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Abstract 

A common polymorphism in Complement factor H (FH) that switches a tyrosine at 

position 402 to a histidine is linked to susceptibility to developing age-related macular 

degeneration (AMD), and other less common variants of FH are associated with higher 

penetrance early onset forms of the disease. Deletion of the genes encoding 

complement Factor H related protein 1 and 3 (CFHR1 and CFHR3) decreases AMD risk 

but almost nothing is known about the regulation of these genes in the mouse retina, 

or the effects of retinal stress on their expression. This study addresses the role of the 

CFH gene cluster in complement homeostasis in the retina. 

Initial experiments confirmed that inflammatory cytokines affect the expression of 

complement genes in ARPE-19 cells. The role of hypoxia in gene expression of 

complement genes was assessed in ARPE-19 cells and co-culture experiments revealed 

the effect of C3 and C5 on the capacity of microglia cells to phagocytose ARPE-19 cells. 

The main focus of this study was to characterise the retinal phenotype of RPE-CFH 

knock-out mice. In vivo studies showed changes in the retinal phenotype of RPE-CFH 

knock-out mice. Initial studies of Cfh-/- Cfhr-/- mice showed significant downregulation 

in the expression of complement genes in the RPE, and increased C3b deposition in the 

RPE and the retinal vessels. Gene expression analysis in the RPE of Cfh+/+ Cfhr-/- mice 

showed that CFH mRNA levels were decreased 8-fold. 

Analysis of the retinal phenotype of aged Abca4-/- Rdh8-/- mice, which accumulate 

lipofuscin in the retina, showed excessive stress in the RPE, evidence of complement 

activation and changes in the expression of CRPs. Subcellular re-localisation of the 

C3aR in the RPE suggests that C3a/C3aR signaling plays an important role in 

complement homeostasis in the RPE. This study highlights the importance of RPE-

derived FH in maintaining retinal health and provides further evidence of complement 

dysregulation in AMD pathogenesis. 
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Impact statement 
 
In line with the rising life expectancy of the population, several age-related conditions 

including Age-related Macular Degeneration (AMD) are an ever-growing health-care 

burden. AMD accounts for over 50% of registered blindness in the UK and currently no 

treatment is available for the dry form of the disease. Numerous studies in the last 

decades have focused on discovering the mechanisms of pathogenesis of AMD and 

many of these studies have identified the complement system as a ‘key’ contributor to 

AMD pathogenesis. For this purpose, several in vitro and in vivo models have been 

established mimicking many of the characteristic features of AMD, but whilst 

immortalized cell lines can be useful tools, there are still many limitations on 

establishing a ‘perfect’ in vitro model to study the mechanisms of pathogenesis of 

AMD. The use of in vivo models, most commonly in mice, can provide a more accurate 

platform for this purpose, as they effectively provide access to study specific tissues in 

the eye in physiological conditions.  

 

This project used both in vitro and in vivo models to study the role of the complement 

system and more specifically the role of regulatory proteins of the complement system 

in AMD pathogenesis. The project investigated how complement homeostasis is 

affected in retinal pigment epithelial (RPE) cells under conditions of physiological 

stress, and also used transgenic mouse models to assess the effects of the loss of 

complement regulatory proteins on the health of the retina.  

 

Findings from this study could highlight the importance of RPE-derived complement 

factor H in retinal health but also reveal the role of CFHRs in complement regulation. In 

addition, the use of aged mouse models that mimic features of AMD, in order to assess 

complement homeostasis in the retina of these mice, could provide further insight into 

the contribution of the complement system in AMD pathogenesis. I have shown that 

the use of transgenic mouse models where only a specific cell type is genetically 

manipulated, in our case the RPE, can provide valuable information on the importance 

of tissue-specific contributions to retinal health and local complement regulation. This 

is important because RPE dysfunction is considered to be central to AMD 
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pathogenesis, therefore RPE-specific knock-out models can be the tools that reveal 

more disease mechanisms that could generate new potential targets for therapy.   
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Chapter 1: Introduction 
  

1.1. The complement system 
 

In 1895 Jules Bardot coined the term complement to refer to the thermolabile proteins 

which complement the function of antibodies in the elimination of pathogens. The 

complement system acts as the frontline defence against invading pathogens and 

facilitates the removal of modified and dead host cells. Its evolution within 

multicellular organisms dates back to 550 million years ago with the earliest homologs 

found in the horseshoe crab, Carcinoscorpius rotundicauda (Zhu et al., 2005). It is a 

germ line-encoded system which consists of more than 50 circulating and membrane-

bound proteins with the majority of the circulating proteins being produced in the 

liver. The complement proteins act as activators, regulators or receptors of innate 

immunity and work together in order to discriminate pathogens and modified self 

from normal host cells and initiate their removal whilst protecting neighbouring host 

cells. However, complement is also a crucial effector in adaptive immunity (K.Liszewski 

and Atkinson, 2015).  

 

The recognition of pathogen or host-associated molecular patterns (P- and HAMPs) 

plays a key role in the activation of the complement system. Identification of a 

pathogen or modified self results in the activation of a cascade, and the activating 

components sequentially cleave each other leading to several effector functions that 

initiate removal of the pathogen. Whenever a fast response is necessary the cascade 

style response is biologically beneficial as it allows rapid amplification. Furthermore, 

regulation of the cascade at each level provides increased control over the immune 

response and makes it appropriate to the level required for the initiating stimulus 

(Bajic et al., 2015).  
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1.1.1. The activation pathways of complement system 
 

There are three activation pathways which make up the complement system: the 

classical (CP), lectin (LP) and alternative (AP) (Figure 1). The activators of the system 

are inactive proteases (zymogens) which require cleavage to become active. Each 

pathway has a different mechanism of initiation and a huge range of Pathogen 

Associated Molecular Pattern molecules (PAMPs) that are involved in the activation of 

the system.  

 

 

Figure 1. Activation pathways of the complement system. All three pathways 
mediating complement activation converge at the complement protein C3 and its 
breakdown product C3b, which also feeds into the amplification loop by the formation 
of C3bBb. This leads to the production of anaphylatoxins C3a and C5a, resulting in the 
deposition of the terminal membrane attack complex (MAC). The diagram shows 
regulators of complement activation, inhibitors (factor H, FHL-1 and factor I) and 
enhancers (factor B, factor D and properdin) (adapted from Ricklin, Reis and Lambris, 
2016).  
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1.1.2. The classical pathway 

 

The unique characteristic of the CP is that it bridges the innate and adaptive immune 

systems. The activation of this pathway requires binding between complement 

component 1 (C1) and the Fc moieties of multivalent IgG-antigen complexes or to 

antigen-bound IgM (Nayak et al., 2012). Furthermore, a variety of other ligands have 

been suggested for C1q including molecular patterns on certain bacteria, viruses, and 

parasites which indicates a role as antibody-independent pattern recognition 

molecules (PRM). The C1 complex consists of the PRM C1q associated with the serine 

proteases C1r and C1s organized as a calcium-dependent C1r2s2 tetramer (Arlaud et 

al., 2001). Binding of the C1q portion of C1 to the crystallizable fragment (Fc) of the 

antibodies, results in a conformational change that activates C1r and C1s. 

Consequently, cleavage of complement component 4 (C4) by C1s yields C4a and C4b, 

and then C4b binds both the membrane of the pathogen and complement component 

2 (C2) which in turn allows C1s to cleave C2 to C2a and C2b. Eventually, C2b and C4b 

form the C3 convertase, and C2a and C4a are released in the circulation as 

anaphylatoxins (Bajic et al., 2015). Despite the relative abundance of the protein 

constituents of the CP, it accounts for only a small fraction of the total activity of 

complement (Harboe and Mollnes, 2008). 

 

1.1.3. The lectin pathway 

 

Contrary to the CP, the presence of antibodies is not required for the activation of the 

LP which starts with protein complexes structurally and functionally similar to the C1q 

complex of the CP. The pathway is initiated by the collectins, mannose-binding lectin 

(MBL) and CL-LK (tightly associated heteromeric structures of CL-K1 and collectin L1 

(CL-L1)) or one of the three ficolins L, H or M. The collectins associate with 

homodimers of MBL-associated serine proteases (MASPs) MASP-1 and MASP-2 in a 

Ca2+-dependent complex and have many binding sites and a broad specificity for 

terminal carbohydrates on microbial glycoproteins. MASP-1 and MASP-2 are analogous 
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to C1r and C1s and binding of collectins to a PAMP causes a conformational change 

that leads to autoactivation of MASP-1, which then activates MASP-2. Once activated, 

MASP-2 cleaves both C4 and C2 similar to C1s in the CP and the C3 convertase C4b2a, 

identical to that of the CP is formed (Bajic et al., 2015). MASP-1 and MASP-2 are 

structural and functional homologs of C1r and C1s from the CP but at the same time 

there are important differences between PRM-protease complexes from the two 

pathways. C1 complex has a defined stoichiometry (a hexamer of the heterotrimeric 

C1q subunit in complex with a C1r2s2 tetramer), whereas the LP PRMs are polydisperse 

oligomers of trimers. More specifically, for MBL, the most abundant oligomer is a 

tetramer which carries only a single MASP-1 or MASP-2 dimer, while the more rare 

larger oligomers can simultaneously carry both dimers (Degn et al., 2013) . The role of 

the third MASP, MASP-3, is yet to be found as efficient catalytic activity of this 

protease is not discovered yet. 

1.1.4. The alternative pathway 

 

The tick-over pathway means that the AP is constantly active, and it contributes to 

approximately 90% of the overall complement activity (Harboe and Mollnes, 2008). 

Continuous and spontaneous hydrolysis of C3 into C3(H2O) in the serum exposes a 

thioester group in C3(H2O) which can bind to the inactive serine protease, Factor B. 

Subsequently, Factor B is cleaved by Factor D releasing fragment Ba and revealing the 

active serine protease site in the larger Bb fragment. This results in the formation of 

the fluid phase C3 convertase C3(H2O)Bb, which converts C3 to C3a and C3b 

(Lachmann and Halbwachs, 1975).  

 

The key step to amplifying the tick-over pathway for full-blown activation is the 

generation of C3b. Unlike the other two pathways, regulators rather than activators 

are responsible for discriminating between host and pathogen, and at this step, 

regulators of the pathway clear up free C3b in order to prevent full-blown activation. 

Complement factor H (FH) is a negative regulator of the AP and recognises HAMPs 

such as glycosaminoglycans that are present on the surface of host cells. Binding to a 
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surface which is unprotected by regulators such as FH and its membrane bound 

homologues, is a requirement for C3b in order to be active. Similar to C3(H2O), C3b 

binds Factor B and is cleaved by Factor D to form C3bBb. C3bBb also acts as a C3 

convertase with twice the convertase activity of C3(H2O)Bb and can therefore amplify 

the tick-over pathway (Bexborn et al., 2008).  

 

Association of the C3 convertase with the soluble protein properdin leads to the 

stabilisation of the convertase and increases its half-life tenfold (Fearon and Austen, 

1975). Through its PAMP recognition ability, properdin has been shown to direct C3b 

towards apoptotic and necrotic cells, and also pathogens, and is able to initiate 

activation of the pathway by recruiting serum C3b as a platform for C3 convertase 

formation (Spitzer et al., 2007). Activation of the AP can also be initiated in response to 

CP or LP activation, since both drive the formation of C3b. Once the balance kept by 

regulators is outweighed by C3b concentrations, activation of the AP can proceed.    

 

1.1.5. Intracellular complement activation 

 

Recent work has discovered unexpected new locations for complement activation. 

Both systemic and local complement activation were initially thought to be confined to 

the extracellular space, however, this notion has recently been challenged by the 

finding that complement activation also occurs intracellularly (Liszewski et al., 2013). It 

is shown that the T cell-expressed protease cathepsin L (CTSL) cleaved C3 into 

biologically active C3a and C3b, and resting T-cells contained stores of endosomal and 

lysosomal C3 and CTSL and substantial amounts of CTSL-generated C3a. Locally 

occurring complement activation is triggered when the generation and secretion of C3, 

C5, FB and FD is initiated by a cell-activating signal, which leads to C3 and C5 

convertase formation in the extracellular space and on the cell surface, and 

consequently to the generation of the complement activation fragments C3a, C3b, C5a 

and C5b. Binding of C3b, C3a and C5a to their respective receptors on the T cell 

induces several cellular responses. In resting CD4+ T cells, intracellular complement 
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activation occurs through the continuous action of the C3-cleaving protease CTSL. 

Engagement of the resulting C3a fragment with the intracellular lysosome-localized 

receptor C3aR sustains tonic mammalian target of rapamycin (mTOR) activation and T 

cell survival. Cell surface translocation (shuttling) of this intracellular C3 activation 

system is induced by T cell receptor (TCR) activation, and engagement of surface C3aR 

and CD46 induces intracellular signalling events (Figure 2) (Liszewski et al., 2013). This 

signalling pathway eventually drives upregulation of key growth factor receptors 

including the receptors for interleukin-2 (IL-2), interleukin-7 (IL-7) and interleukin-12 

(IL-12), and consequent proliferation and induction of effector function. Furthermore, 

hyperactive intracellular complement activation and interferon-γ production was 

demonstrated using T cells from patients with autoimmune arthritis, and inhibiting 

CTSL was able to reverse this phenotype. Interestingly, intracellular C3a has been 

observed in all examined cell populations, indicating that intracellular complement 

activation might be of broad physiological significance. 
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Figure 2. Intracellular complement activation in human T-cells. ‘’Tonic’’ intracellular 
C3a generation is required for homeostatic T cell survival, while shuttling of this 
intracellular C3-activation-system to the cell surface upon T cell stimulation induces 
autocrine proinflammatory cytokine production (figure adapted from Kolev, Le Friec 
and Kemper, 2014). 

 

 

1.1.6. Complement effector functions 

 

Although triggered by different mechanisms, all three complement activation 

pathways converge in the formation of the central complement enzyme, C3 

convertase and thus lead to the same downstream effects. Cleavage products of C3 by 

C3 convertase allow the formation of C5 convertases, C3b2Bb and C4b2a3b, driving the 

release of further pro-inflammatory proteins. Complement activation leads to the 
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initiation of pathogen, apoptotic cell and immune complex clearance and this is 

accomplished in three ways.  

Firstly, the activity of the small breakdown products C3a, C4a and C5a, as pro-

inflammatory anaphylatoxins attracts leucocytes that express chemokine receptors. An 

increase in vascular permeability boosts this process, as anaphylatoxins act on 

endothelial cells, and also once recruited, mast cells, granulocytes and macrophages 

are similarly activated by C3a and C5a (Schraufstatter et al., 2002; Klos et al., 2009).  

Secondly, enzymatic cleavages release the opsonins C3b, iC3b, C3d, C3dg and C4f 

which covalently bind via an active thioester to amino and hydroxyl groups on cell 

surfaces and basement membranes. Opsonins lack the ability to distinguish between 

host and pathogen surfaces, but it has been shown that C3b preferentially binds to 

microbial carbohydrates (Sahu, Kozel and Pangburn, 1994). When leucocytes are 

attracted to pathogens, they become targets for opsonins in order to enhance 

pathogen clearance. Phagocytosis through C3 fragment recognition is mediated by 

complement receptors (CR) 1, 3 and 4. Also binding of the opsonins C3b and C3d to the 

B-cell receptor and CR1 stimulates antigen uptake for processing by antigen presenting 

cells (Dempsey et al., 1996). In a process called immune adherence, pathogens coated 

with C3b can be cleared by binding to CR1 receptors on red blood cells which transport 

pathogens to phagocytes in the liver and spleen (Nelson, 1953).  

Finally, the formation of membrane attack complex (MAC) by the complement system 

can directly clear pathogens. In the terminal part of the cascade, C5 convertase cleaves 

C5 releasing C5b which then binds to C6 and C7 in their fluid phase. Following 

attachment of this initial complex to the surface of cells, the addition of C8 and 

multiple C9 molecules leads to the formation of a pore. Pore formation occurs due to 

the ability of C9 to penetrate and polymerize in the lipid bilayer of the cell envelope. 

Cell lysis can be the result of multiple pore formation by disrupting membrane 

integrity and it has been shown that sublytic levels of MAC are also able to promote 

inflammation by inducing functional changes in host cells (Lueck et al., 2011). It has 

been shown that MAC formation on host cells is less damaging because some cell 
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types, such as retinal pigment epithelium (RPE) cells, can endocytose and degrade C5b-

9 (Georgiannakis et al., 2015). 

In summary the main roles of the complement pathway are the generation of 

anaphylactic peptides, inflammatory mediators, cytolytic and antimicrobial 

compounds and recruitment of leukocytes. The complement system has the capacity 

to act very fast, and C3b opsonisation is maximal within five minutes of activation, with 

20 million molecules deposited per target cell (Ollert et al., 1994).  

 

1.1.7. Complement regulation 

 

Determining the appropriate level and length of the amplification for the clearance of 

the target is a tightly regulated process of the complement cascade. Unnecessary 

amplification and damage of host cells is prevented by a defence mechanism that 

consists of proteins that regulate the pathway by targeting one of the four main stages 

of the cascade: 

 

1. Activation of the pathway 

2. C3 convertase formation, decay and degradation of by-products 

3. C5 convertase formation, decay and degradation of by-products 

4. MAC assembly and function 

 

Preventing the activation of the cascade by regulating either the classical or lectin 

pathways is the first level of regulation of complement. Activation of both the classical 

and lectin pathways is negatively regulated by the soluble serpin peptidase inhibitor 

clade G member 1 (SERPING1) or C1 inhibitor. SERPING1 blocks serine protease 

function in C1r, C1s and MASP2 (Cicardi et al., 2005). The lectin pathway is also 

regulated by MBL/ficolin associated protein-1 (MAP-1) and small MBL associated 
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protein (sMAP), as both proteins compete with MASPs for binding to MBL or ficolins 

(Degn et al., 2010). Inhibition of full blown activation of the tick-over pathway is 

monitored by regulators that sequester C3b, including FH, factor H-like 1 (FHL-1) 

(Zipfel et al., 1999), membrane co-factor protein (MCP), CR1 and complement receptor 

of the immunoglobulin superfamily (CRIg) (Wiesmann et al., 2006).  

A way to inhibit the formation of a complex is by sequestering the proteins that make 

up the complex. Therefore, inhibitors that act at the level of the C3 convertase 

indirectly prevent the formation of C5 convertase. The C2 receptor inhibitor 

trispanning (CRIT) inhibits the formation of the CP/LP C3 convertase by sequestering 

C2 and blocking its cleavage by C1 complex or MASPs (Inal et al., 2005). Several 

regulators are able to act after C3 convertases form, by promoting their disassociation. 

The co-factor activity of factor I with CFH, FHL-1, MCP, C4b binding protein (C4BP) or 

CR1 leads to cleavage of the alpha chain of C3b or C4b and accelerates the decay of all 

C3 convertases (Bokisch, Dierich and Mūller-Eberhard, 1975). Decay of C3 convertases 

can also be driven by several regulators independently of Factor I. FH, FHL-1, decay-

accelerating factor (DAF), MCP and CR1 accelerate the decay of C3bBb by interacting 

with C3b whereas C4BP and CR1 accelerate the decay of C4b2a through interaction 

with C4b. Moreover, when C3 and C5 convertases lead to the production of C3a and 

C5a, carboxypeptidase N degrades C3a and C5a and therefore inhibits inflammation 

(Bokisch and Müller-Eberhard, 1970).  

Terminal complement regulators regulate formation of C5 convertase, its decay, 

degradation of its by-products and MAC assembly. Clusterin, vitronectin and 

membrane inhibitor of reactive lysis (CD59, MIRL) inhibit MAC assembly and function 

whereas complement factor H-related protein 1 (CFHR-1) inhibits MAC assembly and 

the formation of C5 convertase (Heinen et al., 2009a).  

Modelling complement activation and inhibitory pathways in mice or rats is 

complicated by the fact that there are some complement regulators that are only 

expressed in rodents and not in humans. Complement receptor type-1 related gene Y 

(CRRY) has the same co-factor and decay accelerating properties of MCP and DAF 

(Molina, 2002) and in mice, the CD59 gene is duplicated leading to protein expression 
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of both CD59a and CD59b (Harris et al., 2003) with CD59a being the main regulator of 

MAC formation (Baalasubramanian et al., 2004).  

There are two main categories of complement regulatory proteins, those which are 

soluble and are secreted and those which are membrane bound (Table 1). Cells protect 

themselves by expressing membrane bound regulators and molecules that attract 

soluble regulators. The Bruch’s membrane in the eye and the glomerular basement 

membrane in the kidney are biomembranes that do not have the capacity to express 

membrane bound regulators, therefore they depend on the soluble regulators. FH and 

FHL-1 are the only fluid-phase negative regulators of the alternative pathway and can 

intensify the complement regulation by the membrane-bound regulators. Additionally, 

another group of soluble regulators consists of the FHR proteins but the role of these 

proteins in modulating activation of the alternative pathway is not fully characterised 

yet. 

The complement regulatory proteins are differentially expressed and distributed 

between cell types and from tissue to tissue and very importantly they can fine tune 

local needs for complement regulation by up- or down-regulating their expression.  
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Table 1. Regulators of the complement system. Soluble and membrane bound 
regulators of the complement system target different ligands, and can regulate one or 
more of the activation pathways (Table adapted from Zipfel and Skerka, 2009).  

 
1.1.8. Complement crosstalk beyond the cascade 
 

The mechanisms of complement regulation contribute directly to the elimination of 

undesired particles, but only through extensive collaboration with other defence 

systems can the full capacity of the complement system be achieved. Over the past 

years a range of crosstalk mechanisms have been described. Deficiencies in 

complement components leading to a reduction in complement crosstalk, could affect 

the responsiveness of the system to certain insults, however the overall impact on the 

mechanism and function of the connected systems might often be small (Ricklin, Reis 

and Lambris, 2016). Examples of the complement crosstalk with other systems include 

the coagulation systems, coordination with other immune pathways, interactions with 

antigen presenting cells, modulation of T cell activity, interactions with pattern 

recognition receptors, tuning of inflammasome activity and crosstalk with adaptive 

immune systems (Figure 3). Ideally, this crosstalk should facilitate the elimination of 

microbial intruders, damaged cargo, and contribute to the maintenance of 

homeostasis. However, when inappropriately activated, these mechanisms can have 

damaging effects (Ricklin, Reis and Lambris, 2016). 
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Figure 3. Complement crosstalk beyond the cascade. Examples of complement 
crosstalk with immune cells and defence pathways. Complement activation results in 
downstream production of complement effectors which stimulate a broad spectrum of 
downstream immune, inflammatory, and procoagulative responses (figure adapted 
from Ricklin, Reis and Lambris, 2016). 

 

 

1.1.9. Complement and disease 

 

Over the years the complement system has been linked to other important 

physiological functions including regulation of the adaptive immune response, 

promotion of angiogenesis and tissue regeneration, development of the central 

nervous system, mobilization of stem cells, and control of embryo implantation. 

However, the effector function of the system is not only focused on the neutralization 

of targets but may also involve bystander cells. Therefore, the extent of the 

persistence of the activation process defines the final outcome. Several complement 

regulators act at different steps of the cascade in order to eliminate any undesired 

effects of complement activation, and they are present in either the fluid phase or on 



30 
 

the surface of circulating cells and tissue. Inappropriate complement activation can 

easily overcome the protection of these regulators leading to extensive host tissue 

damage. Consequently, dysregulated or misdirected complement activation is 

associated with disease in several ways: 

1. Saturation of host defence mechanisms due to extreme complement activation, such 

as antibody mediated autoimmunity, immune complex and septic shock. 

2. Excessive activation of the complement system caused by ischemia reperfusion injury, 

burns, apoptosis and necrosis. 

3. Deficiency or mutation in an activating complement protein resulting in susceptibility 

to infection. 

4. Deficiency or mutation in one of the complement proteins leading to less effective 

host defence for example, atypical haemolytic uraemic syndrome (aHUS), paroxysmal 

nocturnal haemoglobinuria (PNH) and age-related macular degeneration (AMD).  

