o f  
these antibodies holds considerable risks to 
subjects owing to other essential homeostatic 
roles o f  VEGF (26). O u r data suggest that 
IL-18 can be adm inistered systemically.

IL-18 appears to prevent angiogenesis 
by tw o m ethods. First, it acts directly on 
epithelial an d  endothelial cells (9) as an 
antiangiogenic factor and  antiperm eabil- 
ity factor, decreasing VEGF levels as evi
denced  by the  significant restric tio n  on 
CN V  voliune w hen IL-18 is adm inistered  
on the sam e day as the laser-induced in ju
ry in tandem  with anti-VEGF treatm ent. 
Second, IL-18 regulation o f C N V  volum e

P  =  0,0001 
0 -, i----------------------------- 1li. Vehicle DMS1529 +IL-18

D M S 1 5 2 9 (iv t)  

IL-18 (s.c)

B Day 1 Oav 2 Day 3 Oav 4 Day 5 Day 6 
IL-18 (s.c) IL-18 (s.c) IL-18 (s c) IL-18 (s.c)

Day 7

Vehicle

£  400,000 A
IL-18 (0.1 mg/kg) IL-18 (1 mg/kg) |  200,000

100.000

Ps 0.0001
■■■I p = 0,0001  ̂ ' l ^ 8 ( ^ m g / l ^  l ^ ^ ( n T ig /k g )

3 B I E H
v O '

Fig. 6. IL-18 is an antipermeability factor. (A) Effect of a com
bination treatm ent [anti-VEGF (DMS1529) injected intravitreally 
(ivt) and mlL-18 (GSK) injected subcutaneously (s.c)] on CNV vol- 
ume. Data are means ± SEM (n = 10 mice per experimental group; 

24 CNV lesions for control and 35 for DMS1529 + IL-18). P value was determ ined by Student's f test. (B) 
mlL-18 (GSK) was injected on the  day of CNV and for 3 days after CNV, and CNV volume was quantified. 
Data are m eans + SEM (n = 11 to 18 CNV lesions, with six mice per experimental group). P values were 
determ ined by ANOVA with Tukey post hoc test. (C) Vascular permeability in the CNV area upon treatm ent 
with mlL-18 (GSK) or vehicle. Data are m eans ± SEM (n = 8 to 11 CNV lesions). Fluorescein angiography 
representative of six mice per experim ental group, P values were determ ined by ANOVA with Tukey 
post hoc test.
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R E S E A R C H  A R T I C L E

are o f  substantial comfort when consid
ering the use o f recombinant IL-18 as a 
therapy for preventing CNV in end-stage 
A M D . Our findings represent a potential 
new therapeutic strategy for the treatment 
o f this incurable disease.

IL IS

IL 18 receptor

p38 MAPK

NFkB
degradation

(  NFk 6 )  [ ~ ^

NFk' 6 dependent gerw

VEGF

(  P ro -IL -1 8 )
R apam ycin

Overexpression of pro IL-18

N LR P 3 .|ndependen t 
ce ll sw e llin g

No cell death

Administration of 
recombinant IL-18

Introduction of pro-IL-18 by 
transient or AAV overexpression

Fig. 7. Schematic representation of p ro -IL -18  and m ature IL-18 bioactivity in RPE cells. The
RPE cell to  the  le ft represents the  cell response to  m ature recom binant IL-18. The swollen cell to  
the  rig h t represents the  m echanistic response o f the  RPE cell to  overexpression /up-regu lation o f 
p ro -IL -18.

when administered 2 weeks before laser-induced in jury indicates that a 
subpopulation o f cells, as yet uncharacterized, w ith the capability to re
strict angiogenesis are likely being induced by IL-18, Pertinently, its abil
ity  to prevent excessive C N V  perm eability has strong translational 
potential because this is a hallmark diagnostic feature o f C N V develop
ment. Although laser-induced C N V does not recapitulate all stages o f 
development o f CNV secondary to wet A M U  in human subjects, the 
pathogenesis ot lesion development after laser-induced in jury appears 
to be conserved among rodents and primates (27) and shares several 
features w ith human neovascular AM D . The readouts from this model 
have been largely predictive o f efficacy observed in nonhuman primates 
and subsequently in human clinical trials (27).

Here, we show that IL-18 can be used effectively as a systemic agent. 
Data already exist showing safety/tolerability o f systemic administration 
ofhum an IL-18 (GSK, SB-485232) in human subjects at doses as high as 
2000 ng/kg ( 16). Moreover, ocular abnormalities have not been re
ported in any clinical study using SB-485232 to date, w ith no reports 
o f  any subject developing symptoms or characteristics o f dry A M D  
( 13- 16). IL-18 is a potently proinflammatory cytokine; for this reason, 
attempting to actively increase its systemic levels as a form o f therapy 
might raise concerns regarding the risk o f sending the immune system 
into overdrive. Dosing o f patients with SB-485232 induces low levels o f 
IFN-y and may result in grade 1 to 2 transient fevers ( i5 ), w'hich are 
manageable and rapidly resolve. These characteristics o f IL-18 biology

MATERIALS AND METHODS 

Study design
Given previous descriptions on the role o f 
IL-18 in  regulating ocular angiogenesis, 
we sought to determine the therapeutic 
benefit o f mature recombinant IL-18, In 
addition, we assessed the safety o f mature 
IL-18 on human RPE cells because it has 
been reported in the literature that IL-18 
specifically caused RPE cell apoptosis. We 
used both RPE cell lines and primary RPE 
cells to define issues surrounding IL-18- 
mediated toxicity, and we used the laser- 
induced model o f CNV to determine the 
effect o f IL -18 in regulating CNV develop
ment, This model has proven effective at 
p red icting efficacious therapies fo r the 
treatment o f A M D  (27), Littermate con
trols were used in all animal experiments, 
and 10 mice were used per experimental 
group to allow for robust statistical analy
sis to be made o f each CNV formed. During 
assessment o f CNV volumes using Z-stack 
confocal imaging, the individual collecting 
data had access only to cage allocation of 

mice and was blinded to treatment, ITie same conditions applied when 
determining volumes quantitatively.