 

The whole cascade can be disrupted by the absence of just one complement protein 

leading to a variety of diseases (Table 2), whereas dysregulated complement activation 

can cause severe pathology in several organ systems (Degn, Jensenius and Thiel, 2011; 

Holers, 2014). More commonly individuals contain polymorphisms that affect the 

expression or function of a complement protein. 
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Table 2. Complement-mediated diseases and associated complement deficiencies. 
The table shows complement deficiencies and complement-mediated diseases. Major 
defects and causes of the diseases are described along with the genes affected on each 
disease (Table adapted from Zipfel and Skerka, 2009). 
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1.1.10. Ocular complement expression and eye diseases 

 

Complement expression is important in both the front and back of the eye, and since 

its main role within the eye is to establish a balance between offence and defence, 

disruption of this balance can cause disease.  

Many complement factors expressed in the cornea mediate the generation of 

anaphylatoxins and MAC in order to protect this tissue from pathogens in the 

environment. Loss of expression of complement regulators is believed to play a role in 

corneal disease, whilst complement activation is thought to be a contributing factor in 

ulceration of the cornea (Cleveland et al., 1983; Mondino, Chou and Sumner, 1996).  

The most common form of uveitis, anterior uveitis, features inflammation that is 

caused by an autoimmune response to ocular antigens, and affects the iris and 

anterior chamber. It has been shown that complement activation is required for 

disease development in a mouse model, experimental autoimmune anterior uveitis 

(EAAU) (Jha et al., 2006) and Daf-/- mice also develop a more severe phenotype of 

EAAU emphasizing the importance of complement regulation for the development of 

the disease (An et al., 2009). Administration of recombinant CRRY supresses disease 

development (Manickam et al., 2010) and administration of Factor B antibodies but 

not C4 antibodies suppressed EAAU development, suggesting a primary role for the 

alternative pathway in EAAU development (Manickam et al., 2011).  

Complement also plays an important role in maintaining the health of the retina, and 

dysregulation of the system is implicated in AMD. Development of choroidal 

neovascularisation (CNV), a feature of AMD, has been shown to be partly dependent 

on complement activation in an animal model (Bora et al., 2005) and administration of 

recombinant CD59 suppresses CNV in these mice (Bora et al., 2010). In 2005, the 

involvement of complement in AMD was confirmed, when four separate studies 

identified the same single nucleotide polymorphism (SNP) in CFH, a complement 

regulator, as a major risk factor for AMD (Edwards et al., 2005; Hageman et al., 2005; 

Haines et al., 2005; Klein et al., 2005).  
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1.2. Complement factor H gene cluster 
 

FH, as a member of the Regulators of Complement Activation (RCA) gene cluster 

family, has a highly conserved protein structure and function among species. 

Moreover, several evolutionary genomic recombination events have resulted in a 

number of FH protein derivatives known as the FH-related (FHR) proteins. FHRs, 

together with FH, form the FH protein family and have a physiological role in fine-

tuning the activation of the AP. Contrary to the role of FH in complement regulation, 

which is well established, the functions of the FHR proteins are generally poorly 

understood, and this makes FHRs a target of high potential in the development and 

testing of therapeutic interventions.  

 

1.2.1. Factor H and factor H-like 1 

 

When not glycosylated, both human FH and murine FH (mFH) are soluble single chain 

polypeptides of approximately 139 kDa, whereas the glycosylated form of human FH is 

155 kDa in size. The actual size of glycosylated mFH has not formally been recorded, 

but the fact that mFH and human FH co-migrate on SDS-PAGE indicates that the 

molecular weight of mFH is identical or close to that of human FH (Cheng et al., 2006). 

Human FH and mFH share 63% sequence identity at the amino acid level, but 

individual short consensus repeat (SCR) domains or complement control protein (CCP) 

domains show up to 79% sequence identity (Vik et al., 1988). Additionally, both mFH 

and human FH consist of 20 SCR domains and contain several N-linked glycosylation 

sites (Kristensen, Wetsel and Tack, 1986; Ripoche et al., 1988). It has been 

demonstrated that the glycosylation of human FH does not play a role in its 

complement regulatory functions since recombinant deglycosylated FH is as functional 

as plasma-derived FH (Schmidt et al., 2011).  

Human FH and mFH are both mainly transcribed in the liver (Schwaeble et al., 1987), 

with human FH being transcribed from the CFH gene located on chromosome 1q31.3 



34 
 

while the murine Cfh gene is located on chromosome 1F. The human CFH gene also 

generates FHL-1, which is an alternative spliced variant that contains the first 7 SCR 

domains followed by 4 amino acids (SFTL), which are exclusive for FHL-1. 

There are 4 N-terminal domains of factor H that are important to the complement 

inhibitory functions of this regulator (Figure 4), which take place both in fluid phase 

and on host cellular and non-cellular surfaces, and support the protection of host cells 

that are in contact with complement such as platelets, erythrocytes, leukocytes and 

endothelial cells (Kopp et al., 2012). In order to achieve this, factor H needs to 

discriminate self surfaces from non-self surfaces, which is a feature highly dependent 

on the most C-terminal part (SCR19-20) of the molecule (Ferreira et al., 2006). Binding 

sites for C3b/C3d are included in these domains, as well as for polyanionic host 

markers such as glycosaminoglycans (GAGs) and sialic acid (Langford-Smith et al., 

2015). Recognition of both C3b and GAGs/sialic acid allows factor H to dock on the 

host surface in a favourable manner for its complement regulatory activity which is 

mediated by the N-terminal domains. Other domains of factor H also mediate 

interaction with ligands such as pentraxins, extracellular matrix (ECM) proteins, 

malondialdehyde adducts and DNA, which is thought to direct the complement 

inhibitory activity of factor H to sites of ongoing complement activation and 

inflammation (Kopp et al., 2012).  

FHL-1 is also able to bind C3b, as it includes the CCPs 1-7 of factor H, and inhibit 

complement activation. Additionally, recent studies have revealed that at specific 

anatomic sites, such as the Bruch’s membrane in the eye, FHL-1 is able to pass this 

barrier, something that factor H is not able to do, due to its large size (Clark et al., 

2014). Also, FHL-1 and factor H can bind to different sites, as the CCP7 and CCPs 19-20 

domains contain recognition sites for different GAGs, whilst FHL-1 lacks the binding 

site for sialic acid which is present in CCP20 (Langford-Smith et al., 2015).  
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Figure 4. Schematic overview of human Factor H and FHL-1. Factor H is composed of 
20 complement control (CCP) domains and FHL-1 is identical with the CCPs 1-7 of 
Factor H, with 4 additional unique amino acids at its C-terminal domain. The N-
terminal 4 CCPs mediate the complement inhibiting activity of both proteins. Below 
the corresponding domains of Factor H and FHL-1, the major ligand binding sites are 
indicated with horizontal lines. Identical colours indicate complete or very high degree 
of sequence identity. GAGs, glycosaminoglycans: MDA, malondialdehyde: CRP, C-
reactive protein: PTX3, pentraxin 3: CR, complement receptor (Figure adapted from 
(Józsi et al., 2018).  

 

1.2.2. The factor H-related (FHR) proteins 

 

Proteins that are highly related to FH are expressed in both humans and mice, and are 

individually encoded within the RCA cluster close to the CFH gene. These FHR proteins 

are composed of several SCR domains, like FH, and in humans, five CFHR genes have 

been reported, termed CFHR-1 to CFHR-5 (Skerka et al., 2013). The CFHR genes are 

arranged in tandem on the forward strand, located next to CFH in the following order: 

CFH, CFHR-3, CFHR-1, CFHR-4, CFHR-2, CFHR-5. All five CFHR genes encode proteins 

and CFHR4 encodes two proteins that arise from alternative splicing, FHR-4A and FHR-

4B (Józsi et al., 2005). These proteins feature structural homology with FH, however, 

they lack domains that are homologous to CCPs 1-4 of FH, which are responsible for 

the complement inhibiting activity (  
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Figure 5).  

 

In mice, five FHR genes were predicted in silico corresponding to their genomic order, 

termed Fhra to Fhre (Hellwage et al., 2006). Fhra and Fhrd are now believed to be 

pseudogenes that do not yield actual transcripts, however protein products for Fhrb 

and Fhrc have been confirmed and both genes have the capacity to generate splice 

variants (Figure 5). Fhre (alias Cfhr-1) can potentially lead to FHR-E (Vik et al., 1990) 

but evidence at the protein level is still lacking. Also, the higher degree of similarity of 

FHR-E with the human FHR proteins in comparison with the other murine FHRs, makes 

it of particular interest for further investigation of its role and function. 

Initial studies have shown a generally weak complement inhibiting activity of the FHRs. 

More specifically, FHR-1 was shown to inhibit C5 and the terminal pathway, whereas 

FHR-2 inhibits the alternative pathway C3 convertase and the activation of the 

terminal pathway (Heinen et al., 2009b; Eberhardt et al., 2013). FHR-3 and FHR-4 were 

shown to enhance the cofactor activity of FH, with FHR-3 possessing some cofactor 

activity on its own, and FHR-5 has weak cofactor activity and inhibits the C3 convertase 

in fluid phase (Hellwage et al., 1999; McRae et al., 2005; Fritsche et al., 2010). In 

general, FHR proteins appear to lack significant complement inhibitory activity and 

recent data suggest that in contrast with previous assumptions, a more important role 

of the FHR proteins may be to recognise and bind certain ligands, surfaces and cells, 

therefore acting as competitive inhibitors of FH (Table 3). FHRs could thus interfere 

with FH functions through competition, as CCPs 6-7 and 19-20 of FH mediate 

interactions of the complement regulator with C3b, the pentraxins C-reactive protein 

(CRP) and pentraxin 3 (PTX3), MDA epitopes, host cells, and cell membranes, and there 

is potentially overlapping ligand-binding capacity associated with the homologous 

domains (Józsi and Zipfel, 2008). Dimerization of FHR-1, FHR-2 and FHR-5 was found to 

be mediated by CCPs 1-2, which increases their avidity for surface-bound C3b and 

leads to increased competition with FH. Moreover, FHR-5 competes with FH for 

binding to CRP, PTX3, and ECM, leading to enhanced complement activation 
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(Hallstrom et al., 2014; Csincsi et al., 2015). Altogether, recent data support a major 

role for the FHRs in modulating activation of the alternative pathway as antagonists of 

FH (Józsi, 2017).  

 

 

 

  

 

 

 

 

 
Figure 5. Human and murine Factor H gene cluster. (A) Genomic organization of the 
Factor H gene cluster including CFH and CFHR1-5 genes. Sequence repeats are 
indicated by the coloured box and positions of the exons of the CFH and CFHR genes 
are indicated by the vertical lines. (B) Structural organization of the FH and FHR 
proteins. Ovals represent the short consensus repeats (SCRs) and are numbered from 
the N-terminal end and homologous SCRs are aligned. SCRs with the same colour 
exhibit almost completely similar identity of their amino acid sequences. (C) Schematic 
representation of the structure and homology of mouse FHR proteins. SCR domains 
are aligned based on the highest homology compared to mFH. Dashed lines indicate 
lacking protein evidence. Numbers within domains represent homology in percentage 
as compared to the same domain in mFH. (Figure adapted from Jozsi et al., 2015; 
Pouw et al., 2015). 

 

 

(C)  
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Table 3. Ligands of the human FHR proteins. Known host ligands of the human FHR 
proteins (adapted from Jozsi et al., 2015). 

1.2.3. FHRs and disease 

 

Recent studies have associated genetic variations in FH and the FHRs with various 

diseases such as C3 glomerulopathy (C3G), atypical haemolytic uremic syndrome 

(aHUS), IgA nephropathy (IgAN), systemic lupus erythematosus (SLE), and age-related 

macular degeneration (AMD) (Table 4). The most remarkable of those variations are 

CFHR1-5 genomic rearrangements. Generation of hybrid genes between CFH and 

CFHR-1 or CFHR-3 caused by such rearrangement is strongly associated with aHUS 

(Abarrategui-Garrido et al., 2009). Data generated from recent studies of those hybrid 

genes emphasize the important role of the C-terminal region of FH in the protection of 

host surfaces from complement damage and show that this region in FH cannot be 

replaced by the C-terminal region of FHR-1 or FHR-3 since they have different binding 

specificities. Another rearrangement is the deletion of the CFHR-3 and CFHR-1 genes, 

which is a common polymorphism in humans that originated from a single non-allelic 

homologous recombination event involving a duplicated region downstream of CFH 

and CFHR-1. This deletion is strongly associated with lower risk of AMD (Hughes et al., 

2006) and IgA nephropathy (Gharavi et al., 2011) but interestingly, is a risk factor for 
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SLE, autoimmune aHUS and hematopoietic stem cell transplantation-related 

thrombotic microangiopathy associated with the generation of anti-FH autoantibodies 

(Zhao et al., 2011; Jodele et al., 2013; Kiryluk, Novak and Gharavi, 2013). Furthermore, 

duplication of the dimerization domain of FHR-1, FHR-2 and FHR-5 is associated with 

C3G, a type of glomerulopathy that leads to renal failure (Abarrategui-Garrido et al., 

2009). This duplication leads to increased avidity of FHR-1, FHR-2 and FHR-5 for their 

ligands, enhancing competition with FH to host surfaces (Goicoechea de Jorge et al., 

2013), consequently causing impaired complement regulation. Finally, a very recent 

study showed that increased circulating levels of FHR-4 are associated with AMD 

(Cipriani et al., 2020). The association of these rearrangements with disease forms a 

persuasive body of evidence that the role of FHRs is to modulate complement 

activation by competing with the binding of FH to surfaces, resulting in either 

beneficial or detrimental outcome depending on the circumstances (Jozsi et al., 2015).  
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Table 4. Rearrangement of CFHR genes associated with diseases. Rearrangements of 
CFHR genes have been associated with risk or protection from several diseases 
(adapted from Jozsi et al., 2015). 

 

 

1.3. Age-related macular degeneration 
 
 
Several retinal diseases manifest in the macula which highlights the vulnerability of 

this region, including progressive cone dystrophy, macular telangiectasia, red-cone 

dystrophy, benign concentric macular dystrophy, Stargardt’s disease, Batten’s disease 
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and AMD. The specialised central region of the retina in humans and primates is called 

the macula. In the centre of the macula there is a 1 mm region called the fovea which 

has the highest visual acuity and is exclusively populated by cone photoreceptors. The 

foveal avascular zone and the high density of photoreceptors, which is responsible for 

this region having the highest metabolic rate in the retina, are the main unique 

anatomical features of the macula. Additionally, smaller and more pigmented RPE cells 

have been found underlying the macula (Streeten, 1969), and the elastin layers within 

Bruch’s membrane are six fold thinner at this region in order to aid fast diffusion 

(Chong et al., 2005). Also, the presence of the macula pigments, lutein and zeaxanthin 

give the macula a yellow appearance 

AMD is a disease in which there is a progressive degeneration of the macula of elderly 

people. It is a major cause of irreversible central vision loss in developed countries 

with ageing populations and it is the third most common cause of blindness worldwide 

(Wong et al., 2008). Due to an increasing global population, the number of people 

affected by this condition is predicted to nearly double between 2020 and 2040 (Wong 

et al., 2014).  

After years of many controversies about AMD nomenclature and a clinical grading 

system, an agreement was reached in 2012 on the classification of AMD and a new 

system was adopted (Ferris et al., 2013). Early AMD is characterised clinically by the 

presence of medium size drusen (between 63 μm and 125 μm), while Intermediate 

AMD is associated with large drusen, bigger than 125 μm and/or any AMD pigmentary 

abnormalities defined as regions of hypo- or hyper-pigmentation. The Late AMD has 

two forms: geographic atrophy (GA) or “dry” and neovascular or “wet”.  

 

1.3.1. Immune regulation in the retina 

 

The fact that several immunoregulatory mechanisms are present in the eye in order to 

protect the vulnerable neural tissue by minimising bystander damage involved with 

inflammation makes the eye an immune privileged site. These mechanisms include the 



42 
 

physical structure of the BRB, secretion of immunosuppressive cytokines and immune 

deviation to self-antigens (Streilein, 2003). However, when immune privilege is 

compromised it can lead to autoimmune responses, infection and immune-mediated 

diseases such as AMD and uveitis. 

Maintenance of immune privilege of the subretinal space depends on the RPE, which 

also compensates for it by taking on several immune-related functions (Zamiri, Sugita 

and Streilein, 2007). The RPE expresses membrane bound receptors for immune 

recognition (toll-like receptors (TLR), Fcγ receptors, complement receptors) and 

antigen presentation (major histocompatibility complexes I & II) (Detrick and Hooks, 

2010). Moreover, a variety of cytokines and chemokines can be secreted by the RPE 

cells, and RPE cells are also able to respond to these factors. Under normal 

circumstances, the RPE secretes immunosuppressive cytokines such as transforming 

growth factor-β, IL-10 and IFNβ, but upon stimulation by C5a, CRP or fibronectin, RPE 

cells may secrete pro-inflammatory cytokines and chemokines (Fukuoka, Strainic and 

Medof, 2003; Austin et al., 2009; Wang et al., 2010). It has been shown that 

membrane-bound and soluble cytokine receptors expressed by the RPE, provide the 

RPE with the ability to adapt its functions to the surrounding cytokine environment. In 

pathology or disease, IL-1β, tumour necrosis factor-α (TNFα) and IFNγ, or a 

combination of all three cytokines, induce changes in RPE secretion, such as 

production of nitric oxide (NO) and expression of MHC class II in response to IFNγ, 

upregulation of VEGF-A and VEGF-C expression, and C3 expression in response to TNFα 

(Holtkamp et al., 2001; Nagineni et al., 2007, 2011; An, Gordish-Dressman and 

Hathout, 2008).  

 

1.3.2. Early clinical symptoms 

 

The earliest clinical signs of AMD are the formation of basal laminar and linear deposits 

(BlamD, BlinD). BlamD form between the RPE basal lamina and the RPE basal plasma, 

and consist of membranous debris and collagen. BlinD form within the inner 
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collagenous layer of Bruch’s membrane, and consist of vesicular material (Curcio and 

Millican, 1999).  

Additionally, drusen form between the basal lamina of the RPE and the inner 

collagenous layers of Bruch’s membrane. Drusen are yellowish extracellular deposits 

visible by funduscopic eye examination, and their presence is a normal feature of 

ageing, whilst a change in size, number, colour, shape, distribution or solid appearance 

are indicators for early signs of AMD (). Drusen consists of lipids, carbohydrates, 

cellular materials and over 140 proteins, and a proteomic comparison of drusen from 

AMD patients and age-matched controls showed they shared 65% of the same 

proteins (Crabb et al., 2002). The composition of extracellular deposits seen in other 

diseases such as atherosclerosis and amyloidosis, is similar to that of drusen, 

suggesting common processes in their pathogenesis (Mullins et al., 2000).  

Although not fully characterised, drusen are thought to be a combination of RPE 

debris, including phagocytosed material from the photoreceptors extruded basally 

(Malek et al., 2003), and plasma proteins from the choroid diffusing across Bruch’s 

membrane. Also, the significant presence of complement and inflammatory proteins 

found in drusen, supports the view that complement activation and inflammation are 

key factors in drusen biogenesis (Hageman et al., 2001; Johnson et al., 2001). 

Lipofuscin is an autofluorescent mix of coloured lipid-soluble pigments that forms as 

an intracellular aggregate, and enhanced lipofuscin in the RPE is another early sign of 

AMD (Marmorstein et al., 2002). As with drusen, the presence of lipofuscin is also a 

feature of normal healthy ageing. A build-up of toxic bis-retinoids such as N-

retinylidene-N-retinyl-ethanolamine (A2E) due to disruption to the visual cycle, and 

photooxidation of these molecules contributes to lipofuscin generation. It cannot be 

readily digested or catabolised by RPE cells, and its accumulation leads to peroxidation 

which generates damaging reactive oxygen species. Like drusen, it is not clear whether 

lipofuscin is a risk factor of AMD, a primary cause or an early secondary effect. 
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Figure 6. Age-related changes in the RPE. Schematic of RPE cell in a 3-year old-child and 
an 80-year-old person. Apical pseudopodial RPE processes (APRP) partially surround 
the outer segments of rods and cones which are embedded in the interphotoreceptor 
matrix (blue-gray areas). Light induced toxicity occurs as light is absorbed by 
chromophores in the lipofuscin granules. Shed disks are encapsulated and digested in 
phagolysosomes in the RPE. Macrophages and fused macrophages (giant cells) remove 
cellular debris. All the above result in enlarged lipofuscin granules, thickened Bruch’s 
membrane and the attenuation of the choriocapillaris in old age (de Jong, 2006).  

 

1.3.3. Late stage disease 

 

Loss of RPE cells which leads to degeneration of the overlying photoreceptors, 

characterises the progression of atrophic AMD. Extension of cell death into the outer 

retinal layers results in dramatic thinning of the retina in the macula. Loss of RPE is at 

least partly compensated by surrounding RPE that proliferate and become 

hyperpigmented. 

In patients the main cause of sudden irreversible vision loss is neovascular AMD. 

Penetration of choroidal blood vessels through Bruch’s membrane and the RPE leads 

to neovessels reaching the photoreceptor layers where they may anastomose with 
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retinal blood vessels. These vessels are often leaky and cause haemorrhage and 

detachment of the RPE, and permanent irreversible damage is caused by the 

formation of disciform scars in the RPE and neural layers of the macula. The 

proliferation of choroidal blood vessels is driven by various factors, but over the past 

years, it has been shown that neovascularisation of the choroid can be stimulated by 

several constituents of drusen including C3a, C5a (Rohrer et al., 2009), carboxyethyl 

pyrrole (CEP) adducts (Ebrahem et al., 2006) and bis-retinoids (Iriyama et al., 2009). 

 

1.3.4. Pathogenesis 

 

The pathogenesis of AMD is not fully understood. Since it is a multifactorial disease, 

large population-based studies have been very helpful in terms of characterising the 

prevalence of the disease in different populations and investigating candidate risk 

factors. Importantly, all studies so far show an age-specific frequency for AMD 

amongst the population. The etiology of the disease involves major risk factors, which 

usually interplay with each other, increasing the complexity of the condition, such as 

ageing, genetic susceptibility (ethnicity and polymorphisms), environmental factors 

(smoking), local factors and inflammation.  

Age is the most significant factor in AMD since the risk of developing AMD is directly 

proportional to age (Chakravarthy et al., 2010). Several factors can exacerbate 

processes that are promoted by age, creating an environment that is more susceptible 

to AMD. Of these, genetic background plays an important role in AMD pathology. In 

the white population, AMD is more common when compared to black (Wong et al., 

2014) and the cause of the difference in prevalence between ethnicities is not 

correlated to the pigmentation of the eye (Ambati et al., 2003).  

Oxidative stress is another important factor in the pathogenesis of AMD. This involves 

progressive molecular and cellular damage caused by reactive oxygen species (ROS) 

which results in protein misfolding and eliciting functional abnormalities during RPE 

cellular senescence (Kinnunen et al., 2012). Oxidative reactions can easily take place in 
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the eye for multiple reasons. The eye is continuously exposed to high levels of energy 

(light), it is also one of the most oxygenated organs in the body due to the 

choriocapillaris, and it is rich in polyunsaturated fatty acids in the photoreceptor outer 

segments which are one of the primary targets of ROS (Ambati et al., 2003). The most 

common source of oxidative stress in the eye is the visual cycle. In response to 

photons of light, 11-cis retinal photoisomerises to all-trans retinal which then binds to 

phosphatidylethanolamine producing N-retinyledene-phosphatidyl ethanolamine 

(A2PE). A2PE is hydrolysed to become N-retinyledene-N-retinylethanolamine (A2E). 

When A2E absorbs blue light (high energy light), ROS are generated. ROS derive from 

oxygen metabolism and they are, for example, superoxide anion, singlet oxygen, 

hydrogen peroxide but, in general, every atom or molecule with one unpaired 

electron. ROS are physiologically produces and eliminated, mainly in mitochondria, 

and are extremely reactive with proteins, causing their fragmentation and aggregation, 

and with polyunsaturated fatty acids, found mainly in the photoreceptor outer 

segments, leading to their peroxidation (Ambati et al., 2003).  

Excess ROS are toxic for cells and they can cause retinal degeneration and cell 

apoptosis leading to GA and subsequent vision loss (Coleman et al., 2009; Jarrett and 

Boulton, 2012). During ageing the tissue damage caused by ROS production is 

exacerbated due to the fact that mechanisms of detoxification and repair are 

significantly less effective leading to progressive damage (Jarrett and Boulton, 2012). 

This is exemplified by the continuous accumulation of lipofuscin in the lysosomes of 

RPE cells during one’s lifetime, which leads to enlargement of the RPE cells 

(Abdelsalam, Del Priore and Zarbin, 1999). Interestingly, the early onset Stargardt 

disease is characterized, in the retina, by atrophic areas with lipofuscin deposits, 

similarly to geographic atrophy (Sparrow et al., 2003), supporting the idea that 

lipofuscin is indeed a risk factor in GA. A similar type of oxidative damage, that only 

affects the photoreceptors, is caused by the absorption of light (low energy light) by 

photoreceptor visual pigments such as melanin, cytochromes, carotenoids and flavinic 

enzymes (Jarrett and Boulton, 2012). Additionally, alcohol and cigarettes are sources 

of ROS in everyday life.  
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1.3.4.1. Inflammation and immunity 

 

Despite the fact that the eye has mechanisms that limit inflammatory responses in 

order to protect vision, immune responses are activated to maintain and restore 

homeostasis (Parmeggiani et al., 2012).  

Drusen, the main clinical biomarkers of AMD, can initiate inflammatory processes as 

they contain immunoglobulins, MHC class II antigens, cluster differentiation (CD) 

antigens and HLA-DR (Human Leukocyte Antigen – antigen D Related) (Hageman et al., 

2001). HLA-DR is a protein complex associated with dendritic cells belonging to the 

myeloid DC1 lineage, suggesting that drusen contain processes of dendritic cells, that 

participate in the induction of immune reactions (Hageman et al., 2001), with the 

primary stimuli for dendritic cell activation and migration from the choroid being RPE 

injury and oxidation products. Retinal microglial cells, that are identified as resident 

macrophages in the central nervous system, can be activated by the presence of 

damage (Ardeljan and Chan, 2013). Eventually, they migrate to the site of injury 

phagocytosing waste materials and secreting pro-inflammatory molecules which help 

build up a detrimental hyper-inflammatory environment (Wang, Wang and Chan, 

2011).  

 

The presence of activated complement proteins in drusen, such as C1q, C3, C5 and 

C5b-9 and membrane attack complex (MAC), highlights the importance of 

inflammation in the disease process (Thurman et al., 2009; Ambati, Atkinson and 

Gelfand, 2013), but the mechanism through which this occurs is not yet clear. 

Inflammasome and macrophage activation, can be induced by C1q extracted from 

drusen (Kawa et al., 2014). Inflammasomes can recognize stress and damage signals 

via danger-associated molecular structures released by injured cells (Kinnunen et al., 

2012), leading to caspase-1-dependent secretion of pro-inflammatory cytokines 

promoting cell death (Strowig et al., 2012), with a detrimental impact on vision. A 

possible association between oxidative damage-induced inflammation and AMD was 

shown when mice were immunized with serum albumin attached to an oxidation 
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fragment, called carboxyethylpyrrole (CEP), present in drusen of AMD patients 

(Hollyfield et al., 2008). The mice generated antibodies against the hapten, showed C3 

fixation in Bruch’s membrane, accumulated drusen, and developed lesions resembling 

geographic atrophy. This scenario resembles AMD patients who have higher 

concentrations of modified CEP (oxidation products), due to higher oxidative damage 

than controls (Hollyfield, 2010), and underpins the hypothesis that damage in the RPE-

Bruch’s membrane-choroid complex causes the initiation of the inflammatory 

response, partly mediated by the complement system (Zarbin, 2012). Moreover, it has 

been shown that in ARPE-19 cells (spontaneously immortalized cell line of human 

retinal pigment epithelium) that were irradiated in order to stimulate the oxidation of 

A2E and treated with human serum as a source of complement proteins, elevated 

levels of iC3b were detected in the serum (Zhou et al., 2006). In physiological 

conditions RPE cells modulate the activity of complement proteins deposited on their 

surface, but during stress conditions the expression of complement inhibitors such as 

DAF and CD59 is reduced, and consequently, the overactive complement stimulates 

the secretion of the cytokine vascular endothelial growth factor (VEGF) (Thurman et 

al., 2009). Additionally, it has been shown that oxidative stress may decrease the 

ability of interferon-γ to stimulate FH expression in RPE cells, which in turn would 

create an environment more prone to complement activation (Wu et al., 2007).  

 

1.3.4.2. Genetics 
 

Apart from tissue injury and oxidative stress which play a crucial role in the activation 

of inflammation, genetics is also an important factor in determining susceptibility to 

and development of AMD. 32 loci have been discovered to be associated with AMD, 

with the majority of them belonging to the complement system () (Fritsche et al., 

2013). Furthermore, it is widely described in the literature that dysregulation of 

complement, caused by variants in proteins in the cascade or regulators, is directly 

associated with a higher risk of developing the disease. The most common variant is 

the Y402H polymorphism in the gene encoding FH, which was found to be strongly 

associated with the risk of developing AMD (Edwards et al., 2005; Hageman et al., 
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2005; Haines et al., 2005; Klein et al., 2005). CFH variants have more recently been 

found to be associated more with GA pathology than CNV (Fritsche et al., 2013). Other 

complement genes with similar effects on AMD risk are CFB (Gold et al., 2006; Spencer 

et al., 2007; Jakobsdottir et al., 2008; Montes et al., 2009; Hughes, Mullan and Bradley, 

2011; Mantel et al., 2014), C2 (Gold et al., 2006; Spencer et al., 2007), C3 (Maller et al., 

2007; Yates et al., 2007; Zhan et al., 2013), CFI (Fagerness et al., 2009) and C9 

(Anderson et al., 2010).  

Genetic variants in genes that are not related to complement, are also associated with 

an elevated risk of developing AMD. Among these the most prevalent is a mutation 

within LOC387715/ARMS2 that affects a mitochondrial outer membrane protein 

(Kanda et al., 2007), and this variant is shown to be more associated with the 

development of CNV rather than GA (Fritsche et al., 2013).  

 

 

Figure 7. Summary of the genome-wide association results in AMD. In blue, there are 
loci that have been previously described (p < 5 x 10-8) and in green, there are newly 
described loci (p < 5 x 108) (from Fritsche et al., 2013).   

 

Other polymorphisms linked with AMD risk include genes involved in lipid metabolism, 

such as PLA2G12A, LIPC and PLA2G6 (Fritsche et al., 2013). The tissue inhibitor of 

metalloproteinase 3 (TIMP-3) is another gene with polymorphisms associated with 

AMD (Chen et al., 2010; Fritsche et al., 2013). TIMP-3 encodes an extracellular 
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membrane protein mainly expressed in Bruch’s membrane, as well as in certain 

epithelia and also found in drusen of AMD patients (Hageman et al., 2001; Ardeljan 

and Chan, 2013). It is also involved in extracellular membrane remodelling, immuno-

inflammatory signalling pathways and regulatory processes such as angiogenesis 

(Parmeggiani et al., 2012; Ardeljan and Chan, 2013). It is also relevant to mention 

heritability as an important factor in the etiology of AMD (Hyman et al., 1983; 

Chakravarthy et al., 2010). Thus, a two-fold increase in prevalence (24%) of AMD was 

shown in first degree relatives of affected individuals compared to first degree 

relatives of controls (12%) (Seddon, Ajani and Mitchell, 1997). Furthermore, a 90% 

concordance of AMD was reported in twins in a monozygotic twin study, compared to 

the 70% between the twins and their spouses (Gottfredsdottir et al., 1999).  

 

 

1.3.4.3. Environmental factors 
 

Smoking cigarettes is, after age, the most consistent environmental factor associated 

with high risk of developing AMD (Klein et al., 1993; Milton et al., 2005). It has been 

shown that the number of cigarette packs smoked per year and/or passive smoking is 

important in predicting the risk of both neovascular AMD and geographic atrophy 

(Khan et al., 2006). Additionally, if the duration of smoking is less than 20 years, 

quitting smoking is associated with a reduced risk that returns to that of a non-smoker. 

There are two potential reasons why smoking is associated with AMD. Firstly, because 

smoking depresses antioxidant (carotenoids) levels in the blood (Alberg, 2002) and, 

secondly, because it upregulates inflammatory mediators and contains pro-oxidant 

compounds (hydroquinone) that can cause further oxidative damage (Pons and Marin-

Castaño, 2011).  
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1.3.4.4. Local changes in the eye 
 

Apart from oxidative stress, inflammation and genetics, there are other local factors, 

which are partially linked to the ageing process and can create a suitable environment 

for the development of pathology. Loss of rods is reported during aging (30% by the 

age of 90), whereas cones are relatively well preserved with age and in AMD. In 

patients with GA, rod cells are lost before cones, but cones look structurally abnormal 

(Shelley et al., 2009). The choroidal vasculature also recedes with normal ageing but to 

a greater extent in AMD. Studies have shown that in regions of RPE atrophy CC area 

and density significantly decrease compared to healthy age-matched controls, 

supporting the idea that CC degeneration in GA is partly driven by RPE atrophy 

(Ramrattan et al., 1994; Mcleod et al., 2009). In CNV, however, the drop in CC was 

associated with intact RPE leading to the belief that CC dropout can, independent from 

RPE atrophy, cause the pathology (Mcleod et al., 2009). Bruch’s membrane also 

undergoes modifications, with a study showing that Bruch’s membrane thickness is 

directly proportional to age (Ramrattan et al., 1994). This is due to the accumulation of 

drusen in the elastic layer of Bruch’s membrane, and in elderly people, there is more 

cross-linking in the collagen layer of Bruch’s membrane leading to a more compact 

structure (Abdelsalam, Del Priore and Zarbin, 1999). However, Bruch’s membrane 

content is highly lipidic (including phospholipids, triglycerides, fatty acids and free 

cholesterol) rendering the membrane hydrophobic (Holz et al., 1994). This is also 

supported by evidence that lipid accumulation is directly proportional to ageing 

(Pauleikhoff et al., 1990). Consequently, there is a reduction in fluid exchange between 

RPE and choroid, due to Bruch’s membrane’s diffusing capacity and drop of hydraulic 

conductivity (Moore, Hussain and Marshall, 1995; Ardeljan and Chan, 2013). 

Eventually, these phenomena lead to the infiltration of fluids underneath the RPE 

causing RPE detachment (Bird, 2010). To sum up, it is still unknown which age-related 

changes are directly causative for the pathology since it is hard to individually analyse 

each one of them and their related effects. 
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1.3.4.5. AMD management and therapeutic approaches 
 

Without any available effective treatment for GA, ongoing studies are trying to explore 

new strategies to discover the pathology of the disease. One effort was to inhibit 

complement activation by targeting the complement protein C5 with eculizumab, a 

function-blocking humanized monoclonal which is also used to treat paroxysmal 

nocturnal hemoglobinuria (PNH) and atypical haemolytic uremic syndrome (aHUS) 

(Filho et al., 2013). A third approach with the potential to restore visual function, even 

with the pathology being at the endpoint, is the transplantation of RPE cells in patients 

affected by dry AMD. One of the first clinical trials transplanting human embryonic 

stem cells-derived RPE cells in a patient with dry AMD has shown that the patient 

recovered some visual acuity without signs of side effects (Schwartz et al., 2012). An 

alternative approach to RPE replacement is the Argus II retinal prosthesis which 

electrically stimulates the retina to induce visual perception in blind subjects (Luo and 

da Cruz, 2016).  

On the other hand, ground-breaking advances have been achieved in the last decade, 

in the treatment of wet AMD. In many cases, current therapies are able to ameliorate 

or stabilize vision, but a complete restoration of vision is rare. The elective therapy for 

wet AMD, until the 90s, was laser photocoagulation. Around 2000, this procedure was 

completely replaced by photodynamic therapy with verteporfin for two main reasons. 

Firstly, only a small proportion of patients were treatable (only juxta and extrafoveal 

CNV) and there was high probability of recidivism (Macular Photocoagulation Study 

Group, 1994a, 1994b). Photodynamic therapy was applied to treat more patients (with 

classic subfoveal neovascularisation) but only a few of them showed significant 

improvement (Meads and Hyde, 2004). Since 2004, the focus of therapeutic strategies 

for the neovascular form has been directed to the molecules and signalling 

mechanisms involved in the pathology. As a consequence, anti-VEGF therapies have 

been employed, and drugs specific for VEGF have been developed to be intravitreally 

injected and are now the standard of care. VEGF-A is recognised as the major 

angiogenetic factor and protagonist of neovascularisation in the eye (Olsson et al., 

2006), and the mechanism of action of these drugs involves binding to VEGF and thus 
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inhibiting the binding with its receptor and the subsequent formation of anomalous 

blood vessels. The first anti-VEGF drug that was used in clinical trials was Pegaptanib 

(Macugen) which showed stabilization of vision compared to placebo (Lim et al., 2012). 

Next, Ranibizumab (Lucentis) became the second anti-VEGF drug used to treat 

neovascular AMD. Compared to pegaptanib which selectively blocks only the VEGF-135 

isoform, ranibizumab is a fragment of a humanised monoclonal antibody which is able 

to bind all five human VEGF isoforms (Lim et al., 2012). Ranibizumab was not only able 

to preserve vision, as pegaptanib, but 37% of treated patients exhibited a gain in visual 

acuity (Rosenfeld et al., 2006; Brown et al., 2009). Bevacizumb (Avastin) is another 

pan-VEGF humanized monoclonal antibody with similar efficacy to ranibizumab but 

can be provided at a significantly lower cost. Finally, the newest anti-VEGF drug to be 

developed is aflibercept (Eylea or VEGF Trap-Eye), which is a fusion protein that binds 

to all forms of VEGF-A and placental growth factor-1 and 2 (PIGF-1 and 2) (Dixon et al., 

2009). Aflibercept is chemically inactive, its half-life is longer and it has a higher affinity 

for the targets compared to the previously developed drugs (Dixon et al., 2009; Heier 

et al., 2012). Intraocular injections every two months with aflibercept have been 

shown in clinical trial studies to reach analogous outcomes and safety compared to 

ranibizumab injections every month (Heier et al., 2012). However, recent studies 

suggest that treatment with aflibercept can have a negative impact on vascular 

function resulting in stroke (Beaumont, Petocz and Kang, 2014). Anti-VEGF drugs have 

many limitations, despite the fact that they have positive outcomes for the patients. 

Treatment with anti-VEGF drugs is expensive and time-consuming, and patients have 

to be injected at a high frequency. Risks associated with these injections are the onset 

of cataracts, endophthalmitis, infections, retinal detachment and higher incidence of 

cardiovascular diseases (Dixon et al., 2009; Lim et al., 2012). Another limitation is the 

acquired resistance of some patients against anti-VEGF drugs. Several factors might 

play a role in the mechanism through which patients acquire resistance. Genetic 

factors and tachyphylaxis (phenomenon during which the drug loses its efficacy with 

time) are two possible reasons (Tranos et al., 2013). There is also evidence of the 

presence of antibodies against ranibizumab in the circulation of treated patients which 

might explain why the drug is less effective (Rosenfeld et al., 2006). Additionally, 
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another reason could be the upregulation of other angiogenic factors which 

compensate the inhibition of VEGF (Lazzeri et al., 2015).  

Due to the lack of an effective treatment so far, attention has been given to 

preventative measures in order to avoid the progression of the pathology, with the 

main focus of prevention being the reduction of oxidative damage. Administration of 

antioxidants such as the macular carotenoids lutein and zeaxanthin, and cessation of 

smoking were shown to significantly reduce the risk of progression of AMD (Khan et 

al., 2006; Lim et al., 2012). The AREDS research group revealed that, in patients with 

signs of early AMD, the daily oral supplementation of a mixture of antioxidant (vitamin 

C, E and β-carotene), zinc and copper decrease by 25% the risk of developing late AMD 

compared to placebo (AREDS Research Group, 2001). However, association of β-

carotene with increased risk of lung cancer in smokers, resulted in adjustment of the 

formulation of antioxidants, replacing β-carotene with lutein, zeaxanthin and omega-3 

(Lim et al., 2012; (AREDS2), 2013). The data suggest that reduced zinc and no β-

carotene did not alter the effectiveness of the formulation compared to the AREDS 1 

formula. Finally, antioxidant supplementation gave positive outcomes in patients with 

exudative AMD, however, no improvement was shown to GA (Casaroli-Marano and 

Zarbin, 2014).  

It is evident that further studies and new therapeutic approaches should be pursued, 

and ideally therapeutics that inhibit or target complement activation could be a very 

promising approach. An example of such a therapeutic is APL-2 (pegcetacoplan), a 

synthetic cyclic peptide conjugated to a polyethelene glycol (PEG) polymer that binds 

specifically to C3 and C3b, which is currently the only targeted C3 therapy in Phase 3 

clinical trials for GA by Apellis Pharmaceuticals. Targeting the complement system is a 

reasonable therapeutic approach, but the complexity of complement biology means 

that effective treatments are likely to need a better understanding of the role of 

complement system in the eye.  
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1.4. Hypothesis & Aims of study 
 

1.4.1. Hypothesis 
 

The hypothesis of this study is that FH and FHRs play an important role in complement 

homeostasis in the retina and contribute to the pathogenesis of AMD. 

 

1.4.2. Aims 
 

The aims of this study are to: 

 

1. Investigate whether complement activation occurs in a cell autonomous manner in 

ARPE19 cells 

2. Characterize the retinal phenotypes of specific transgenic mouse strains 

3. Investigate complement homeostasis in the retina of mutant mouse strains in order to 

better understand the role of FH and FHRs 
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Chapter 2: Materials & Methods 
 

 

2.1. In vitro techniques 
 

2.1.1. ARPE-19 cell culture 

ARPE-19, a spontaneously arising immortalised human RPE cell line, was used between 

passages 15-20. Cell cultures were maintained in high glucose Dubecco’s modified 

Eagle’s medium (DMEM, Invitrogen, 41965-039) with 292 μg/ml L-glutamine. Medium 

was supplemented with 100 IU/ml penicillin and 100 μg/ml streptomycin. Additionally, 

DMEM was supplemented with 10% or 2% heat-inactivated foetal calf serum (FCS-

Invitrogen, 10108-165). Cells were grown in a 37°C humidified incubator with 5% CO2.  

 

2.1.2. Inflammatory mediators stimulation 

Prior to stimulation with inflammatory mediators ARPE19 cells were grown to 

confluency in a 6-well plate (Nunc). IFN-γ, TNF-α, and IL-6 were diluted in the same 

DMEM that is used for cell culture maintenance at a 50 ng/ml final concentration. 

Depending on the experiment, cells were treated for either 24 hours or for an 

extended time course of 6, 12, 24, 48 and 72 hours.  

2.1.3. C3aR immunostaining of ARPE-19 cell cultures and 
Confocal microscopy analysis 
 
ARPE-19 cells were cultured on coverslips as described earlier and cells were fixed in 

4% PFA for 20min at 4°C. Fixed cells attached on coverslips were washed in 2X PBS and 

blocked for 1 h at RT with blocking buffer (2X PBS, 3% Triton, 1% BSA, 0.5% Tween, 

0.1% NaN3). Primary antibodies (sc-133172, Santa Cruz Biotechnologies, 1:500) were 

applied for 2 h at RT and later washed in blocking buffer. Secondary antibodies 

(Alexafluor 555, 1:1000) in blocking buffer were incubated for 2 h at RT and then 

washed for 15 min in 2X PBS. Coverslips were mounted on microscopy slides in 
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ProLong Gold (Invitrogen, P36930). Immunostaining was analysed after z-stack imaging 

was performed using a ZEISS LSM 710 confocal microscope.. Images were acquired 

using the same laser intensity from 3 fields of view per treatment. Maximum intensity 

projection images of the z-stacks were thresholded and integrated density values were 

measured using ImageJ software. Integrated density values were normalised to 

number of cells per field of view.  

 
2.1.4. Measurement of trans-epithelial resistance (TER) 

An epithelial voltometer (World Precision Instruments) was used to measure TER in 

ARPE19 cells grown in trans-well plates at specific time points after the cells reached 

confluency. All TER values were corrected by subtracting the TER value obtained from 

a blank insert which only contained medium but no cells. The corrected TER values 

were then multiplied by the surface area of the insert to determine the resistance of 

the entire area that cells occupy (Ω/cm2) (Garcia-Diaz and Essig, 1985).  

2.1.5. Hypoxia induction in ARPE-19 cell cultures 

ARPE-19 cells were cultured as described earlier and starved in serum-free DMEM for 

24 hours before being incubated in hypoxic conditions. For hypoxia induction, cells 

were transferred for 1h, 4h, 6h and 24h to a 37°C humidified incubator with 1% CO2. 

Cells that remained in a 37°C humidified incubator with 5% CO2 were used for the 

normoxic controls. 

 

 

2.1.6. ARPE-19 cell co-culture with primary human microglial 
cells 

ARPE-19 cells were cultured as described earlier, and primary human microglia from 

CNS (cortex) (Celprogen, 37089-01) were also cultured in Advanced modified Eagle’s 

medium (Advanced MEM, Gibco, 12492-013) with 292 μg/ml L-glutamine. Medium 

was supplemented with 100 IU/ml penicillin and 100 μg /ml streptomycin. 

Additionally, Advanced MEM was supplemented with 10% heat-inactivated foetal calf 

serum (FCS-Invitrogen, 10108-165) and cells were grown in a 37°C humidified 
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incubator with 5% CO2. Prior to co-culture, ARPE-19 cells were starved in serum-free 

medium for 24h and, when required, microglia were activated with 100ng/ml LPS for 

24h. Also prior to co-culture, ARPE-19 cells and microglia were treated for 1h with 2 

μg/ml Cell Tracker Green (Invitrogen, C2925) and Cell Tracker Red (Invitrogen, C34552) 

respectively, and then washed thoroughly with PBS. When required, ARPE-19 cells 

were also treated for 1h with 10% C3- or C5-depleted serum prior to co-culturing. After 

1h, C3- or C5-depleted serum was washed from ARPE-19 cells. In the meantime, 

microglia were trypsinized for 3min and trypsin was then inactivated using Advanced 

MEM with 10% FBS, and cells were centrifuged at 100 x g for 7 minutes. 105 microglia 

cells were then added on top of the cultured ARPE-19 cells in Advanced MEM and co-

culture was continued for 2h, 5h and 20h depending on the experiment. The co-

cultures were observed under the microscope to ensure that microglia cells were 

settled as a monolayer on top of the ARPE-19 cells in order to establish the potential 

interaction between the two cell types. Finally, cells in co-culture were trypsinized for 

3min, and after centrifugation cell pellets were resuspended in 400 μl PBS and kept on 

ice. Co-cultures were then analysed by FACS in order to detect the number of 

microglial cells that had phagocytosed ARPE-19 cells during the co-culture. 