Cell culture
Human ARPE-19 cells (American Type Culture Collection CRL 2302, LGC 
Promochem), THPI cells (European CoUection o f Cell Cultures), and NKL 
cell line [C. Gardiner, I'rinity College Dublin (TCD)] were used Primary 
PBMCs were isolated from human blood. Cells were cultured at 37°C, 5% 
COt, 95% air in a 1:1 mixture o f Dulbecco’s modified E ^ e ’s medium and 
Ham’s FI2 medium with sodium bicarbonate (12 g/liter), 2.5 mM L-glutamine, 
15 mM Hepes, and 0.5 m M  sodium pyruvate (Sigma-Aldrich) with 10% 
fetal calf serum. Immortalized macrophages stably transfected with a con
struct for the overexpression o f cerulean-tagged mouse ASC in tandem 
with NLRP3-ELAG were used essentially as described previously (28).

Transfection of human pro-IL-18 and human pro-IL-1|t
Human pro-IL-18 cD N A in a pCMV6-XL5-based vector or human 
pro-IL-1 p cDNA was transfected into ARPE-19 cells with Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s instructions.

Murine models of CNV
A ll animal studies were ethically reviewed and carried out in accordance 
w ith Animals (Scientific Procedures) Act 1986 and the GSK Policy on 
the Care, Welfare and Treatment o f Animals. A ll relevant national and
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institutional approvals were obtained before commencement of the work. 
CNV was induced in wild-type C57BL/6J mice (n = 10 mice per experimen
tal group) with a green 532-nm Index Iris laser (532 nm, 140 mW , 100 ms, 
50-|im spot size, three spots per eye) incorporating a microscopic delivery 
system as described previously (9). After laser bum, DMS1529 (GSK) or 
mIL-18 (GSK SB-528775) was injected intravitreally or subcutaneously. 
Mice were sacrificed 6 days after experiment, and neural retina was removed. 
Eye cups were incubated w ith a Griffonia-simplicifolia-isolectin-A lexa 
568 (Molecular Probes) (1;300 in phosphate-buffered saline) overnight 
at 4°C, and CNV was assessed by confocal microscopy.

Bone marrow chimera generation
Lethally irradiated CD45.1* (PepBoy) or CD45.2* C57BL/6J and 1118"'̂  
recipient mice (9 Gy in two doses, 3 hours apart) were each reconstituted 
with 1 x 10 ^  bone marrow cells from donor CD45.2* C57B176I mice or 

mice, isolated from the tibias and femurs. To ensure efficient irra
diation and reconstitution, expression o f CD45.1 versus CD45.2 was assessed 
in the blood after 4 weeks by fluorescence-activated cell sorting (FACS) 
analysis (fig. S18). CNV was induced in mice 6 weeks after irradiation.

Statistical analyses
Statistical analysis was performed with Student’s I test, w ith significance 
represented by a P value o f <0.05 when two individual experimental 
groups were analyzed. For multiple comparisons, as was the case in the 
multiple comparisons o f CNV volume in Figs. 4 to 6, A N O V A  was used 
w ith a Tukey-Kramer post-test and significance was represented by a 
P value o f <0.05. Each laser-induced lesion was used as an independent 
observation in the CNV volume analysis, and 10 mice were used in each 
experimental group. Two-tailed tests were used throughout, and the sta
tistical approaches were all deemed to be valid for each individual ex
periment, that is, the data were normally distributed.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/230/230ra44/DC1
Materials and Methods

Fig. SI. Analysis o f human NK cells.
Fig. S2. Effect o f IL-18 on RPE cell integrity.
Fig. S3. Viability o f RPE cells after IL-18 treatment.
Fig. S4. Differentially regulated NFk-B-associated genes 6 hours after IL-18 treatment.
Fig. S5. Differentially regulated NFK-B-associated genes 24 hours after IL-18 treatment.
Fig. 56. Decrease in angiogenesis-associated proteins and cytokines after IL-18 treatment.
Fig. 57. Primary RPE cell characterization.

Fig. 58. No apoptosis or necrosis o f RPE cells after treatment w ith IL-18.
Fig, 59. ZO-1 expression in RPE cells.

Fig. 510. Western b lot and densitom etric quantification o f ZO-1 in primary RPE cells.
Fig. 511. Human RPE cell response to  pro-IL-18 and pro -IL-lp .
Fig. 512. Cell swelling after expression o f pro-IL-18.

Fig. 513. Pro-IL-18 expression in RPE for 3 months.

Fig. 514, Necrosis gene array after transfection o f RPE cells w ith  pro-IL-18.
Fig. 515. Necrosis gene array after transfection o f RPE cells w ith  pro-IL-lp.

Fig. 516. Mouse A5C-cerulean oligomerization.
Fig. 517. Autophagy prevents RPE cell swelling induced by pro-IL-18 expression.

Fig. 518. Bone marrow chimera reconstitution.
Fig. 519. IL-18 injected 1 day before CNV has no effect on lesion volume.
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