2.1.7. Fluorescence-activated cell sorting (FACS) analysis of 
ARPE-19 cells co-cultured with human microglia primary cells 

All measurements were performed on a Fortessa flow cytometer (BD) equipped with 

the FACS Diva software (BD). Compensation was achieved with single stained cells and 

calculated by the Diva software. The same setup was then used to perform all 

experiments. SYTOX Blue Dead Stain was included in the analysis to discriminate 

between live and dead cells and also doublets were excluded. The gating strategy 

focused on identification of the different cell populations and the percentages of cells 

that were positive for both green and red fluorescence. Additionally, gating boundaries 

were positioned based on the live/dead controls and the single/co-culture controls 

and remained identical during the process of analysing. I would like to thank Carlotta 

Camilli for contributing to FACS and flow cytometer analysis. 
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2.2. Protein isolation and analysis 
 

2.2.1. Protein isolation from ARPE19 cells 

After treatments, cells were washed once with PBS and lysed in 100 μl sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (0.125 M Tris-

HCl-pH 6.8, 25% glycerol, 2% SDS, 0.02% bromophenol blue). Cell debris from the 

lysates was pelleted for 3 min at 13,000 rpm at RT and the supernatants were retained 

at -20°C for long term storage. 

2.2.2. Protein isolation from mouse RPE 

Mouse eyes were removed and immediately placed in PBS. Under a dissecting 

microscope, I removed any muscle tissue still attached to the back of the eye and 

totally removed the anterior part of the eye, as well as the retina. Four incisions were 

performed to the remaining eye cup which was then placed into 200 μl lysis buffer 

(0.125 M Tris-HCl-pH 6.8, 25% glycerol, 5.4% dithiothreitol, 2% SDS). After 45min the 

tubes containing the tissue were gently inverted multiple times and subsequently the 

separated choroid/sclera were removed from the sample. The remaining lysed mouse 

RPE sample was then used for western blots. 

 

2.2.3. BCA assay for protein concentration measurement 

The Pierce BCA Protein Assay Kit (ThermoScientific, cat. no. 23225) was used for 

measurement of protein concentration of the cell lysates. Equal volumes of the 

unknown samples were loaded in a microplate along with standards and diluted into 

the BCA Working Reagent. The plate was covered and incubated at 37°C for 30 min. 

Absorbance was measured at 562 nm on a plate reader. The average 562 nm 

absorbance measurement of the blank was subtracted from the measurements of all 

other standard and unknown samples. Data were analysed with Graphpad Prism 

version 6.01 using a non-linear regression analysis with a dose-response equation by 

interpolating unknown values from a standard curve of known values.  
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2.2.4. Polyacrylamide gel electrophoresis and Western transfer 

4-12% Bis-Tris pre-cast gels (Invitrogen, WG1402BOX) were used for protein 

electrophoresis. Samples were denatured for 5 min at 95°C and 20 μg of protein were 

loaded per well. Samples used for CFH and C3aR immunoblotting were denatured for 5 

min at 95°C with 5% β-mercaptoethanol in the sample buffer while samples used for 

C3 were loaded under non-reducing conditions. Gels were run in MOPS buffer (Life 

Technologies, NP0001) at 150 mV. A molecular weight ladder was also loaded along 

with the sample (GE Healthcare, RPN800E). Proteins were transferred via wet transfer 

onto a PVDF membrane (GE Healthcare, RPN303F). Membranes were first activated in 

methanol for 2 min at RT and then rinsed in transfer buffer (10% methanol, 0.025 M 

Tris, 0.192 M glycine, National Diagnostics, EC-880). The gel and membrane were 

sandwiched between filter papers and sponges and finally immersed in a transfer tank 

and run at 100 mV for 1 h at 4°C.  

 

2.2.5. Immunoblotting 

Membranes were blocked in blocking buffer (PBS-7% skimmed milk) for 1 h at RT and 

then incubated overnight at 4°C with primary antibodies ( 

Table 5) diluted in blocking buffer. Membranes were then washed 6 times for 10min in 

washing buffer (PBS – 0.05% Tween) and horseradish peroxidase-conjugated 

secondary antibodies diluted in PBS- 3.5% milk, 0.025% Tween ( 

Table 5) were applied to the membranes for 1 h at RT. Membranes were again washed 

six times for 10min in washing buffer and finally developed using an enhanced 

chemilluminescence detection system (GE Healthcare, RPN2109), for 1 min at RT and 

immediately developed using X-ray film (Fuji photofilm, MRX 1824) and X-ray 

developer (Konica Minolta SRX-101A). All incubation steps were carried out on an 

orbital shaker.  
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Primary antibody Conjugated Working 

concentration 

Source 

Goat anti-human C3  1:500 Complement 
Technology (A213) 

Goat anti-human CFH  1:500 Quidel (A312) 

Mouse anti-human C3aR  1:500 Santa Cruz 
Biotechnology (sc-
53782) 

Rat anti-mouse 
C3b/ic3b/c3c 

 1:500 Hycult Biotech 
(HM1065) 

Mouse anti-human HSC70  1:500 Santa Cruz 
Biotechnology (sc-
7298) 

Rabbit anti-human C3a  1:200 Complement 
Technology (A218) 

Secondary antibody Conjugated Working 
concentration 

Source 

Goat anti-rat IgG HRP 1:1000 Millipore (AP136P) 

Polyclonal goat anti-
mouse immunoglobulins 

HRP 1:1000 Dako (P0447) 

Polyclonal rabbit anti-goat 
immunoglobulins 

HRP 1:1000 Dako (P0449) 

Polyclonal goat anti-rabbit 
immunoglobulins 

HRP 1:1000 Dako (P0448) 

 

Table 5. Primary and secondary antibodies for western blots 

2.3. Animal work 

2.3.1. Animal husbandry and maintenance 

All mice were housed in ventilated cages according to their sex and exposed to 12 

hours light/dark cycle in the Biological Resources Unit at the Institute of 

Ophthalmology. They were given a regular diet and water was provided ad libitum. 

Experiments were performed according to the Animals (Scientific Procedures) Act and 

ethically approved by the UK Home Office and following approval from the UCL 

Institute of Ophthalmology Ethical Review Panel. 
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2.3.2. RPE specific deletion of CFH (CFH KO BEST1Cre) 

Cfh floxed mice, obtained from Prof Matthew Pickering’s Lab at Imperial College 

London, were mated with the Best1Cre transgenic mouse which was a generous gift 

from Prof. Joshua L. Dunaief (Iacovelli et al., 2011), leading to a tissue-specific mouse 

line in which Cfh was knocked out only in the RPE cells. The Cre transgene is expressed 

under control of the Bestrophin1 (BEST1) promoter and the Best1 gene encodes for a 

basolateral transmembrane protein expressed in the RPE which results in tissue 

specific expression of Cre recombinase in the RPE (Johnson et al., 2017).  

 

2.3.3. CFH/CFHR knock-out mice 

Cfh-/-Cfhr-/- double knock-out mice, and Cfhr-/- mice were a generous gift from Prof. 

Matthew Pickering. Data showing the effectiveness of the knock-out with regards to 

lack of expression of FHR proteins can be found in the recent publication from Prof. 

Mathew Pickering’s lab (Malik et al., 2021).  

 
 
2.3.4. Obtaining and preparation of genomic DNA 

Ear clipping of transgenic animals was performed in order to obtain genomic DNA. The 

obtained tissues were lysed in 100 μl PCR lysis buffer (50mM KCl, 10mM Tris, 0.01% 

filtered gelatin, 0.5% Tween-20, 0.5% NP40 substitute and autoclaved water, pH 8.2) 

with 1% proteinase K (Sigma, cat. no. P2308) overnight at 55°C. Proteinase K was 

deactivated at 95°C for 10 min and samples were stored at -20°C. 

 

2.3.5. PCR genotyping 

PCR was used in order to genotype the Cfh wild-types, heterozygous and homozygous 

conditional knock-out animals. Components used to set up the reactions are listed in 

Table 6 and PCR conditions were as follows: 94°C for 2 min, 20 cycles of 94°C for 30 

sec, 65-55°C for 1 min 30 sec, 72°C for 1 min 30 sec, 20 cycles of 94°C for 30 sec, 55°C 

for 1 min 30 sec, 72°C for 1 min 30 sec, 72°C for 5 min. Primers for Cfh were forward 

5’-CATATGAGCCTGAATACTTTTG-3’ and reverse 5’-GCCTTCTCTGCTTGTGTAAG-3’. 

Primers for Cre-recombinase were forward 5’-ATGCCCAAGAAGAAGAGGAAGGTGTCCA-
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3’ and reverse 5’-TGGCCCAAATGTTGCTGGATAG TTTTTA-3’. PCR conditions for Cre 

genotyping were as follows : 94°C for 2 min, 30 cycles of 94°C for 45 sec, 59°C for 45 

sec, 72°C for 1 min and 72°C for 2 min. Components used for PCR genotyping of Cre 

are listed in Table 7. PCR products were loaded on a 1.5% agarose gel in Tris-acetate-

EDTA (TAE) buffer for 30 min at 150 mV and separated DNA fragments were visualised 

by exposure to UV light. 

 

PCR component Volume (μl) 

Autoclaved water 17.38 

5x Taq Buffer 5 

dNTPs (10mM) 0.5 

Forward primer 0.25 

Reverse primer 0.25 

Taq polymerase 0.12 

Genomic DNA 1.5 

Total 25 

Table 6. PCR components for Cfh genotyping 

 
 
 
 
 

PCR component Volume (μl) 

Megamix-Blue PCR buffer (Microzone) 8.8 

Forward primer 0.1 

Reverse primer 0.1 

Genomic DNA 1 

Total 10 

Table 7. PCR components for Cre-recombinase genotyping 
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2.3.6. Fundus imaging and auto-fluorescence imaging 

Fundus imaging of the retina was performed using the Micron III (Phoenix Research 

Labs) for bright-field microscopy. Mice were anaesthetised with ketamine at 1.5 mg/kg 

and dormitor at 0.25 mg/kg. 1% tropicamide (Chauvins Pharmaceuticals) was used to 

dilate pupils. Auto-fluorescence imaging was performed by using the green filter 

settings. Images were captured centred on the optic nerve. After image capture, 

anaesthesia was reversed with anti-sedan at 0.1 mg/kg. 

 

2.4. Gene expression analysis 
 

2.4.1. RNA isolation from ARPE19 cells 

The RNAeasy Mini Kit (QIAGEN, cat. no. 74104) was used to extract RNA. After cells 

were washed with PBS, RLT buffer containing 0.01% β-mercaptoethanol was added to 

lyse the cells. Cells were gently detached with cell scrapers. The collected samples 

were mixed with equal volumes of 70% ethanol and transferred to the RNeasy spin 

columns. Samples were centrifuged for 30 seconds at 13,000 rpm and the columns 

were firstly washed with RW1 buffer and then with RPE buffer in order to remove 

contaminants. RW1 buffer contains a guanidine salt and ethanol and efficiently 

removes carbohydrates, proteins and fatty acids that are non-specifically bound to the 

silica membrane, and RPE buffer is an ethanol based mild washing buffer which 

removes traces of salts that are still on the column due to washing buffers used earlier 

in the protocol. Finally, RNA was eluted from the columns using RNase free water in 30 

μl final volume. The RNA concentration of the samples was measured using a 

nanodrop instrument and RNA samples were kept at -80°C for long term storage. 
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2.4.2. RNA isolation from mouse RPE 

Immediately after enucleation, eyes were placed in 2% dispase II (Sigma, D4693) in 

DMEM and incubated for 45 min at 37°C. Eyes were then transferred to DEPC-treated 

PBS and cut in half with an incision following posterior to the ora-serrata. The anterior 

eyecup, lens and vitreous humour were discarded, and the neuroretina was gently 

peeled away from the RPE using forceps. RPE cells stuck at the back of the neuroretina 

were carefully removed, and RPE cells on the inner surface of the eyecup were also 

peeled away by gently brushing them off with closed scissors. Following the removal of 

any large non-RPE contaminants, the cells were collected in PBS and centrifuged for 3 

min at 13,000 rpm. Cells were resuspended in RLT buffer, and RNA isolation with the 

RNAeasy Kit was performed as described in the previous section. 

 

 

2.4.3. Reverse transcription of RNA 

The Quantitect Reverse Transcription Kit (QIAGEN, cat. no. 205310) was used to 

reverse transcribe RNA to cDNA. Equal starting amounts of RNA were used for the 

cDNA synthesis of each sample. Firstly, RNA templates were incubated for 2 min at 

42°C with gDNA Wipeout buffer in order to remove any genomic DNA contamination 

from the RNA samples. After adding reverse transcriptase, RT buffer and RT primer 

mix, the reactions were set up for 15 min at 42°C and finally for 3 min at 95°C. cDNA 

was kept frozen at  -20°C for long term storage. 

 

2.4.4. Real-time quantitative polymerase chain reaction 

Expression levels of different genes were measured by quantitative PCR (qPCR). 

Reactions were run in triplicates in 96-well plates and housekeeping genes were used 

to normalize the results. qPCR conditions are detailed in Table 8. Power Sybr Green 

master mix (Applied Biosystems, 4368708) was used along with forward and reverse 

primers and cDNA to a final volume of 25 μl (Table 9). Relative gene expression was 

calculated by the 2-ΔCt method. All human and mouse primers used are listed in Table 
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10. The primer sequences were chosen using Primer-BLAST and optimal 

concentrations were selected after optimising for efficient amplification by qPCR. 

 

Table 8. qPCR conditions 

 

Component Volume (μl) 
Nuclease-free water 8.5 

Power Sybr 12.5 
Forward primer 1.5 
Reverse primer 1.5 
cDNA template 1 

Total 25 
Table 9. qPCR components 

Target gene Forward 5’→ 3’ Reverse 5’→ 3’ 

Mouse C3 AGACACAAAGGACCTGGAACTGCT AGGCAGTCTTCTTCGGTGTGTGAA 
Mouse CFH TCCTTTAGGCTGGCAGTTGGATCT TCATTGATCCACCCATCTGCACCA 
Mouse C5 TACCAATGCCAACCTGGTGAAAGG TCTGCAGAACCTCTTTGCCCATGA 
Mouse CFB TACCCCGTGCAGACTCGAA GTGGGCAGCGTATTGCTCT 
Mouse CFD CTACAAGCGATGGTATGATGTGC GGACCCAACGAGGCATTCT 
Mouse C3aR  CCCCAAGACATTGCCTCCAT GACTGTGTTCACGGTCGTCT 
Mouse C5aR GCATCCGTCGCTGGTTAC TGCTGTTATCTATGGGGTCCA 
Mouse CFI TTTCCCAACGAGTCTGTCCT TGCAGTCCACCTCACCATTA 
Mouse Properdin (CFP) CCCAGATCCGTCAACGAGTAT CCTTAGGTTCTTGAGCACCAC 
Mouse CD59a GAGCATGAGCACAGTCACTGGCG GAACACAGCCAGAAGCAGCAGGAG 
Mouse CTSL GCCTTCGGATTTCACCTCAG GGACCTGATAGGACCAACAC 
Mouse GAPDH ACTGAGGACCAGGTTGTCTCC CTGTAGCCGTATTCATTGTCATACC 
Mouse Rhodopsin CACTCGTTGGCTGGTCCAGGTAC AGCCGCCTCCTTGACTGTGAAGA 
Mouse RPE65 GATGCCTTGGAAGAAGATGATGGTG TCCTTGGCATTCAGAATCAGGAGAT 
Human C3 TCACCGTCAACCACAAAGCTGCTACC TTTCATAGTAGGCTCGGATCTTCCA 
Human CFH AGAAGGCACCCAGGCTATCT CACAGGGCCTTTTCTGACAT 
Human C5 AGTGTGTGGAAGGGTGGAAG GTTCTCTCGGGCTTCAACAG 
Human C3aR AACCTGCTGATGTGGTCTCAC CGCTAGGGAACAGCTTTAAATGAG 
Human Ctsl ACGCCTTTGGAGACATGACCC TGGGGGCCTCATAAAACAGAG 
Human GAPDH GAAGGTGAAGGTTCGGAGTC GAAGATGGTGATGGGATTTC 

Table 10. Mouse and human primers for qPCR 

Step Temperature Time Cycles 
Step 1 95°C 10 minutes 1 
Step 2 95°C 

60°C 
15 seconds 
1 minute 

40 

Step 3 95°C 
60°C 
95°C 

15 seconds 
15 seconds 
15 seconds 

1 
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2.5. Protein analysis 
 

2.5.1. Immunohistochemistry 

All sections and flatmounts were imaged using confocal scanning microscopes, LSM 

710 and Leica SP8 and respective software ZEN software (Carl Zeiss Inc.) and LAS X 

(Leica-Microsystems). 

 

2.5.1.1. Tissue sections 

After enucleation, eyes were fixed in 4% paraformaldehyde (PFA)-PBS for 7 min at RT. 

Lens and vitreous humour were removed and a further fixation was performed in 4% 

PFA for 30 min at RT. After sucrose infiltration (30% sucrose-PBS) overnight at 4°C, 

eyes were embedded in OCT embedding matrix (Raymond A Lamb, LAMB-OCT) , snap-

frozen and stored in -80°C. A cryostat (CM 1850, Leica Microsystems) was used to cut 

10 μm sections and adhered to superfrost adhesion slides (VWR International, 631-

0446). Before staining slides were thawed to RT and dried for 2 h under a fan. Sections 

were blocked in 500 μl blocking solution (PBS - 5% normal donkey serum, 1% bovine 

serum albumin (BSA), 0.5% Triton ,0.12% NaN3) for 1 h at RT. Primary antibodies were 

incubated overnight at 4°C and the following day slides were washed 6 x 10 min in 

washing buffer (PBS-0.1% Tween). Secondary antibodies conjugated with fluorophores 

were incubated for 1 h at RT in the dark. Slides were washed again 3 x 10 min in 

washing buffer and incubated with 4’, 6-diamidino-2-phenylindole (DAPI, 1 μg/ml) for 

1 min at RT. Slides were washed in PBS and mounted with ProLong Gold (Invitrogen, 

P36930). Antibodies used are listed in Table 11.  
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Primary antibody Conjugated Working concentration  Source 

Mouse Anti-Human GFAP Cy3 1:50 Sigma (C9205) 

Goat Anti-Mouse C3 IgG 

fraction 

FITC 1:50 MP Biomedicals 

(55500) 

Mouse Anti-Cre 

Recombinase, Clone 2D8 

 1:100 Merck (MAB3120) 

Rat Anti-Mouse 

C3b/ic3b/c3c 

 1:50 Hycult Biotech 

(HM1065) 

Secondary antibody Conjugated Working concentration  Source 

Goat Anti-Rat 

immunoglobulins 

Alexa Fluor 555 1:200 ThermoFisher         

(A-21434) 

Goat Anti-Mouse 

immunoglobulins 

Alexa Fluor 488 1:200 ThermoFisher         

(A-28175) 

Table 11. Antibodies used for immunostaining of retinal sections 

 
2.5.1.2. RPE and retinal flatmounts 

Eyes were fixed for 5 min in 2% PFA/1.5 X PBS before dissection in 2 X PBS. Removal of 

the external muscle and trimming of the optic nerve was performed before eyes were 

cut in half with the incision following posterior to the ora-serrata. Anterior eyecup, 

lens and vitreous humour were removed and the neuroretina was peeled away from 

the RPE. Four incisions towards the centre were made in order to flatten the 

neuroretinas and 6 incisions to enable flattening the RPE. Flattened neuroretinas were 

re-fixed and stored in cold methanol at -20°C. Before staining, neuroretinas and RPE 

flatmounts were fixed in 4% PFA-PBS for 2 min at RT, washed in 2X PBS and blocked for 

1 h at RT with blocking buffer (2X PBS, 3% Triton, 1% BSA, 0.5% Tween, 0.1% NaN3). 

Primary antibodies were applied overnight at RT and the following day were washed in 

blocking buffer. Secondary antibodies in blocking buffer were incubated for 2 h at RT 

and then washed for 15 min in 2X PBS. Both neuroretinas and RPE flatmounts were 

mounted on slides in ProLong Gold (Invitrogen, P36930). Antibodies used are listed in 

Table 12.  
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Primary antibody Conjugated Working concentration  Source 

Rat anti-mouse 
C3b/ic3b/c3c 

 1:100 Hycult Biotech (HM1065) 

Mouse anti-human GFAP Cy3 1:100 Sigma (C9205) 

Rabbit anti-mouse 
collagen IV 

 1:100 AbD Serotec (Biorad) 
(2150-1470) 

Rabbit anti-mouse Iba1  1:100 Wako (019-19741) 

Mouse anti-human C3aR  1:100 Santa Cruz Biotechnology 
(sc-53782) 

Rabbit anti-mouse non-
phospho (active) β-catenin 

 1:100 Cell Signalling Technology 
(4270S) 

Secondary antibody Conjugated Working concentration  Source 

Donkey anti-rabbit 
Immunoglobulins  

Alexa Fluor 
488 

1:200 ThermoFisher (A-21206) 

Goat anti-rabbit 
immunoglobulins 

Alexa Fluor 
647 

1:200 ThermoFisher (A-27040) 

Goat anti-rat 
immunoglobulins 

Alexa Fluor 
555 

1:200 ThermoFisher (A-21434) 

Goat anti-mouse 
immunoglobulins 

Alexa Fluor 
555 

1:200 ThermoFisher (A-21422) 

Table 12. Antibodies used for immunostaining of retinal and RPE flatmounts 

2.5.1.3. Quantification of multinucleated cells on RPE flatmounts 
 
The number of multinucleated RPE cells on RPE flatmounts was manually measured 

using ImageJ. The flatmounts were previously stained with DAPI and two fields of view 

were analysed from each tissue, one close to the optic nerve and the other at the 

periphery. The data were plotted in a graph using the statistical software Prism, 

Graphpad.  

 

2.5.2. Hematoxylin and eosin staining of sections 

Hematoxylin and eosin staining along with paraffin embedding and sectioning of tissue 

was performed by the department of Pathology, Institute of Ophthalmology.  
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2.5.2.1. Quantification of cell nuclei in H&E stained sections 
 
The number of cell nuclei in H&E stained sections was quantified manually using 

ImageJ analysis software. A specified surface area was used for all measurements in 

both ONL and INL and the number of nuclei was counted within this area. 3 

measurements were taken from each nuclear layer (left, middle, right) from each 

section.  

 

2.6. Statistical analysis 
All statistical analysis was performed using Excel and GraphPad Prism. Student’s t-test 

was used to analyse all data involving two experimental groups. One-way ANOVA was 

used to analyse data in which more than two experimental groups were present. The 

in vivo work was analysed with unpaired two tailed t-test or one-way ANOVA 

according to the number of conditions. Data are expressed as mean ± standard error of 

the mean (SEM). A maximum P value of 0.05 was considered to be significant (non-

significant P>0.05; *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001). 
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Chapter 3: Results 
  

3.1. Activation of complement components in APRE19 
cells in a cell autonomous manner 
 

 

3.1.1. The effect of inflammatory cytokines on the expression of 
complement genes 

 

Previous studies on the promoter region of human FH have identified two acute phase 

signals, three glucocorticoid response elements, two 3’-5’-cyclic adenosine 

monophosphate responsive elements, a retinoic acid response element and an IFN-γ 

activation site (Munoz-Canoves, Vik and Tack, 1990; Ward et al., 1997). Furthermore, 

both human and mouse Factor H genes share a histone N4 transcription factor binding 

site which is speculated to be involved in the IFN-γ mediated upregulation of CFH (Vik, 

1996). Indeed, IFN-γ has been shown to stimulate FH expression in RPE cells and this is 

mediated by the activation of the transcription factor, signal transducer and activator 

of transcription 1 (STAT1) (Wu et al., 2007). CFH expression has also been shown to be 

stimulated by other pro-inflammatory cytokines such as TNF-α (Thomas et al., 2000), 

and it also well documented that RPE cells express soluble and surface cytokine 

receptors and consequently cytokines influence the expression of many proteins 

expressed by RPE cells (Holtkamp et al., 2001; An, Gordish-Dressman and Hathout, 

2008; Shi et al., 2008). However, only a couple of papers have studied the effect of 

pro-inflammatory cytokines on the expression of complement genes (Chen et al., 

2008; Luo, Chen and Xu, 2011). Given that complement homeostasis may be disrupted 

in the retina in AMD, the aim of work in this Chapter was to examine the impact of 

various external influences on complement gene expression in ARPE19 cells. These 

included various cytokines, the impact of cell confluence, hypoxia, the presence of 

microglia, and phagocytosis of rod photoreceptor outer segments.  
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In a first set of experiments ARPE19 cells were cultured and treated for 24 hours with 

porcine photoreceptor outer segments (POS) and three different mediators of 

inflammation, IFN-γ, IL-6 and TNF-α, in order to induce stress, and gene expression 

levels were measured for complement components by qRT-PCR. Of these different 

agonists, IFN-γ was observed to have the most significant effect resulting in 

upregulation of C3, CFH, C3aR and CTSL after 24 hours (Figure 8).  

 

Figure 8. Gene expression analysis in ARPE-19 cells treated with inflammatory 
cytokines and porcine POS. Gene expression of (A) C3, (B) CFH, (C) C3aR, (D) C5 and 
(E) CTSL was measured in ARPE19 cells after 24 hours treatment with POS and 
inflammation mediators, IFN-γ, IL-6 and TNF-α. Data were normalized to gene 
expression of the housekeeping gene GAPDH. Data are representative of n = 6. Data 
were analysed using one way ANOVA. Error bars = S.E.M. * P ≤ 0.05, ** P ≤ 0.01, *** P 
≤ 0.001.  

 
 
 
As mentioned above, CTSL is not a complement gene but plays an important role in 

intracellular complement activation, as it was shown to intracellularly cleave C3 into 

C3a and C3b. To validate these results and assess whether transcriptional changes 
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corresponded to elevated protein levels, complement proteins expressed in ARPE19 

cell lysates were evaluated at different time points (0, 6, 12, 24, 48, 72 hours) by 

western blot after IFN-γ treatment (Figure 9). C3 protein levels were increased after 12 

hours when compared to the untreated control and a gradual increase is shown up to 

72 hours of treatment. CFH was also overexpressed after 12 hours. A peak of its 

overexpression was observed after 24 hours, and protein levels gradually declined 

after this time point. After 72 hours, the amount of FH in cell lysates appeared to be 

similar to the amount of FH shown in the untreated control. C3aR protein levels were 

increased with a starting point after 24 hours and a peak of overexpression after 72 

hours. A decrease in the levels of iC3b was observed after 12 hours of IFN-γ treatment 

when compared to the untreated control while after 72 hours protein levels were 

similar to those of the untreated control. C3a levels were also measured in cell lysates 

but no protein was detectable during the treatment. A positive band is shown for the 

sample containing purified C3a.  

 
 

 

Figure 9. Changes in expression of complement proteins in ARPE-19 cells treated 
with IFN-γ. Western blot of ARPE19 cell lysates treated with 50ng/ml IFN-γ for 0, 6, 12, 
24, 48 and 72 hours (n= 1). Membranes were blotted for C3 (non-reducing), C3aR 
(reducing) and FH (reducing).. HSC70 was used for housekeeping control. For C3a, 
purified C3a protein was used as a loading control.  

 
 

Finally, I performed immunostaining on ARPE-19 cells treated with IFN-γ in order to 

confirm the upregulation of C3aR as shown in the previous experiments by both qRT-
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PCR and western blots. Indeed, image analysis showed that the amount of staining for 

C3aR significantly increases in the IFN-γ treated cells ( 

Figure 10).  

 

 
 

Figure 10. C3aR immunostaining is increased in IFN-γ treated ARPE-19 cells. A) 
Confocal microscopy images of ARPE-19 cells treated with IFN-γ for 24 hours and 
immuno-stained for C3aR. Images are maximum intensity projections of a z-stack B) 
Graph shows quantification of fluorescence levels (normalised integrated density) for 
IFN-γ treated and untreated ARPE-19 cells. Data are representative of n = 1 (3 field of 
view per condition). Data were analysed using unpaired two-tailed t-test. Error bars = 
S.E.M, * P ≤ 0.05. 
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3.1.2. C3 protein levels and trans-epithelial resistance in 
ARPE19 cells cultured in trans-wells and differentiated with 
nicotinamide (NAA) 

 

When standard cultures of the ARPE-19 cell line were first reported, they exhibited 

many of the characteristics of well-differentiated RPE cells, including cobblestone 

morphology, apical-basal polarity, and expression of RPE-specific proteins (Dunn et al., 

1996). Nowadays, and after many years of passaging, such well-differentiated cultures 

are difficult to form with commonly used culture methods. It has been shown that cells 

typically exhibit incomplete execution of the epithelial polarity program, hence their 

potential to serve as a reliable in vitro model of study is compromised (Rodriguez-

Boulan and Macara, 2014). Indeed, in the previous experiments it is clear (for example 

in Figure 10A) that the ARPE19 cells are sub-confluent, raising questions as to whether 

similar robust responses to IFN-γ would also occur in a more mature and authentic RPE 

monolayer. To address this point, I first attempted to differentiate ARPE-19 cells in 

culture by adding nicotinamide to the standard culturing medium, and secondly, I 

investigated whether inflammatory cytokines affect the expression of complement 

proteins of the differentiated ARPE-19 cells. 

ARPE19 cells were cultured in trans-wells and maintained with either FBS or FBS with 

NAA for over 3 months. In order to investigate whether cells form an intact monolayer 

with tight junctions, trans-epithelial resistance was measured at different time points. 

The morphology of ARPE19 cells changes after 3 weeks of NAA treatment as cells 

appeared to lose the normal fibroblast-like structure, showing a tendency to adopt a 

more physiological RPE-like cobblestone-shaped morphology (Figure 11A). In order to 

test whether C3 expression is influenced during 3 weeks exposure to NAA, ARPE19 

cells were treated with 50ng/ml IFN-γ or 50ng/ml TNF-α for 24 hours, followed by 

western blotting of whole cell lysates. In contrast to the induction of C3 observed in 

Figure 9, neither cytokine elicited any significant changes in C3 levels (Figure 11B). 

However, the trans-epithelial resistance of cells treated with FBS and NAA was slightly 

higher when compared to cells treated with FBS only suggesting the formation of a 

more intact monolayer (Figure 12). An intact monolayer on culture well inserts 
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provided the opportunity to study whether apical or basal treatment with IFN-γ might 

have differential effects on C3 expression. I therefore treated both NAA-differentiated 

and non-differentiated ARPE19 cells cultured in trans-wells with IFN-γ, employing both 

apical and basal delivery. Again, C3 levels were not appreciably different between 

basally and apically treated cells for both NAA-differentiated cells and non-

differentiated cells. If anything, IFN-γ treatment (either apical or basal) led to a more 

modest increase in C3 levels in the NAA-differentiated cells when compared to cells 

cultured in FBS alone (Figure 13).  

 

 

Figure 11. Differentiation of ARPE-19 cells with nicotinamide (NAA). (A) Cell culture 
light microscopy of ARPE19 cells treated with 10% FBS only and 10% FBS with 10mM 
nicotinamide (NAA) for 3 weeks. Images are representative of n = 3. (B) Western blot 
for C3 of ARPE19 cells treated with 50ng/ml IFN-γ and 50ng/ml TNF-α for 24 hours 
showing C3 ɑ-chain (115 kDa) and C3 a-chain fragment iC3b (67 kDa). Cells treated 
with 10% FBS only were used as control treatment. Image is representative of n = 3.  
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Figure 12. Trans-epithelial resistance (T.E.R.) of NAA-treated ARPE19 cells cultured in 
trans-wells. ARPE19 cells were cultured in trans-wells and T.E.R was measured 
frequently for cells treated with 10% FBS or 10% FBS with 10mM NAA. A 24-well plate 
was used per treatment group and TER was measured for all 24 wells for 10 different 
time points . Error bars = S.E.M. 

 
What these experiments show is that ARPE19 cells will mature and form a confluent 

monolayer in culture when given sufficient time, and that NAA has little effect on this 

process. More significantly, it is also clear that a differentiated monolayer of ARPE19 

cells is apparently less responsive to certain agonists than subconfluent dividing cells. 

 

Figure 13. Effect of inflammatory cytokines on C3 protein expression in NAA-
differentiated and non-differentiated ARPE-19 cells. Western blot assay shows C3 
protein levels in ARPE19 cell lysates. NAA-differentiated and non-differentiated cells 
were treated with IFN-γ 50ng/ml for 24 hours, either apically or basally. Control 
treatment is with 10% FBS. Western blot for HSC70 was performed for loading control 
purposes. 3 wells from each plate from Figure 12 were used for this experiment.  
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3.1.3. Hypoxia-induced changes in expression of complement 
genes in ARPE-19 cells 
 
At present, it is unclear how hypoxia is precisely involved in AMD, and reduced oxygen 

availability together with a predisposition towards inflammatory responses are 

believed to be the foundation of AMD. Also several studies have characterised the 

regulatory role of hypoxia in the pathogenesis of AMD (Arjamaa et al., 2009).  In order 

to investigate how the expression of complement genes in ARPE-19 cells is affected in 

hypoxia, ARPE-19 cells were cultured in 1% O2 for 1h, 4h, 6h and 24h and gene 

expression levels were measured for C3, CFH and C3aR by qRT-PCR. In hypoxic 

conditions there was a rapid and significant decrease in the expression of C3 that 

remained at constant reduced levels during the 24h period of treatment when 

compared to the normoxia control (Figure 14A). CFH levels were also suppressed at all 

4 time points of hypoxia treatment, albeit more modestly but with a statistically 

significant difference after 24h (Figure 14B). In contrast, C3aR expression levels 

showed a rapid transient increase after 1h and then a return at 4h to levels 

comparable to the normoxia control (Figure 14C). 
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Figure 14. Complement gene expression levels in hypoxia-treated ARPE19 cells. 
mRNA expression levels of A) C3, B) CFH and C) C3aR in normoxia and hypoxia for 1h, 
h, 6h and 24h. Data were normalized to the housekeeping gene GAPDH. Data are 
representative of n = 3 and were analysed using unpaired two-tailed t-test. Error bars = 
S.E.M. * P ≤ 0.05, ** P ≤ 0.01.  

 

 

3.1.4. Effect of C3 and C5 on phagocytic activity of ARPE-19 and 
human microglial cells 
 

There is growing evidence that recruitment of microglial cells is associated with 

progression and severity of AMD and that microglial cells may be involved in 

complement activation (Ma et al., 2013; Karlstetter et al., 2015). Both central 

complement proteins C3 and C5 have been shown to interact with microglia cells. 

Opsonisation by active C3 is shown to trigger a C3-receptor dependent phagocytosis 

pathway in microglia (Schafer et al., 2012) and a study by Yang, Yang and Liu (2014) 

suggested an immunoregulatory potential for soluble C5b-9 (MAC) on microglia, by 
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promoting microglia activation and increasing cytokine secretion, while formation of 

C5b-9 requires the presence of C5.  In order to investigate whether C3 and C5 might 

have an impact on the phagocytic activity, I co-cultured primary human microglial cells 

with ARPE-19 cells. 

 

The first objective was to establish whether activation of microglia increases their 

phagocytic activity. To address this question I set up co-cultures of primary microglial 

cells with ARPE-19 cells, in which microglial cells were either non-activated or 

activated with LPS (100ng/ml) for 2h, 5h and 20h (Figure 15). Prior incubation of ARPE-

19 cells with CellTracker Green and microglial cells with CellTracker Red before co-

culturing permitted the detection by FACS analysis of cells that are positive for both 

FITC and PE fluorescence (double positives), these representing the fraction of cells in 

co-culture that have phagocytic activity (Figure 15A). Analysis of the double positive 

cells (FITC and PE) showed that the percentage of intereacting cells was around 1% 

after 2 and 5 hours in co-culture, increasing to nearly 4% after 20 hours in co-culture 

(Figure 15B). This appears to be a constitutive activity of microglial cells since prior 

activation with LPS apparently did not affect their phagocytic activity at any of the 

three time points. This experiment was only performed once (n = 1) in order to 

investigate any apparent effect of LPS activation of microglia on their phagocytic 

activity and interaction between the two cell populations. 
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Figure 15. FACS analysis of co-cultured ARPE-19 cells and activated or non-activated 
human primary microglial cells. Non-activated and activated with LPS for 24 hours 
human primary microglial cells were co-cultured with ARPE-19 cells for 2h, 5h and 20h. 
A) Flow cytometry event plots show percentage of total number of events per gate. 
ARPE-19 cells were stained with CellTracker Green and human microglia cells were 
stained with CellTracker Red before co-culture. Y axis of plots represents green 
fluorescence intensity (FITC) and X axis represents Phycoerythrin (PE) fluorescence 
intensity. Gates were determined using single colour controls of monocultures and co-
cultures. B) Graph shows percentage of interacting cells (microglia that phagocytosed 
ARPE19 cells and vice versa) as determined by FACS analysis by the number of cells 
that are fluorescent for both PE and FITC (FITChigh/FITClow positive), (n = 1).  
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I next decided to repeat the same co-culture experiment for 24 hours using non-

activated microglia cells, but this time treating the ARPE-19 cells for 1 hour before co-

culturing with C3- or C5-depleted serum +/- APL-2, a C3 inhibitor (Apellis) currently in 

AMD clinical trials. Again, this was performed as an n = 1 experiment simply to identify 

any noteworthy potential effects. As previously, FACS analysis of the co-cultured cells 

(Figure 16A) allowed us to detect double positive cells for PE and FITC that represent 

both microglial cells that have phagocytosed ARPE-19 cells and ARPE-19 cells that have 

potentially phagocytosed microglial cells. Analysis of the double positive cells showed 

a possible slight increase in the number of interacting cells when ARPE-19 cells were 

previously treated with C3-depleted serum. As would be expected, the presence of 

APL-2 when ARPE-19 cells were treated with C3-depleted serum did not affect 

phagocytosis as the percentage was similar with the C3-depleted serum treated only. 

Treatment of ARPE-19 with C5-depleted serum led to a small decrease in the number 

of phagocytosing microglia cells when compared to the no serum-treated control. 

However, when APL-2 was added to the C5-depleted serum treatment the percentage 

of phagocytosing microglia increased, though to levels not appreciably different to 

control values (Figure 16B). This experiment was also performed once (n = 1), in order 

to observe any apparent effect of C3- and C5-depleted serum +/- APL-2.  
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Figure 16. FACS analysis of ARPE-19 cells and human microglia primary cells 24h co-
culture. Non-activated human primary microglia cells were co-cultured with ARPE-19 
cells for 24h and ARPE-19 cells were treated with C3 depleted serum +/- APL-2 and C5 
depleted serum +/- APL-2 for 1h before co-culture. A) Flow cytometry event plots 
show percentage of total number of events per gate in 4 treatments. ARPE-19 cells 
were stained with CellTracker Green and human microglia cells were stained with 
CellTracker Red before co-culture. Y axis of plots represents green fluorescence 
intensity (FITC) and X axis represents Phycoerythrin (PE) fluorescence intensity. Gates 
were determined using single colour controls of monocultures and co-cultures. B) 
Graph shows percentage of interacting co-cultured cells (microglia that phagocytosed 
ARPE19 cells and vice versa)  as determined by FACS analysis by the number of cells 
that are fluorescent for both PE and FITC (FITChigh/FITClow positive), (n = 1). 
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Taken together, the results from Figures 15 and 16 show preliminary data that human 

primary microglia cells interact with ARPE-19 cells in an in vitro co-culture system and 

that complement proteins C3 and C5 could potentially be part of a mechanism that 

regulates microglia activity and function. 
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Chapter 4: Results 
4.1. Analysis of retinal phenotype and complement 
homeostasis in Best1-cre Cfh knock-out (KO) mice, Cfh-/-

Cfhr-/-mice and Cfh+/+Cfhr-/- mice 
 
The results presented in Chapter 3 highlight the difficulty of evaluating complement 

biology in cultured RPE cells, and in particular the investigation of the role of RPE cell-

derived FH. Previous work from our group has shown that CFH deficiency causes 

retinal abnormalities and visual dysfunction in aged mice (Coffey et al., 2007). In this 

Chapter the focus switched from cultured RPE cells to characterization of the retinal 

phenotypes of three previously unreported transgenic mouse strains. First, I generated 

the Best1-cre Cfh knock-out mouse, a mouse strain that specifically ablates Cfh 

expression in the RPE, by successive rounds of breeding between the Best-cre line and 

floxed Cfh mice (a gift from Prof Matthew Pickering, Imperial College London). Second, 

I characterized the retinal phenotypes of Cfh-/-Cfhr-/- and Cfh+/+Cfhr-/- mice that were 

also generated in Prof Pickering’s lab. These two mutant strains are the first CFH/CFHR 

double deletion transgenic mice to be generated, in order to gain insight into the role 

of the whole CFH gene cluster in complement homeostasis in the mouse retina, and 

the importance of the CFHRs alone. 

 

4.1.1. Analysis of retinal phenotype and complement 
homeostasis in Best1-cre Cfh knock-out (KO) mice 
 
4.1.1.1. Reduction in CFH mRNA expression by the RPE 
 

Since the Best1-cre Cfh KO mouse is a RPE-specific deleted strain, my first objective 

was to investigate whether CFH gene expression is reduced in the RPE of these mice. 

The ideal outcome of Cre-mediated gene deletion depends on Cre expression in the 

majority of target cells, particularly where the target is a secreted protein. RPE cells 

were isolated from transgenic and control mice and Cfh expression levels were 
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determined by qPCR. Figure 17 shows that in 1 year old KO mice mRNA levels of Cfh 

were indeed reduced by 45% when compared to age-matched cre-positive control 

mice. This should be seen as a minimum value since the presence of Cfh-expressing 

non-RPE cells in the extract could mask the true efficacy of the cre-mediated gene 

targeting. 

 

 

Figure 17. CFH mRNA expression levels in the RPE of RPE-Cfh KO mice. qRT-PCR 
analysis showing a 45% decrease of normalised mRNA expression levels of CFH in the 
RPE of RPE-Cfh KO mice (Cfhflx/flx Best1-Crepos) when compared with age-matched cre-
positive controls (Cfhwt/wt Best1-Crepos) (n = 5). Expression levels were normalized to 
Gapdh.  

 

 

 

4.1.1.2. Cre expression in the RPE 
 
It was also important in evaluating these transgenic mice to confirm that Cre is 

specifically expressed in the RPE of these animals. I therefore performed 

immunostaining for Cre-recombinase in retinal cryosections and despite high 

background staining, there was clear positive nuclear staining for the majority of the 

RPE cells in the RPE-Cfh KO mice (Figure 18. 
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Figure 18. Cre immunostaining of retinal cryosections. A) 10 μm retinal cryosections 
were stained for Cre (green) and nuclei (blue). The negative control sample was 
stained with secondary antibody only. White arrows indicate the presence of Cre 
staining in green in the nuclei of RPE cells. B) Higher magnification projection of panel 
A images showing individual DAPI and Cre in greyscale. Images are maximum intensity 
projection of a z-stack and representative of n = 3. Scale bar = 50 μm. GCL, ganglion 
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 
layer; ONL, outer nuclear layer; IS/OS, inner/outer segments; RPE, retinal pigment 
epithelium; BM, Bruch’s membrane; CH, choroid; SC, sclera. 
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4.1.1.3. mRNA expression of complement genes by the RPE 
 

A key question in deleting Cfh in the RPE is whether this would have consequences for 

the expression of other complement factors. qRT-PCR analysis of the RPE for several 

complement genes including C3, C5, CFB, CFD, C3aR, C5aR, CFI, CFP and CD59a, 

revealed no significant changes in gene expression when compared to cre-control age-

matched controls (Figure 19). Several of the genes examined were almost 

undetectable or at the limits of detection, with only C3, C3aR and CD59a being 

expressed at levels that might imply functional roles in the retina.  

 

 
Figure 19. mRNA expression of complement genes by the RPE. qRT-PCR analysis 
showing normalised mRNA expression levels of C3, C5, CFB, CFD, CFI, C3aR, C5aR, CFP 
and CD59a in 1 year old Cfhwt/wt  Cre Control (Cfhwt/wt Best1-Crepos) and RPE-Cfh KO 
(Cfhflx/flx Best1-Crepos) mice (n = 5). Expression levels were normalized to Gapdh. 
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4.1.1.4. Structure of neuroretina in Best1-cre Cfh KO mice 
 

Hematoxylin and eosin staining was performed in 4μm cross-sections of neuroretinal 

tissue obtained from 10-week old mice in order to assess any gross structural 

differences, but none were observed between the two genotypes. The inner nuclear 

layer (INL), outer nuclear layer (ONL) and ganglion cell layers, all appeared to have the 

same thickness between the two genotypes (Figure 20A). However, even at this 

relatively young age, quantification of the number of nuclei per area showed a small 

but significant decrease in the number of nuclei of both ONL and INL (Figure 20B).  
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Figure 20. Structural changes in the neuroretina of Best1-cre Cfh KO mice. A) 
Hematoxylin and eosin staining of 4μm cross-sections of neuroretinal tissue from 10-
week old WT  (Cfhwt/wt Creneg ) and RPE-CFH KO (Cfhflx/flx Crepos) shown in 40x and 63x 
magnification. Cell layers of the neuroretina are shown in blue from top to bottom: 
Ganglion cell layer, inner nuclear layer and outer nuclear layer. Images are 
representative of n = 3. Scale bar = 5 μm. White blocks represent areas used for 
quantification of number of nuclei in ONL (25 μm2) and INL (13 μm2). B) Quantification 
of number of nuclei per area in outer nuclear layer (ONL) and inner nuclear layer (INL). 
Data are representative of n = 3 and were analysed using unpaired two-tailed t-test. 
Error bars = S.E.M. * P ≤ 0.05.  
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4.1.1.5. Retinal vasculature in Best1-cre Cfh KO mice 
 

I next examined the retinal vasculature in the Best1-cre Cfh KO mice in order to see 

whether the decreased expression of Cfh in the RPE has any effect on the vasculature 

of the retina. I performed Collagen IV and Glial fibrillary acidic protein (GFAP) 

immunostaining of whole retinal flatmounts from tissues obtained from 10-week old 

WT and RPE-Cfh KO mice in order to image the three retinal vasculature beds, the 

superficial plexus, the intermediate plexus and the inner/deep plexus (Figure 22), 

along with astrocytes stained by GFAP. Staining of all three vascular layers in RPE-Cfh 

KO appeared normal and similar to that of age-matched controls. GFAP staining also 

appears normal with no apparent differences in the structure of astrocytes (Figure 21). 

 

 

Figure 21. GFAP and Coll IV staining of retinal flatmounts. In green, Coll IV staining 
shows structure of the vessels and in red, GFAP staining shows structure of astrocytes 
in 10-weeks old WT and RPE- Cfh KO mice. Images are maximum intensity projection of 
a z-stack and representative of n = 3. Scale bars = 50 μm. 
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Figure 22. Coll IV staining of the retinal vasculature. In green, Coll IV staining shows 
the structure of the superficial, intermediate and deep plexus in 10-weeks old WT and 
RPE-Cfh KO mice. Images are maximum intensity projection of a z-stack and 
representative of n = 3. Scale bar = 50 μm. 

 
4.1.1.6. Loss of CFH from the RPE causes GFAP activation in peripheral 
retina 
 
GFAP activation in the retina is a sign of retinal stress. For this reason, GFAP 

immunostaining was performed in PFA fixed sections of mouse retinas at 5 months of 

age in both central and peripheral areas of the retina. In the central retina, normal 

GFAP staining was observed, restricted to astrocytes with no evidence of GFAP 

activation of Müller cells. In contrast, in the peripheral retina of the RPE-Cfh KO mice, 

GFAP activation of Müller cells was apparent with clear GFAP positive staining on the 

extensions of Müller cells from the ganglion cell layer to the outer cell layer, indicating 

a stressed retinal periphery (Figure 23).  
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Figure 23. GFAP staining of retinal sections. 10 μm PFA fixed sections were taken of 
mouse retinas at 5 months. Sections were stained for GFAP (red) and nuclei (blue). 
Images are maximum intensity projection of a z-stack and representative of n = 3. 
Scale bar = 50 μm. 

 
 

4.1.1.7. Loss of CFH from the RPE causes C3b deposition on RPE 
 

Of particular interest, I wanted to investigate whether the loss of CFH from the RPE 

might lead to changes in complement activation in the retina. RPE flatmounts were 

stained to identify C3b/iC3b/C3c. As C3b is the breakdown product of C3 upon C3 

activation, deposition of C3b on cell surfaces effectively provides a readout for 

activation of the complement system. In this experiment I observed C3b staining of the 
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RPE of 10-weeks old RPE-Cfh KO mice, whereas C3b was almost undetectable in RPE 

flatmounts of WT age-matched controls (Figure 24). 

 

 

Figure 24. C3b immunostaining of the RPE of RPE-Cfh KO mice. RPE flatmounts from 
10-week old mice were stained for C3b/iC3b/C3c (red), b-catenin (green) and nuclei 
(blue). The zoomed box shows a high power image of the RPE cell layer exhibiting C3b 
immunostaining. Images are maximum intensity projections of z-stacks and 
representative of n = 3. Scale bar = 50 μm. 
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4.1.2. Analysis of retinal phenotype and complement 
homeostasis in Cfh-/-Cfhr-/-mice  
 

4.1.2.1. Loss of CFH and CFHRs causes downregulation of complement 
gene expression in the RPE of Cfh-/-Cfhr-/- mice 
 

Our knowledge of CFHR biology, particularly in the context of AMD, lags some way 

behind that of CFH, with very little known about CFHRs and their roles in the mouse 

retina. Ideally an RPE-specific deletion of CFHR would be compared with the CFH-RPE 

mice described earlier but this was not possible, so I undertook some initial analysis 

and characterization of the retinal phenotype of Cfh-/-Cfhr-/- double knock-out mice. 

qRT-PCR analysis showed a more marked impact on gene expression than observed in 

the CFH-RPE mice (Figure 19) with significant downregulation in the expression of 

most complement genes analysed, including C3, C5, CFB, CFD, C3aR, C5aR and CFP 

(Figure 25). Expression of CFI was not different between the two genotypes and CTSL 

expression was also downregulated. As expected, Cfh mRNA was not detected in the 

RPE of Cfh-/-Cfhr-/- mice. Rhodopsin and RPE65, genes that are specifically expressed in 

neuroretina and RPE respectively, were also included in the study in order to detect 

any possible tissue cross-contamination between the neuroretina and the RPE RNA 

samples. Higher expression of rhodopsin is shown in the RPE of Cfh-/-Cfhr-/- mice 

compared to wild-type mice, indicating greater contamination by neuroretina in those 

samples though this would not be expected to have a significant impact on the qPCR 

data. However, the lower expression level of RPE65 in the Cfh-/-Cfhr-/- mice may, when 

taken with the complement gene data, point to some broader impact on RPE biology. 
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Figure 25. mRNA relative expression of complement genes in the RPE of Cfh-/-Cfhr-/- 
mice. mRNA expression levels of complement genes in the RPE of 8 months old Cfh-/-

Cfhr-/- mice (grey) and wild-type mice (black). Rhodopsin and RPE65 were included as 
photoreceptor- and RPE-specific reporter genes to evaluate the relative purity of the 
RPE sample. Data are representative of 5 biological repeats and analyzed by unpaired 
two-tailed t-test. Expression values were normalized to Gapdh. Error bars = S.E.M. * P 
≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 

 

 

4.1.2.2 Retinal vasculature and Müller cells in Cfh-/-Cfhr-/- mice 
 

We next investigated the retinal vasculature in Cfh-/-Cfhr-/- mice in order to further 

characterize the retinae of these mice. Immunostaining of retinal flatmounts with 

GFAP and Collagen IV was performed in order to study the structure of astrocytes and 

the vascular plexuses of the retina. The superficial plexus in Cfh-/-Cfhr-/- mice appeared 

normal as was the structure of astrocytes stained with GFAP in red (Figure 26). In 

addition, no abnormalities were found in any of the vascular plexuses when compared 

to age-matched wild type control mice (Figure 27).  

Interestingly, GFAP staining performed on cross sections of PFA-fixed mouse eyes 

shows no stress in the Müller cells (Figure 28) in contrast to what was observed in the 

CFH-RPE mice (Figure 23), supporting the idea that CFH and CFHRs may having 

opposing functions. 



97 
 

 

Figure 26. Collagen IV and GFAP staining of Cfh-/-Cfhr-/- retinal flatmounts. 
Immunostaining of retinal flatmounts for Collagen IV (green) and GFAP (red) in Cfh-/-

Cfhr-/-. Whole-mount retinal flatmounts are shown on top. At the bottom, vessels of 
the superficial vasculature (green) and astrocytes (red) are shown in higher 
magnification. Images are maximum intensity projection of a z-stack and 
representative of n = 3. Scale bars = 500 μm (top), 20 μm (bottom). 
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Figure 27. Collagen IV staining of the retinal vasculature layers. Immunostaining of 
retinal flatmounts. Collagen IV staining (green) is showing vessels in the superficial, 
intermediate and deep/inner plexus of the retina in wild-type (WT) and Cfh-/-Cfhr-/- 

mice. Images are maximum intensity projection of a z-stack and representative of n = 
3. Scale bars = 20 μm. 

 

 

Figure 28. GFAP staining of retinal cross-sections. Immunostaining of PFA fixed frozen 
retinal cross sections for GFAP (red) in wild-type (WT) and Cfh-/-Cfhr-/- mice. Nuclei 
staining is in blue. Images are maximum intensity projection of a z-stack and 
representative of n = 3. Scale bars = 50 μm. 
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4.1.2.3 Increased C3b deposition in the RPE of Cfh-/-Cfhr-/- mice 
 

As previously described, aged Cfh-/- mice have increased C3b deposition in the retina 

(Coffey et al., 2007), consistent with what I observed in the CFH-RPE mice (Figure 24). 

For this reason, immunostaining of PFA-fixed cryosections of wild-type and Cfh-/-Cfhr-/- 

mouse eyes was performed for C3 and breakdown products C3b/iC3b/C3c. As 

mentioned earlier, if CFH and CFHR have opposing activities then one might expect to 

see less C3b staining in/on the RPE, which was indeed the case. However, there was a 

discernable increase in C3b immunostaining in Bruch’s membrane of the Cfh-/-Cfhr-/- 

double KO mice when compared to the wild type mice, the source of which might be 

the circulation given the strong C3b staining observed in the retinal vessels. (Figure 

29). 

 

 

Figure 29. C3 and C3b/iC3b/C3c deposition in the retina. C3 (green) and C3b/iC3b/C3c 
(red) immunostaining of retinal cryosections from wild-type (WT) and Cfh-/-Cfhr-/- mice. 
Nuclei are stained in blue. Images are maximum intensity projection of a z-stack and 
representative of n = 2. Scale bars = 50 μm. 
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4.1.3. Analysis of retinal phenotype and complement 
homeostasis in Cfh+/+ Cfhr-/-mice  
 

4.1.3.1. Loss of CFHRs causes downregulation of complement gene 
expression in the RPE of Cfh+/+Cfhr-/- mice 
 

As shown in the preceding sections, the combined loss of CFH and CFHR leads to 

downregulation of the expression of several complement genes in the RPE, whereas 

Cfh deletion alone from the RPE had relatively small impact on complement gene 

expression. Following these observations and in order to better understand the role of 

the CFHRs in the maintenance of a healthy mouse retina, qRT-PCR analysis was 

performed using RNA that was extracted from the RPE of both wild-type and 

Cfh+/+Cfhr-/- mice. Most strikingly, I observed that Cfh mRNA is decreased about 8-fold 

in the transgenic mice compared to the wild-types (Figure 30A). And consistent with 

observations in the Cfh-/-Cfhr-/-double KO mice, a decrease in expression was evident in 

all the complement genes tested including C3, CFB, CFD, C3aR, C5aR, CD59a and CFI 

(Figure 30B). Further analysis of the mechanisms linking CFHR expression to other 

complement genes in the RPE would make an intriguing follow-on study. 

 

Figure 30. Analysis of complement gene expression in the RPE. (A) Cfh mRNA relative 
expression levels normalised to Gapdh. (B) Normalised mRNA levels of C3, CFB, CFD, 
C3aR, C5aR, CD59a and CFI. Data were analysed with unpaired two-tailed t-test and 
are representative of n = 6. Error bars = S.E.M. * P ≤ 0.05, ** P ≤ 0.01.  
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Chapter 5: Results 
 

5.1. Analysis of complement homeostasis in the retina of      
Abca4-/- Rdh8-/- mice 
 
 
An important step in the visual cycle is the conversion of all-trans-retinal to retinol in 

photoreceptor outer segments. In rods, this process is facilitated by a photoreceptor-

specific ATP-binding cassette transporter 4 (ABCA4) and is catalysed by retinol 

dehydrogenase 8 (RDH8). 

ABCA4 is an ATP-driven flippase which transports all-trans-retinal from the 

extracellular to the cytosolic side of internal rod disc membranes. All-trans-retinal is 

then reduced to retinol and is consequently removed from the outer segments 

(Thompson and Gal, 2003). ABCA4 is also able to transport 11-cis-retinal (Sun, Molday 

and Nathans, 1999) which suggests it is possibly involved in the uptake of recycled 

chromophore (Quazi and Molday, 2014). However, ABCA4’s role still remains 

controversial, since accumulation of bis-retinoid adducts has been reported when 

ABCA4 is deleted (Kim et al., 2007) with no effect on the clearance of all-trans-retinal 

from rods (Blakeley et al., 2011) or dark adaptation (Pawar et al., 2008). In cone 

photoreceptors, even less is known about the role of ABCA4. Patients with Abca4 

mutations experience reduced and delayed electroretinographic (ERG) cone responses 

and visual acuity which implies a possible direct effect of ABCA4 on cone function 

(Birch et al., 2001).  

Mice that lack ABCA4 accumulate retinaldehyde and N-retinylidene 

phosphatidylethanolamine (N-ret-PE) in their outer segments after light exposure, 

which promotes condensation of N-ret-PE with a second retinaldehyde to yield a series 

of bisretinoid pigments that build up as lipofuscin in the RPE with advancing age (Mata, 

Weng and Travis, 2000). Accumulation of lipofuscin is significantly enhanced in the RPE 

of patients with recessive Stargardt macular degeneration (STGD1) and Abca4-/- mice. 

Interestingly, it has been shown that Abca4-/- mice exhibit complement activation and 
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reduced expression of complement regulatory proteins (CRPs) in the RPE suggesting 

common elements in the etiologies of AMD and Stargardt (Radu et al., 2011).  

In primates, RDH8 is expressed in the outer segments of both types of photoreceptors 

and reduces all-trans-retinal to all-trans-retinol in the visual cycle. Deletion of RDH8 

results in mild delay of rod dark adaptation and does not affect photopic ERG light 

responses (Maeda et al., 2007). Furthermore, no effect of RDH8 has been reported on 

cone function in bright light and cone dark adaptation. It is also still unknown whether 

RDH8 is directly involved in the process of oxidation of 11-cis-retinol to 11-cis-retinal, 

which is a key cone-specific reaction of the retina visual cycle (Wang and Kefalov, 

2009).  

It has been reported that Abca4-/ Rdh8-/- mice display cone-rod dystrophy by the age of 

4 to 6 weeks and also display light-dependent progressive retinal degeneration (Maeda 

et al., 2008). In this mouse model, retinal degeneration mimics many of the clinical 

features of human AMD, including drusen formation, lipofuscin accumulation, basal 

laminar hyaline deposition, RPE cell death, complement activation and choroidal 

neovascularization.  However, studies to date have yet to address whether ageing can 

have an effect on complement homeostasis in the retina of these mice. 

 

5.1.1. Fundus imaging in 15 month old Abca4-/- Rdh8-/- mice 
shows disrupted all-trans-retinal clearance 
 

Fundus imaging was performed in 15 month old Abca4-/- Rdh8-/- and wild-type mice in 

order to observe the extent of the previously reported clinical features at that age. 

Fundus imaging showed significant levels of photoreceptor cell rosettes in Abca4-/- 

Rdh8-/- mice (Figure 31). Autofluorescence imaging of the fundus also showed that 

these structures have a yellow autofluorescent emission, one of the defining 

characteristics of lipofuscins.  
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Figure 31. Fundus imaging of Abca4-/- Rdh8-/- mice. Fundus photographs obtained 
using bright-field (BF) and autofluorescence imaging (AF) in 15 month old Abca4-/- 

Rdh8-/- mice shows increased autofluorescence when compared to age-matched wild 
type control mice. Images are representative of n = 3.  

 

 

5.1.2. Retinal vasculature in Abca4-/- Rdh8-/- mice 

 

I next investigated the retinal vasculature in these transgenic mice, and also looked for 

evidence of retinal stress by observing the structure of astrocytes. Retinal flatmounts 

were immunostained for Collagen IV and GFAP in order to image the retinal 

vasculature plexuses and astrocytes respectively, but we observed no changes in the 

structure of retinal glial (Figure 32), nor in cells in any of the vascular plexuses (Figure 

33). 
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Figure 32. Immunostaining of retinal flatmounts for the superficial plexus and 
astrocytes. Collagen IV (green) and GFAP (red) immunostaining of retinal flatmounts in 
7 months old Abca4-/- Rdh8-/- and 5 months old wild-types (WT). Images are maximum 
intensity projection of a z-stack and representative of n = 3. Scale bar = 20 μm. 

 

 

Figure 33. Retinal flatmounts immunostaining for Collagen IV. Collagen IV (green) 
immunostaining of retinal flatmounts in 7 months old Abca4-/- Rdh8-/- and 5 months old 
wild-types (WT). Superficial, intermediate and deep/inner plexus are displayed. Images 
are maximum intensity projection of a z-stack and representative of n = 3. Scale bars = 
20 μm. 
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5.1.3. Infiltration of macrophages in the RPE of Abca4 -/- Rdh8-/- 

mice 
 
Abca4-/- Rdh8-/- mice exhibit several of the clinical features of human AMD including 

lipofuscin accumulation and RPE cell death, and our intention was to observe if there is 

infiltration of macrophages to the RPE-photoceptor interface which could be a sign of 

stress, and potentially inflammation in the RPE. For this reason, immunostaining of RPE 

flatmounts was performed for Iba-1, which is a pan-macrophage marker expressed by 

all subpopulations of cells of the monocyte/macrophage lineage. In contrast to the 

age-matched wild-type controls, Iba-1 positive cells were observed both apically and 

basally of the RPE layer of the Abca4-/- Rdh8-/- mice (Figure 34), revealing that the RPE 

of these mice is indeed infiltrated by macrophages. 

 

 

 
 
Figure 34. Infiltration of macrophages in the RPE of Abca4-/- Rdh8-/- mice. RPE 
flatmounts were immunostained for Iba-1 (red) and nuclei (blue). Images are 
maximum intensity projection of a z-stack and representative of n = 3. Scale bar = 20 
μm. 
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5.1.4. C3b deposition on the RPE of Abca4-/- Rdh8-/- mice 

 

In order to investigate whether complement activation occurs in the RPE of Abca4-/- 

Rdh8-/- mice I performed immunostaining of RPE flatmounts obtained from 15 months 

old mice. Staining for C3b was detected in the RPE of Abca4-/- Rdh8-/-mice, while no 

staining of similar pattern was found on the age-matched wild-type controls (Figure 

35). Indeed the C3b,iC3b,C3c was strikingly associated with the cell membrane 

whereas the intracellular pool appeared to be more closely associated with the nuclei. 
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Figure 35. C3b/iC3b/C3c immunostaining of RPE flatmounts. Nuclei (blue), b-catenin 
(red) and C3b/iC3b/C3c (red) immunostaining of RPE flatmounts from Abca4-/- Rdh8-/- 

and wild-type mice. Images are maximum intensity projection of a z-stack and 
representative of n = 2. Scale bars = 50 μm.  
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5.1.5. Subcellular re-localisation of C3aR in the RPE of 15 
months old   Abca4-/- Rdh8-/- mice 

 

The increased evidence of C3b generation in the Abca4-/- Rdh8-/--mice would be 

predicted to be accompanied by elevated C3a, therefore I next performed 

immunostaining of C3aR in RPE flatmounts (Figure 36A). This revealed that, contrary to 

the wild-type mice that show C3aR localization on the apical surface of the RPE, in the 

RPE of Abca4-/- Rdh8-/- mice, C3aR re-localises to the cell-cell contact sites and in some 

cases co-localises to the adherens junctions with b-catenin (Figure 36B).  
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Figure 36. Subcellular re-localisation of C3aR in the RPE. (A) Nuclei (blue), b-catenin 
(green) and C3aR (red) immunostaining of RPE flatmounts from Abca4-/- Rdh8-/- and 
wild-type mice. (B) Maximum projection of a z-stack shown in the X-Z plane. Apical 
surface of the RPE is located at the top of the image and basal surface at the bottom. 
Images are maximum intensity projection of a z-stack and representative of n = 3. 
Yellow colour indicates co-localisation of C3aR and b-catenin. Scale bars = 50 μm. 
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5.1.6. mRNA expression levels of complement genes in the RPE 
and neuroretina of Abca4-/- Rdh8-/- mice 
 
In order to gain a broader sense of whether complement homeostasis is affected in 

the RPE and neuroretina of these mice, qRT-PCR was performed using RNA extracted 

from the RPE and neuroretina respectively. Expression of several complement genes 

was tested in the RPE (Figure 37A) but no major changes in the expression levels were 

observed for the majority of the genes including C3, C5, Cfb, Cfd, Cfp, C3aR, Cfi and 

Cfh. However, there was a significant decrease in the expression levels of C5aR and 

CD59a in Abca4-/- Rdh8-/- mice, though these genes were not expressed at high levels 

even under normal conditions. Moreover, we tested for NLRP3, which is major 

component of the inflammasome, and found no changes. We also tested the 

expression of CTSL and showed that it is significantly decreased in the RPE and we 

know that CTSL plays a major role in the mechanism of intracellular complement 

activation that has been recently described in human T cells. In the neuroretina of the 

Abca4-/- Rdh8-/- mice, we observed a significant increase of C3 mRNA expression levels 

and a trend towards an increase of Cfh expression levels (Figure 37B).  

 

 

Figure 37. Gene expression analysis of complement genes in the RPE and neuroretina 
of Abca4-/- Rdh8-/- mice. (A) RPE and (B) neuroretinas were isolated from 20 months 
old wild-types and Abca4 -/- Rdh8-/- mice, and RNA was extracted. qRT-PCR was carried 
out and expression levels were normalised to Gapdh. Data are representative of 6 
biological repeats (n = 6). Error bars = SEM. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.  
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Since C3 is a central player of the complement system during complement activation, 

we wanted to confirm the findings observed in Figure 37 that C3 expression levels do 

not apparently change in the RPE of Abca4-/- Rdh8-/- mice. For this reason, we 

performed western blot for C3 on cell lysates from RPE obtained from Abca4 -/- Rdh8-/ 

and wild type mice (Figure 38). Western blots supported the qPCR data in showing no 

difference in protein levels of either C3 or the C3 activation fragment C3dg in the RPE. 

 

 

 

Figure 38. C3 protein levels in the RPE of Abca4-/- Rdh8-/- and wild type mice. RPE 
lysates were obtained from Abca4-/- Rdh8-/- and wild type mice and western blotting 
was performed for C3 showing the detection of C3 α’chain and β’chain and C3 
fragment C3dg. Western blot is representative of n = 2.  

 
 
 

5.1.7. Increased microglia in the neuroretina of Abca4-/- Rdh8-/- 

mice 
 
Microglia are one of the three glial cell types in the retina that represent the resident 

tissue macrophages and play an important role in retinal homeostasis, recovery from 

injury and progression of disease (Rashid, Akhtar-Schaefer and Langmann, 2019). 

Moreover, insults on the retina such as oxidative stress and hypoxia trigger microglial 

reactivity manifested by changes in morphology, increased proliferation and migration 

to sites of injury. In the next experiments I performed immunostaining of retinal 
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flatmounts for Collagen IV (green) and Iba-1 (green) in order to obtain confocal 

microscopy images of the retinal vasculature and microglia cells in the retina (Figure 

39A & 39C). Quantification of the number of microglia cells showed that Abca4-/- Rdh8-

/- double KO mice exhibit significantly increased numbers of microglia in the retina 

(Figure 39B). 

 

 

Figure 39. Increased microglia in the neuroretinas of Abca4-/- Rdh8-/- mice. 
Neuroretinal flatmounts from 15 months old WT and Abca4-/- Rdh8-/- mice were 
stained for Iba1 (red) and collagen IV (green). A) White boxes indicate areas of imaging 
on retinal flatmounts used for quantification of Iba1 positive cells. B) Quantification of 
Iba1 positive cells in the neuroretinas of WT and Abca4-/- Rdh8-/- mice. C) 
Representative images of neuroretinal flatmounts stained for Iba1 positive cells (red) 
and retinal vasculature (green). Scale bar = 100 μm. Images are maximum intensity 
projection of a z-stack and representative of n = 7. Error bars = S.E.M. *** P ≤ 0.001. 

 

 

5.1.8. RPE dysmorphia in aged Abca4 -/- Rdh8-/- mice  

 

In order to determine whether the absence of these two genes affects the morphology 

of the RPE, RPE flatmounts were immunostained for nuclei (blue) and b-catenin (red). 

After thoroughly examining areas of the RPE that are in close proximity to the optic 
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nerve and at equal distance from it, I observed that the Abca4-/- Rdh8-/- mice tend to 

have bigger cells in size when compared to the wild type controls, and also the 

presence of many multinucleated cells (number of nuclei ≥ 3) was detected (Figure 

40A).  Further analysis and quantification of multinucleated cells confirmed a 

significant increase in such cells in the RPE of Abca4-/- Rdh8-/- mice (Figure 40B). Similar 

findings have also been observed in human AMD eyes in a recent study by Zhang et al., 

(2019). 

 

Figure 40. Increased number of multinucleated RPE cells in Abca4-/- Rdh8-/- mice. A) 
RPE flatmounts from 15 months old WT and Abca4-/- Rdh8-/- mice were stained for b-
catenin (red) and nuclei (blue). Dashed lines indicate multinucleated cells (number of 
nuclei ≥ 3). B) Quantification of multinucleated cells per field view. n = 6. Error bars = 
S.E.M. Scale bar = 50 μm, **** P ≤ 0.0001.  
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5.1.9. GFAP activation in Muller cells of aged Abca4-/- Rdh8-/- 

mice 

 
Müller cells are the principal glial cells of the neural retina and play a wealth of crucial 

roles in supporting neuronal function. Müller cells also become activated in response 

to virtually every pathological alteration of the retina, including age-related macular 

degeneration (Bringmann et al., 2009). In this experiment, I wanted to observe if 

Abca4-/- Rdh8-/- mice exhibit any signs of Müller cell activation. Therefore, I performed 

immunostaining of retinal cryosections for GFAP (red) and nuclei (blue) (Figure 41), 

which revealed that the extensions of Müller cells through the inner nuclear layer are 

GFAP positive (red) in both the central and peripheral retina of Abca4-/- Rdh8-/- mice.  
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Figure 41. Signs of Muller cell gliosis in the retina of aged Abca4-/- Rdh8-/- mice. 10 μm 
PFA fixed retinal cryosections from 20 months old mice were immunostained for GFAP 
(red) and nuclei (blue). In both central and peripheral retina of Abca4-/- Rdh8-/- mice, 
the processes of Muller cells that extend through the inner nuclear layer are GFAP 
positive. Images contained by confocal microscopy are maximum intensity projections 
of a z-stack and representative of n = 3. Scale bar = 50 μm. 
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Chapter 6: Discussion 
 
 
During the last decade, dysregulation of the complement system has emerged as a key 

feature of several eye diseases. Prior to 2005, very little was known about the role of 

FH in the healthy retina, but the landmark discovery of the Y402H CFH SNP present in 

over 50% of AMD patients (Edwards et al., 2005; Hageman et al., 2005; Klein et al., 

2005) identified FH as the first member of the complement system shown to play a 

role in AMD pathogenesis. Since those landmark GWAS studies, our understanding of 

complement biology in the eye has advanced primarily through the use of mouse 

models. 

 
In this thesis I adopted two experimental approaches; in vitro through the use of ARPE-

19 cells and in vivo with the use of a number of different complete and conditional 

knock-out mice. In vitro experiments were informative for understanding the role of 

complement proteins when RPE cells are under stress, and whether complement 

components are activated in a cell-autonomous manner. In contrast, the in vivo 

models allowed me to investigate the mouse retina as a tissue and using this approach 

I analyzed how the loss of FH in the RPE and the total loss of CFH and/or CFHRs affect 

the health of the retina. I also investigated how complement homeostasis is affected in 

the retinas of aged Abca4-/- Rdh8-/- mice, a model that because it accumulates 

lipofuscin in the RPE mimics a number of features of human Stargardt disease and 

AMD. 
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6.1. The activation of complement components in ARPE-
19 cells under stress 
 

6.1.1. IFN-γ stimulation leads to increased mRNA levels of C3, 
Cfh, C3aR and Ctsl 
 

In vitro experiments were informative for understanding whether complement is 

activated in a cell autonomous manner under stress. Using ARPE19 cells, mediators of 

inflammation were observed to cause changes in the expression of several 

complement components. The pro-inflammatory cytokine IFN-γ elicited a significant 

increase in the expression levels of C3, Cfh and C3aR, with C3 being upregulated up to 

over 300-fold. IFN-γ was shown before to up-regulate CFH expression in bovine RPE 

(Kim et al., 2009) suggesting a role of the interaction between IFN-γ and CFH in the 

pathogenesis of AMD. Also, It has been shown that levels of IFN-γ expression by CD4+ T 

cells are significantly higher in AMD patients and these CD4+ cells possessed pro-

inflammatory roles in an IFN-γ-dependent fashion (Chen, Wang and Li, 2017).  In this 

project I observed a 10-fold up-regulation of CFH expression after ARPE19 cells were 

treated for 24 hours with IFN-γ, but whether this led to a corresponding increase in the 

levels of secreted CFH is not known. 

In this study complement protein levels were increased with a time course pointing to 

a peak of increase at 24 hours. Furthermore, C3aR protein levels gradually increased 

up to 72 hours, and C3aR immunostaining of IFN-γ treated ARPE-19 cells for 24h 

showed an increase of 35%. In recent studies in T-cells, intracellular complement 

activation was shown, revealing that a mechanism of enzymatic cleavage of C3 in the 

lysosomes by Cathepsin L (Ctsl) and its consequent activation of C3a, plays an 

important role in the homeostasis of T-cells (Liszewski et al., 2013). Also, shuttling of 

C3a and C3aR from lysosomes to the plasma membrane after T-cell activation showed 

that C3aR is involved in the mechanism of the intracellular activation. In experiments 

here I also showed up-regulation of Ctsl mRNA levels stimulated by IFN-γ treatment. As 
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C3aR was up-regulated after IFN-γ treatment, I tested cell lysates for C3a, which is also 

the ligand for C3aR. Increase of C3a intracellularly would mean that C3 is activated 

implying activation of the complement system. However, no C3a was detected by 

western blots in the time course treatment which means that either no C3a is present 

in the cytosol or extremely low amounts are present and refinement of the blotting 

techniques is required. On the other hand, TNF-α stimulated a significant increase of 

C3 mRNA levels but had no impact on the expression of FH, C3aR, C5 and Ctsl. 

Interestingly, my results disagree with those of Chen, Forrester and Xu, (2007) who 

showed that TNF-α and IL-6 significantly decreased the expression of FH expression. 

However, a significant difference in the experimental strategies is that their study was 

conducted on a mouse RPE line. Finally, POS treatment had no impact on the mRNA 

expression levels of any of the complement genes included in this experiment, which 

agrees with the findings of the previously mentioned study in that oxidized POS only, 

and not normal  POS, downregulate CFH mRNA expression. 

 

6.1.2. NAA-differentiation of ARPE-19 cells and the effect of 
IFN-γ stimulation 
 

One of the well-recognised limitations of ARPE19 cells as a model for genuine RPE cells 

is that they are relatively undifferentiated in culture and lack a number of the 

signature features of primary RPE cells such as pigment granules and expression of key 

genes including MerTK and RPE65. Despite this, lengthy periods of culture at high 

density can restore some of these features as well as cell polarity (Turowski et al., 

2004). In an effort to differentiate ARPE19 cells, I treated them with 10mM NAA as 

described recently (Hazim et al., 2019) and I showed that after 7 days the ARPE19 cells 

lose their fibroblast-like structure. Transwell culture systems provide a permeable 

support for epithelial cells that promotes their differentiation in vitro into a polarized 

state by establishing distinct apical and basal compartments (Dunn et al., 1996). By 

culturing these cells in trans-well inserts and measuring TER, I showed that NAA 

caused ARPE19 cells to form a slightly more intact monolayer than untreated cells.  
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I then treated the NAA-differentiated cells with IFN-γ and TNF-α in order to see 

whether the expression of C3 is affected in the same way as in the undifferentiated 

ARPE19 cells but I showed no changes in C3 protein levels. Moreover, considering that 

ARPE19 cells treated with NAA form a more intact monolayer when grown in trans-

well inserts, I wanted to see whether IFN-γ treatment of either the apical or the basal 

side only, would result in a different response in terms of C3 expression. However, the 

data showed no difference, as both apically and basally treated cells equally increase 

C3 levels. It is of course possible that the IFN-γ receptor is normally expressed both 

apically and basally. Interestingly, I observed that C3 increase, due to either apical or 

basal IFN-γ stimulation, was higher for ARPE-19 cells that were not NAA-differentiated. 

The effect of IFN-γ on the expression of complement genes in mouse RPE/choroid was 

recently studied by Faber et al., (2019) and showed that expression of C1, C2, C3 and 

C4 is upregulated in IFN-γ infused mice, suggesting that increased levels of 

proinflammatory mediators in the circulation triggers a local response at the 

RPE/choroid that may include engagement of the complement system. NAA-

differentiated cultures of ARPE-19 cells can be particularly useful for studies of RPE 

intracellular events, as it is essential to have properly polarized cells for these studies. 

My experiments showed that in NAA-differentiated ARPE-19 cells, and contrary to 

non-differentiated ARPE-19 cells, there was no longer any effect of the inflammatory 

cytokines IFN-γ and TNF-α on the expression of C3. It is known that the organization of 

cytoskeleton undergoes major changes during epithelial cell differentiation (Fath, 

Mamajiwalla and Burgess, 1993), and this could possibly explain the differences 

observed regarding C3 protein levels in NAA-differentiated ARPE-19 cells. However, 

testing whether the levels of expression of other complement proteins of interest, 

such as FH and C3aR, is affected by IFN-γ in NAA-differentiated ARPE-19 cells, may be a 

better approach in order to identify any effect in the complement homeostasis in the 

ARPE-19 cells.  
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6.1.3. Hypoxia-induced changes in expression of complement 
components 
 
It is known that the concentration of oxygen in human tissues varies from 3% to 5% 

and a decline below this range is considered as hypoxia (Semenza, 2012). Also, in AMD, 

progression of the disease is associated with hypoxia due to disruption in the 

underlying choroid and perturbations in retinal blood flow (Metelitsina et al., 2008; 

Arjamaa et al., 2009). However, not many studies have looked particularly into how 

hypoxic conditions affect the expression of complement genes in general, and more 

specifically in the RPE. A recent study in CaCo2 cells, a human epithelial colorectal 

adenocarcinoma cell line, showed that C3 mRNA levels increase under hypoxic 

conditions, and also increased levels of C3a were detected in the culture medium of 

CaCo2 cells in hypoxic conditions which implies the activation of C3 (Satyam et al., 

2017). Another study by Fanelli et al. (2017), showed that C3 protein expression levels 

in hypoxia-stressed iPS-RPE cells did not change, but immunofluorescence analysis 

revealed a significant increase in the presence of activated C3d on the cell surface.  

In my experiments using ARPE-19 cells, I observed a significant decrease in C3 mRNA 

levels at all 4 time points of hypoxia treatment. CFH mRNA levels were also decreased 

at all 4 time points, whereas C3aR mRNA levels showed a rapid increase after 1h in 

hypoxia and then a decrease at 4h when compared to the normoxia control. However, 

the 6h and 24h levels appeared to be similar to the normoxia control. Interestingly, my 

data partially agree with a similar study that used human primary RPE cells and 

showed that after 24h in hypoxia, CFH mRNA levels were significantly decreased 

(Hollborn et al., 2018). The same study looked into C3 mRNA levels and reported no 

significant changes but reported a significant increase in C9 and a decrease of C5 

mRNA levels in hypoxic conditions. Suppression of both C3 and CFH gene expression 

levels in hypoxia suggests that hypoxia-induced factors possibly regulate intracellular 

complement homeostasis in ARPE-19 cells. Also, the rapid increase of C3aR mRNA 

levels after 1h in hypoxia indicates a short-term or transient effect of hypoxia on C3aR 

gene expression, as after 4h mRNA levels were similar to the control. I know from my 

experiments that C3aR mRNA is expressed at low levels by ARPE-19 cells, and 

immunostaining of ARPE-19 cells for C3aR confirmed that the protein is indeed 
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expressed by the cells, however very little is known about its potential role in 

intracellular complement homeostasis in the RPE.  

In summary, I showed that the expression of these 3 complement genes is affected by 

hypoxia in the RPE, but further research is required to precisely reveal a possible link 

between hypoxia and the intracellular complement regulation in the RPE.  

 

6.1.4. Phagocytic activity of ARPE-19 and human microglia cells and the 
role of complement system 
 
Microglia are resident immune cells of the central nervous system (CNS) and the 

retina, and play an important role in maintaining homeostasis of the neuroretinal 

microenvironment (Ginhoux et al., 2010). Some of the multiple functions that 

activated microglia perform are phagocytosis, antigen presentation and production of 

inflammatory factors, and these functions can either be harmful or beneficial to the 

affected tissue (Karlstetter, Ebert and Langmann, 2010; Karlstetter et al., 2015). It has 

been reported that microglia phagocytose live photoreceptor cells and can make 

photoreceptor loss worse in retinal degeneration (Zhao et al., 2015), while in other 

studies, a protective function for activated microglia has been reported in ischemic 

brain injury where neuronal cell death is the main cause of pathogenesis (Kawabori et 

al., 2015). Under normal conditions, retinal microglia and RPE are anatomically 

separated (Lee et al., 2008), but in mice after intense light exposure microglia is shown 

to translocate into the outer retina and the subretinal space (Ng and Streilein, 2001). 

The nature of this cell-cell interaction between microglia and RPE has not been studied 

extensively. In a study by Ma et al. (2009), microglia-induced effects on RPE cells were 

examined using an  in vitro co-culture model where cultured activated mouse retinal 

microglia were co-cultured with primary mouse RPE cells. The same study reported 

that activated microglia induced changes in RPE structure and distribution, and 

increased expression and secretion of pro-inflammatory, chemotactic and pro-

angiogenic molecules. Also, patients with early AMD exhibit bloated phagocytes that 

are closely associated with drusen and display engulfed membranous particles 

suggesting that the focal concentration of deposits in drusen attracts macrophages 
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and microglia (Penfold, Killingsworth and Sarks, 1986; Killingsworth, Sarks and Sarks, 

1990). Gupta et al., (2003), also described bloated microglia within the nuclear layers 

in retinas from patients with geographic atrophy and reported that these cells 

phagocytose photoreceptor debris. Additionally, a comparison between the 

transcriptomes of human donor eyes and AMD showed a strong overexpression of the 

microglia and macrophage-related transcripts macrophage receptor with collagenous 

structure (MARCO) and macrophage expressed 1 (MPEG1) in all AMD phenotypes, 

suggesting that microglia and macrophage activation are early and chronic features in 

AMD pathogenesis (Newman et al., 2012).  However, and to our knowledge, very little 

is known on phagocytic activity between microglia and RPE cells and this could be 

something very relevant in dry AMD, where RPE loss occurs over time.  

 

In order to test this, I used an in vitro co-culture model where LPS-activated and non-

activated human primary microglial cells were co-cultured with ARPE-19 cells. Through 

FACS analysis, and having previously used different fluorescent labels for each cell 

population, I showed in different time points (2h, 5h, 20h) that indeed some cells 

appear to be positively labelled for both fluorescent dyes, suggesting that ARPE-19 

cells have been phagocytosed by microglial cells and/or vice versa. It appears that in 

the early time points of the co-culture (2h and 5h) only a small proportion of the cells 

(1%) shows phagocytic activity. However, after 20h the proportion increases to nearly 

4% indicating, as expected, that a longer interaction between the cells is required for 

phagocytosis. Interestingly, I observed no differences at the level of phagocytosis 

when I used LPS-activated microglia cells.  

 

In my next experiment, the primary objective was to investigate whether the central 

complement components C3 and C5 have any impact on phagocytosis. For this reason, 

I treated ARPE-19 cells with C3-depleted or C5-depleted serum for 1h before co-

culturing and I repeated the experiment as previously, but this time only co-culturing 

the cells for 24h. I observed a small increase compared to the no serum-treated 

control in phagocytosis when ARPE-19 cells were treated with C3-depleted serum and 

a small decrease when treated with C5-depleted serum. This is an interesting finding 

as I observed that the addition of serum containing C3 does not lead to the activation 
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of microglia, while adding serum containing C5 but not C3, does increase phagocytosis. 

It has been shown that during synaptic remodelling in early postnatal stages, microglia 

are involved in pruning of weak presynaptic terminals of retinal ganglion cells (RGCs) 

through a complement C3-CR3-dependent manner. In this process, weak RGC 

terminals are selectively opsonised by active C3 (C3b/iC3b) triggering a C3-receptor 

dependent phagocytosis pathway in microglia (Schafer et al., 2012). However, in the 

experiments here there was no evidence of a similar response of the microglia upon 

addition of serum containing C3 but not C5. Furthermore, when we added the C3-

inhibitor APL-2 (developed by Apellis and currently in phase III clinical trials) to my co-

cultures I observed no differences in phagocytosis in the C3-depleted serum-treated 

ARPE-19 cells. In contrast, the addition of APL-2 to C5-depleted serum led to an 

increase in phagocytosis. This particular result suggests that C3 may suppress 

phagocytosis, and the use of the C3-inhibitor eliminates this effect leading to an 

increase in phagocytosis. In the same experiment, the observation that ARPE-19 cells 

treated with C3-depleted serum showed an increase in phagocytosis, and that this 

increase was not affected by the addition of APL-2, suggests that the presence of C5 

might play an important role in the activation of microglia. 

 

However, one needs to be very cautious when interpreting these data as they relate to 

the activity of both microglia and ARPE19 cells and their role in phagocytosis, and 

other possible contributory mechanisms are involved in the intereaction of these two 

cell types. In the outer retina, reactive microglia or microglia-derived factors can 

induce NLRP3 inflammasome activation in RPE cells and subsequent secretion of the 

proinflammatory cytokine IL-1β (Nebel et al., 2017; Madeira et al., 2018). 

Consequently, the NLRP3 inflammasome can induce RPE degeneration via caspase-1 

mediated pyroptosis, which has also been suggested to contribute to AMD pathology 

(Tseng et al., 2013). Another study by Yang, Yang and Liu (2014) showed that soluble 

C5b-9 (MAC) could promote microglia activation by upregulating co-stimulatory 

molecules and increasing cytokine secretion, suggesting an immunoregulatory 

potential of soluble C5b-9 on microglia. This would fit with a role for C5 in the increase 

of phagocytosis as we observed in my experiments, since the lack of C5 in the C5-

depleted serum-treated ARPE-19 cells would block C5b-9 formation. Moreover, as 
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discussed earlier, RPE cells express membrane bound receptors for immune 

recognition and antigen presentation, and are also the main source of complement 

proteins in the retina. These features have been shown to allow the RPE to adapt its 

functions to the surrounding microenvironment (Fukuoka, Strainic and Medof, 2003; 

Austin et al., 2009; Wang et al., 2010), hence the importance to further study the role 

of complement proteins and the complement homeostasis during phagocytosis. 

Finally, it is important to mention that in future work it will be essential to repeat 

these experiments, as a limitation on this study was the number of biological and 

experimental replicates. 

 

In summary, I showed that human primary microglia cells and ARPE-19 cells have 

phagocytic activity in an in vitro co-culture system and we described that central 

complement proteins C3 and C5 could potentially be part of a mechanism that 

regulates microglia activity and function. Given the crucial role played by microglia in 

AMD pathogenesis, the elucidation of such new mechanisms could potentially lead to 

new therapeutic approaches. 

 

 

6.2. The complement Factor H gene cluster and 
complement homeostasis in the mouse retina 
 

FH was the first complement protein identified to be playing an important role in 

pathogenesis of AMD. The presence of the Y402H SNP in over 50% of AMD patients 

(Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005) has 

prompted a multitude of studies focused on characterizing the role of FH in the 

healthy retina. Moreover, other less common variants of FH are associated with higher 

penetrance early onset forms of the disease, while more recently, variants that are 

protective against AMD have also been discovered (Yu et al., 2016). Recent studies 

have shown that deletion of the genes encoding FHR protein 1 and 3 decreases AMD 

risk but almost nothing is known about the regulation of these genes in the mouse 

retina or the effects of retinal stress on their expression. 
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6.2.1. Best1-cre Cfh knock-out (KO) mice: The retinal phenotype 
and complement homeostasis in the retina 
 
 
 

6.2.1.1. The effectiveness of specifically knocking-out Cfh expression in 
the mouse RPE 
 
 
For my in vivo experiments I initially used the Cfh Best1-Cre knock-out mouse, which 

exploits the tissue-specificity of Bestrophin gene expression to conditionally knock-out 

CFH in the mouse RPE. Conditional knock-outs utilizing the Cre recombinase depend 

not only cell type-specificity of expression, but also reasonable levels of Cre expression 

in the target cells. This may be particularly important for secreted molecules such as 

FH that may be less likely to display target cell-associated phenotypes. Therefore, the 

first experiments focused on demonstrating the effectiveness of Cfh knock-out in this 

transgenic mouse model. To this end, I extracted RNA from the RPE of these mice and 

showed by qPCR a 45% decrease of Cfh mRNA expression levels when compared to 

age-matched wild-type Cre positive control mice. A previous study that characterized 

the Best1-Cre knock-out mouse showed by immunostaining of the RPE that the Cre 

recombinase exhibits a mosaic expression pattern in the RPE, with 50% to 90% of RPE 

cells stained positive for Cre (Iacovelli et al., 2011). This finding demonstrates the 

variable efficacy of this model and also shows that it can fall some way below 100% 

efficiency, which would be consistent with the detection of Cfh mRNA in the RPE of 

RPE-Cfh KO mice in my experiment. Detection of Cfh mRNA in the RPE preps of my 

experiment can also be explained by the inevitable presence of some other 

contaminating cell types such as microglia, macrophages and neutrophils which could 

contribute some Cfh mRNA to my analysis. In the same context, I also showed by 

immunostaining of neuroretinal cryosections, as expected, that Cre is expressed in the 

nuclei of some RPE cells but not all of them.  

Showing a decrease of Cfh mRNA levels in the RPE is important because it proves that 

this mouse model can be a useful tool for studying the role of locally expressed FH by 
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the RPE in complement homeostasis in the retina, and subsequently assess the 

contribution of systemically produced FH in retinal health. The question is whether an 

approximate 50% reduction in levels of RPE-derived FH in the retina would be 

sufficient to produce a phenotype. 

 

6.2.1.2. Structural changes in the neuroretina and complement 
activation 
 

Hematoxylin and eosin staining was performed on cross-sections of neuretinal tissue 

obtained from 10-week old mice in order to measure the density of nuclei in the ONL 

and INL. Unexpectedly, given the relatively young age of the animals, quantitative 

analysis showed a decrease in the number of nuclei in both the ONL and INL when 

compared to age-matched wild-type controls. This may be due to a combination of 

neuroretinal stress and RPE dysfunction. Previous work in our lab by Jennifer Williams 

(personal communication) has shown in 1 year old global Cfh-/- mice that the ONL 

becomes thinner compared to wild-type controls. Observing similar results in my study 

in younger mice that still have systemic production of FH, suggests that the 

contribution of locally expressed FH may indeed by important to retinal health.  

However, not all retinal structures were affected. Thus, there were no discernable 

changes in the retinal vasculature of these mice at the age of 10 weeks. All three 

vascular layers were intact and apparently unaffected by the decreased levels of CFH 

production by the RPE. A role for FH in ocular perfusion was previously proposed 

based on a study in 1 year old Cfh-/- mice, that reported the deep plexus of the retinal 

vessels being withered due to C3b deposition along endothelial surfaces (Von Leithner 

et al., 2009). In my experiments I did not look for C3b deposition on the deep plexus, 

however this would most likely be due to the absence of circulating FH, plus the age of 

mice could possibly be a contributing factor. 

Taking further the histological analysis of the retina by staining for GFAP, I showed on 

retinal flatmounts that the structure of astrocytes positioned on the inner retina 

appeared normal with no obvious signs of stress on the astroglia. However, I did find 
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signs of retinal stress in 5-month old RPE-Cfh KO mice on the basis of GFAP staining. 

With immunostaining of retinal cross-sections, I observed GFAP-positive cell processes 

in the peripheral retina, the shape and length of which suggest these cells are 

activated Müller cells rather than astrocytes. Müller cell gliosis has both cytoprotective 

and cytotoxic effects on retinal neurons, but either way it is indicative of retinal stress 

(Bringmann and Reichenbach, 2001; Bringmann et al., 2006). Observing Müller cell 

gliosis only in the peripheral retina and not in the central retina points to a tissue site-

specific response of Müller cells. We could speculate that for reasons unknown the 

photoreceptors at the periphery of the retina in this mouse model are more 

susceptible to degeneration, therefore leading to a more site-specific response from 

the adjacent Müller cells. Or perhaps the need for complement homeostasis is 

unevenly distributed across the mouse retina, or maybe Cre-mediated Cfh gene 

deletion is more effective in the peripheral RPE. However, no data are available to 

support any of these hypotheses, therefore further research would be required to 

investigate these intriguing observations. 

More generally, the lack of RPE-derived FH is expected to lead to a reduction in the 

pool of FH in the mouse retina, which in turn might be anticipated to lead to an 

increase in complement activation. For this reason, I investigated whether by-products 

of C3 breakdown were present in the retinas of RPE-Cfh KO mice with comparison to 

age-matched controls. Flatmounted RPE samples were stained for C3b/iC3b/C3c and 

positive staining was indeed observed in the RPE of RPE-Cfh KO mice, while such 

staining was undetectable in the RPE of age-matched wild-type controls. These data 

provide compelling evidence that, despite the apparent moderate efficacy of Cre-

mediated Cfh deletion, complement activation occurs in the retina of RPE-Cfh KO mice. 

I also observed a mosaic expression pattern of staining, similar to the expression 

pattern of Best1-Cre recombinase as reported by Iacovelli et al. (2011). This is an 

interesting finding as it may indicate that deposition of C3b occurs only on those RPE 

cells that are not able to produce FH, which would imply that RPE-derived FH acts at a 

very local level as an inhibitor of complement activation. However, further imaging 

experiments would be required on RPE flatmounts to provide evidence that only Cre-

positive RPE cells are associated with C3b deposition, ideally in conjunction with 
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RNAscope analysis for detection of the CFH message. Finally, I showed by 

immunostaining of neuroretinal cross-sections for C3 and C3b/iC3b/C3c increased C3b 

deposition in the BM-sub-RPE area of RPE-CFh KO mice compared to wild-types. 

Previous studies in our group (Coffey et al., 2007; Williams et al., 2016) have shown 

similar levels of C3 deposition in the BM-sub-RPE area in Cfh-/- mice, highlighting again 

the importance of RPE-derived FH in complement homeostasis in the mouse retina. 

 

6.2.1.3. The effect of the RPE-specific CFH knock-out on complement 
gene expression in the RPE 
 
Investigation into the effects of knocking-out CFH on the RPE, specifically with regards 

to the expression of other complement genes revealed by qPCR a trend towards small 

increases in Cfb, C3aR, C5aR and Cfp, and a small decrease in CD59a mRNA expression 

levels. We know that the RPE is the main site of complement gene expression in the 

retina and even small changes in the expression of complement genes could 

potentially affect local complement homeostasis. In a recent study, up-regulation of 

CFB in RPE cells has been shown to be accompanied by complement activation in the 

aged retina (Chen et al., 2008). The up-regulation of C3aR that was observed here, 

could be associated with complement activation and would be consistent with a study 

in which C3a/C3aR binding was shown to initiate an intracellular signalling in human 

fetal primary RPE cells that resulted in the accumulation of sub-RPE deposits 

(Fernandez-Godino and Pierce, 2018). Similarly, up-regulation of C5aR could be linked 

with priming of RPE cells for inflammasome activation by lipofuscin-mediated 

photooxidative damage, as shown by another study which described a molecular 

pathway that links hallmark events of AMD pathogenesis, such as complement 

activation, lipofuscin accumulation, RPE degeneration and oxidative damage 

(Brandstetter, Holz and Krohne, 2015). Additionally, increased levels of CFP have been 

shown to accumulate in ARPE-19 cells after oxidative stress independently of external 

complement sources, indicating that RPE-derived CFP may also be involved in RPE cell 

homeostasis following oxidative stress (Trakkides et al., 2019). Finally, previous work 

from our group has reported that FH deficiency in aged mice leads to decreased 
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neuroretinal expression of CD59a (Faber et al., 2012), suggesting that CD59a 

expression is tissue-specific and neuroretinal regulation depends on CFH.  

 

In summary, further studies are needed in order to get more insight with regards to 

expression of complement genes by the RPE. Findings reported in this thesis have 

revealed a trend in several changes in mRNA expression of complement genes 

however, none of these changes were statistically significant. To explore this further 

the number of mice tested would need to be increased, ideally in conjunction with 

analysis of other RPE-specific complement gene KOs. Nevertheless, these findings 

point to the potential importance of RPE-derived FH in regulating the expression of 

complement genes by the RPE. 

 

 

6.2.2. The role of CFHRs in complement homeostasis in the 
mouse retina 
 

6.2.2.1. Loss of CFHRs suppresses gene expression of complement genes 
in the RPE 
 
The role of the CFHRs in complement regulation is still poorly understood. In this study 

I used Cfh-/- Cfhr-/- and Cfh+/+ Cfhr-/- mice in order to investigate whether gene 

expression at the transcriptional level is affected in the RPE due to the loss of CFHRs or 

both CFH and CFHRs. In the absence of both CFH and CFHRs I observed that the mRNA 

expression of all the complement genes analysed was down-regulated, with the 

majority of these changes being statistically significant. Furthermore, and as expected, 

Cfh mRNA expression was not detected in the RPE, demonstrating the effectiveness of 

the cell -type specific knock out. Similar results of downregulated mRNA expression of 

complement genes were also observed in the RPE of mice lacking only CFHRs but not 

CFH, suggesting that this effect is mainly dependent on CFHRs. Interestingly, I observed 

that the lack of CFHRs led to a downregulation of Cfh mRNA levels. This would also 

agree with  recent data that suggest a major role for the FHRs in modulating activation 

of the alternative pathway as antagonists of FH (Józsi, 2017), as loss of CFHRs leads to 
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no competition for FH, therefore lower demand for FH to regulate complement 

activation. Downregulation of gene expression by the RPE of both central complement 

proteins C3 and C5, and complement regulatory proteins, such as CFI, CFD and CD59a, 

suggest that under these conditions there is no or very little demand for RPE-derived 

complement proteins. Since the RPE is the main source of complement in the eye, 

observing such a universal response to the lack of CFHRs implies that these proteins 

are important to complement regulation in the mouse retina.  

 
 

6.2.2.2. Loss of both CFH and CFHRs leads to C3b deposition 
 
 
Following up on the previous findings I investigated whether C3b deposition occurs on 

the RPE or BM of these mice and indeed I observed increased deposition of C3 

breakdown products on the BM of Cfh-/- Cfhr-/- mice. These findings agree with 

previous reports from our group of increased C3 accumulation in the BM of Cfh-/- mice 

(Williams et al., 2016). Moreover, increased deposition of C3 breakdown products was 

also observed on the retinal vessels in these mice and this is also something our group 

has observed in the past in 1-year old Cfh-/- mice (personal communication). These 

data led us to the next experiment, where I studied the structure of retinal vasculature 

in the Cfh-/- Cfhr-/- mice. Collagen IV staining revealed no changes in the morphology of 

the vasculature in the three retinal vascular layers. GFAP staining of retinal flatmounts 

also showed a normal morphology and distribution of astrocytes in the Cfh-/- Cfhr-/- 

mice and further immunostaining of retinal cross-sections for GFAP showed no signs of 

retinal stress. In summary, the observation of C3 deposition in these mice is similar to 

the observations in Cfh-/- mice as reported in the past, suggesting that the absence of 

FH only is enough to trigger excessive complement activation and that the CFHRs could 

provide an additive effect on this response. 
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6.3. Complement homeostasis in the retinas of aged 
Abca4-/- Rdh8-/- mice 
 

6.3.1. Changes in the retinal phenotype of aged Abca4-/- Rdh8-/- 
mice 
 
 
In this study, I characterized the retinal phenotype of aged Abca4-/- Rdh8-/- mice, a 

mouse model that mimics a number of features of human Stargardt disease and AMD, 

including lipofuscin accumulation, drusen formation, complement activation and 

photoreceptor and RPE atrophy. This mouse model has been characterised before, but 

interestingly little is known about the impact of ageing or complement activation in 

Abca4-/- Rdh8-/- mice.  

 

Fundus imaging in 15 months old Abca4-/- Rdh8-/- mice revealed hyper-reflective 

structures, referred as photoreceptor cell rosettes. These are deformations in which 

photoreceptor cells become circularly arranged with their inner and outer segments 

directed centrally, and it has been shown that in Abca4-/- Rdh8-/- mice formation of 

retinal rosettes is evident by 6 weeks of age (Maeda et al., 2008). In fundus 

autofluorescence (AF) images, I showed that 15 month old Abca4-/- Rdh8-/- mice 

exhibited detectable AF spots in the superior half of the eye, whereas a previous study 

has reported that AF puncta appear predominantly in the inferior-nasal quadrant of 

the eye and increase in number between 3 and 5 months of age, but diminish in 

frequency at 7 months (Flynn et al., 2014). This study also showed that AF puncta 

originate in the centre of the cells rosettes, something that I also observed with my 

fundus imaging as hyper-reflective spots were also autofluorescent. Evidence based on 

age-associated accumulations, fluorescence spectral profiles and disease relatedness 

indicates that the primary origin of fundus AF in both humans and mice, is lipofuscin in 

RPE cells (Mata, Weng and Travis, 2000; Charbel Issa et al., 2012). However, the 

previously mentioned study by Flynn et al., (2014) concludes that AF puncta likely 

correspond to the outer segments located to the interior of photoreceptor cell 

rosettes. Also, taking into account the possibility that macrophage/microglia are 
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present in association with the rosettes, the AF could also be derived from outer 

segment debris that has accumulated after phagocytosis, either extracellularly or 

within macrophages.  

 

It has been previously reported that AF signals are associated with the presence of Iba-

1 positive perivascular and subretinal microglia, and that the number of 

autofluorescent microglia and the number of AF puncta increase with age (Xu et al., 

2008). To support this, my data confirmed that along with the increase in AF puncta, I 

observed a significant increase in the number of Iba-1 positive microglia cells in the 

neuroretinas of 15 month old Abca4-/- Rdh8-/- mice. Retinal microglia are phagocytically 

active and due to the increased lipofuscin in our mouse model they may become 

overactive and overloaded with waste material, resulting in the demand for more 

microglia cells. Both retinal microglia and choroidal macrophages play an important 

role in the removal of retinal waste materials and for this reason I stained the RPE of 

15 months old Abca4-/- Rdh8-/- mice for Iba-1 positive cells and compared it to age-

matched wild type controls. I observed the presence of Iba-1 positive cells both basally 

and apically to the RPE only in Abca4-/- Rdh8-/- mice, suggesting that these cells can be 

either choroidal macrophages that are infiltrating the RPE, or subretinal microglia that 

have migrated to the stressed RPE of these mice, or more likely a combination of both.  

 

Another finding in the retinas of these mice is evidence of RPE stress which was 

assessed as the degree of RPE dysmorphia in Abca4-/- Rdh8-/- mice, and quantitated by 

the number of multinucleate RPE cells with three or more nuclei. Multinucleate RPE 

cells are associated with normal aging in mice (Chen et al., 2016), AMD (Ding et al., 

2011), and AMD mouse models (Toomey et al., 2018). My study shows a very high 

degree of RPE stress, suggesting that the RPE are affected and that this can potentially 

explain the infiltration of macrophages and the presence of microglia in the subretinal 

space.  

 

Furthermore, I report Müller cell gliosis in the retinas of Abca4-/- Rdh8-/- mice where I 

observed GFAP positive Müller cell processes extending through the inner and outer 

nuclear layers. As mentioned earlier, Müller cell gliosis is another indication of retinal 
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stress, confirming that the Abca4-/- Rdh8-/- mice exhibit significant changes in the 

retinal structure. Finally, the retinal vasculature of these mice appeared normal, as all 

three retinal vascular layers seem to be unaffected. Additionally, GFAP staining of 

retinal flatmounts shows a normal structure and distribution of astrocytes in Abca4-/- 

Rdh8-/- mice, suggesting that the inner retina in these aged mice is not affected as 

severely as other parts of the retina. 

 

In summary, I report in this study that aged Abca4-/- Rdh8-/- mice exhibit significant 

changes in the retinal phenotype in comparison with age-matched wild types and the 

majority of these changes have been shown in previous studies in younger Abca4-/- 

Rdh8-/- mice. However, I also showed signs of excessive RPE stress and retinal 

degeneration that have not been reported before, such as RPE dysmorphia, infiltration 

of macrophages in the RPE and Müller cell gliosis. Based on all these changes in the 

retinal phenotype of aged Abca4-/- Rdh8-/- mice, I propose that this mouse model could 

be an important tool in which to investigate complement homeostasis in the retina 

under pathological conditions. 

 

 

6.3.2. Changes in complement homeostasis in the retina of 
aged Abca4-/- Rdh8-/- mice 
 

Following up on the changes I observed in the retinal phenotype of aged Abca4-/- Rdh8-

/- mice, I performed further studies in order to investigate complement homeostasis in 

the retinas of these mice. Previous studies have reported that the complement system 

is activated in the retinas of albino Abca4-/- mice, a mouse model for recessive 

Stargardt, showing also that C3b staining on retinal cryosections co-localized with 

lipofuscin autofluorescence within RPE cells (Radu et al., 2011). Furthermore, reduced 

gene expression levels of regulatory complement proteins (CRP) were reported in the 

RPE of these mice, suggesting that either lipofuscin pigments directly activate the 

complement system and that reduced CRP expression is an adverse effect of 

inflammatory damage, or the accumulation of lipofuscin and oxidative stress may 

impair CRP expression, leading to complement activation and further inflammatory 
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damage. The observations of this study agree with my findings in the aged Abca4-/- 

Rdh8-/- mice. I showed increased C3b deposition in the RPE of these mice, where the 

staining was associated with the plasma membrane while the intracellular pool 

appeared closely associated with the nuclei. This implies that C3b/IC3b/C3c is both 

deposited on the RPE and some of the C3b/iC3b/C3c is intracellular. Complement 

fragments are typically ingested by the RPE and this is consistent with their 

phagocytotic activity, however further imaging experiments are needed in order to 

confirm the intracellular localization of C3b/Ic3b/C3c. I also observed that mRNA 

expression of CD59a, a CRP that negatively regulates MAC formation, is significantly 

decreased in the RPE of Abca4-/- Rdh8-/- mice but mRNA levels of other CRPs, such as 

Cfh, Cfi and Cfp were unchanged. In this mouse model, it may be possible that RPE cells 

lose the capacity to protect themselves from complement attack by maintaining high 

expression of CD59a due to ongoing inflammatory damage with aging. Moreover, 

lower expression of CD59a could also make RPE cells more susceptible to MAC 

formation. Interestingly, qPCR data for C3 and Cfh mRNA levels in neuroretinas of 

Abca4-/- Rdh8-/- mice showed an increase compared to the wild type controls. I know 

from my experiments that these proteins are not highly expressed by the neuroretina, 

however this increase supports the idea of complement dysregulation in the retinas of 

these mice.   

 

A very interesting finding in my study was the subcellular re-localization of C3aR in the 

RPE of the aged Abca4-/- Rdh8-/- mice. I showed that in wild type mice C3aR is localized 

on the apical surface of the RPE, whereas in the RPE of Abca4-/- Rdh8-/- mice, C3aR re-

localises to the cell-cell contact sites. The evidence of increased complement 

activation, as shown earlier by C3b deposition, would predict elevated C3a, and in 

combination with C3aR re-localisation suggest that C3a/C3aR signaling is important for 

complement homeostasis in the mouse RPE. Very little is known about C3/C3aR 

signaling in the RPE, however several studies have reported that C3aR and C5aR 

signaling is required for T cell homeostasis (Lalli et al., 2008; Strainic et al., 2008). 

Furthermore, C3a/C3aR signalling is essential in regulating intracellular complement 

activation in human T cells, and C3aR translocation to the cell membrane occurs upon 

TCR activation (Liszewski et al., 2013). A previous study in aged mice from Chen et al., 
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(2008) showed C3aR staining in the basal part of RPE cells in retinal cross-sections, 

however my data are more convincing in terms of the localization of C3aR in the RPE of 

aged wild type mice. My findings suggest that subcellular re-localisation of C3aR in the 

RPE of aged Abca4-/-    Rdh8-/- mice is part of a mechanism where the stressed RPE cells 

try to adapt to ongoing inflammation and excessive complement activation, by 

inhibiting C3a-C3aR interaction on the cell surface, however further studies are needed 

in order to reveal the actual mechanism.  

 

In summary, I have shown in this study that the expression of several complement 

genes is affected in the RPE and neuroretina of aged Abca4-/- Rdh8-/- mice. I also 

highlight evidence of complement activation in the RPE of these mice and I propose 

that C3a/C3aR signaling may play an important role in complement homeostasis in the 

RPE.  

 

6.4. Further Research 
 
 
Future experiments in ARPE-19 cells could involve further testing for the detection of 

intracellular activation of C3 as this would highlight whether intracellular complement 

activation occurs in ARPE-19 cells. Furthermore, I need to perform additional 

experiments of the phagocytosis assays, in order to have more robust results for the 

roles of C3 and C5 in phagocytosis, and also consider using a C5 inhibitor, as this would 

provide more comparable data.  

 

Further studies on the RPE-Cfh KO mouse could include immunostaining of RPE 

flatmounts for both Cre recombinase and C3b in order to reveal whether cells that 

express Cre, and therefore do not express CFH, are more susceptible to C3b 

deposition. This would be a very interesting finding as it would imply that local 

complement activation depends exclusively on RPE-derived FH. Another important 

experiment would be to test whether gene expression levels of CFHRs change in the 

RPE of RPE-Cfh KO mice. This would provide insight with regard to the activity of CFHRs 

as antagonists of CFH. Given the changes in the retinal phenotype of these mice, it 
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would also be of high priority to perform electron-microscopy imaging in order to 

further investigate structural changes in RPE cells. It would also be very interesting to 

obtain more tissue and further study the retinal phenotypes of Cfh-/- Cfhr-/- and Cfh+/+ 

Cfhr-/- mice. Immunostaining of RPE flatmounts for C3 activation products would 

provide more evidence of complement activation and introducing Cfh-/- mice in my 

study as controls, would be more informative of the effect of loss of CFHRs in 

complement homeostasis in the mouse retina. Another interesting study would be the 

generation of humanised mCFHdel-mCFHRdel mice and their use as an in vivo tool in 

order to further understand the role of human CFHRs in pathology. 

 

Future experiments using the aged Abca4-/- Rdh8-/- mice may also include testing 

mRNA levels of CFHRs in the RPE of these mice. A recent study demonstrated that 

increased levels of CFHR4 are strongly associated with AMD (Cipriani et al., 2020), 

therefore measuring plasma levels of CFHRs in the aged mice in the future, would also 

be very informative of the role of CFHRs in pathology.  

 

6.5. Conclusions 
 

I have shown in this project that inflammatory cytokines affect the expression of 

complement genes in ARPE-19 cells. Moreover, my data showed that when given 

sufficient time, ARPE-19 cells will mature and form a confluent monolayer, and NAA 

has little effect on this process. I also observed that differentiated monolayers of 

ARPE-19 cells are less responsive to certain agonists than subconfluent dividing cells. 

Furthermore, I assessed the role of hypoxia stress in gene expression of complement 

genes in ARPE-19 cells and also the phagocytic activity of microglia cells and ARPE-19 

cells. 

 

My in vivo work revealed that RPE-derived FH is important for complement 

homeostasis in the retina and I showed changes in the retinal phenotype of RPE-CFH 

KO mice. Initial analysis of Cfh-/- Cfhr-/- mice showed significant downregulation in the 

expression of most complement genes analysed in the RPE, and increased C3b 

deposition was observed in the RPE and the retinal vessels. Most strikingly, I observed 
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that CFH mRNA levels were decreased 8-fold in the RPE of Cfh+/+ Cfhr-/- mice. I also 

showed significant changes in the retinal phenotype of aged Abca4-/- Rdh8-/- mice that 

indicate excessive stress in the RPE and showed evidence of complement activation 

and changes in the expression of CRPs. I also observed subcellular re-localisation of 

C3aR in the RPE which suggests that C3a/C3aR signaling plays an important role in 

complement homeostasis in the RPE.  

 

The use of different mouse models in order to investigate changes in complement 

homeostasis in the retina has provided a helpful insight in identifying changes at both 

the molecular and structural level (Table 13). We have shown novel findings in 

complement gene expression levels in the mouse retina as a result of the loss of CFH 

and/or CFHRs. Additionally, we observed C3b deposition in the RPE of Abca4-/- Rdh8-/- 

mice which provides a potential link between the AMD-like features in the retina of 

this mouse model and complement regulation in the retina. Interestingly, recent data 

from the phase III clinical trial by Apellis Pharmaceuticals (DERBY and OAKS, 2021) has 

shown that treatment with pegcetacoplan, a C3 inhibitor, leads to a significant 

reduction in GA lesion growth of 22%. These data support the rationale that targeting 

the complement system, and potentially CFH or CFI as the main negative regulators of 

the alternative pathway, could have a significant therapeutic effect to AMD patients.  

 

I expect that this work and these experimental mouse models will become useful tools 

for the understanding of complement homeostasis in the retina and its implications in 

health and disease. 
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Table 13. Summary of results from the mouse models used in this study. Stars (*) 
indicate level of statistical significance. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 
0.0001. 

 

 

 

 

 

 

 

 

 

 



139 
 

References 
 
 
(AREDS2), T. A.-R. E. D. S. 2 (2013) ‘Lutein + Zeaxanthin and Omega-3 Fatty Acids for 
Age-Related Macular Degeneration’, Jama, 309(19), p. 2005. doi: 
10.1001/jama.2013.4997. 

Abarrategui-Garrido, C. et al. (2009) ‘Characterization of complement factor H – 
related ( CFHR ) proteins in plasma reveals novel genetic variations of CFHR1 
associated with atypical hemolytic uremic syndrome’, Blood, 114(19), pp. 4261–4271. 
doi: 10.1182/blood-2009-05-223834. 

Abdelsalam, A., Del Priore, L. and Zarbin, M. A. (1999) ‘Drusen in age-related macular 
degeneration: Pathogenesis, natural course, and laser photocoagulation-induced 
regression’, Survey of Ophthalmology, 44(1), pp. 1–29. doi: 10.1016/S0039-
6257(99)00072-7. 

Alberg, A. J. (2002) ‘The influence of cigarette smoking on circulating concentrations of 
antioxidant micronutrients’, Toxicology, 180(2), pp. 121–137. doi: 10.1016/S0300-
483X(02)00386-4. 

Ambati, J. et al. (2003) ‘Age-related macular degeneration: Etiology, pathogenesis, and 
therapeutic strategies’, Survey of Ophthalmology, 48(3), pp. 257–293. doi: 
10.1016/S0039-6257(03)00030-4. 

Ambati, J., Atkinson, J. P. and Gelfand, B. D. (2013) ‘Immunology of age-related 
macular degeneration’, Nature Reviews Immunology. Nature Publishing Group, 13(6), 
pp. 438–451. doi: 10.1038/nri3459. 

An, E., Gordish-Dressman, H. and Hathout, Y. (2008) ‘Effect of TNF-alpha on human 
ARPE-19-secreted proteins.’, Molecular vision, 14(November), pp. 2292–303. Available 
at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2603184&tool=pmcentre
z&rendertype=abstract. 

An, F. et al. (2009) ‘Role of DAF in protecting against T-cell autoreactivity that leads to 
experimental autoimmune uveitis’, Investigative Ophthalmology and Visual Science, 
50(8), pp. 3778–3782. doi: 10.1167/iovs.08-3264. 

Anderson, D. H. et al. (2010) ‘The pivotal role of the complement system in aging and 
age-related macular degeneration: Hypothesis re-visited’, Progress in Retinal and Eye 



140 
 

Research. Elsevier Ltd, 29(2), pp. 95–112. doi: 10.1016/j.preteyeres.2009.11.003. 

Ardeljan, D. and Chan, C. C. (2013) ‘Aging is not a disease: Distinguishing age-related 
macular degeneration from aging’, Progress in Retinal and Eye Research. Elsevier Ltd, 
37, pp. 68–89. doi: 10.1016/j.preteyeres.2013.07.003. 

AREDS Research Group (2001) ‘A randomized, placebo-controlled, clinical trial of high-
dose supplementation with vitamins C and E, beta carotene, and zinc for age-related 
macular degeneration and vision loss: AREDS report no. 8.’, Archives of ophthalmology 
(Chicago, Ill. : 1960), 119(10), pp. 1417–1436. doi: 10.1016/j.bbi.2008.05.010. 

Arjamaa, O. et al. (2009) ‘Regulatory role of HIF-1α in the pathogenesis of age-related 
macular degeneration (AMD)’, Ageing Research Reviews. Elsevier, pp. 349–358. doi: 
10.1016/j.arr.2009.06.002. 

Arlaud, G. J. et al. (2001) ‘Structural biology of C1: Dissection of a complex molecular 
machinery’, Immunological Reviews, 180, pp. 136–145. doi: 10.1034/j.1600-
065X.2001.1800112.x. 

Austin, B. A. et al. (2009) ‘Biologically active fibronectin fragments stimulate release of 
MCP-1 and catabolic cytokines from murine retinal pigment epithelium’, Investigative 
Ophthalmology and Visual Science, 50(6), pp. 2896–2902. doi: 10.1167/iovs.08-2495. 

Baalasubramanian, S. et al. (2004) ‘CD59a Is the Primary Regulator of Membrane 
Attack Complex Assembly in the Mouse’, The Journal of Immunology, 173(6), pp. 
3684–3692. doi: 10.4049/jimmunol.173.6.3684. 

Bajic, G. et al. (2015) ‘Complement activation , regulation , and molecular basis for 
complement-related diseases’, The EMBO Journal, 34(22), pp. 2735–2757. 

Beaumont, P. E., Petocz, P. and Kang, H. K. (2014) ‘Is there risk of stroke with 
aflibercept?’, Ophthalmology, 121(1), p. 2822. doi: 10.1016/j.ophtha.2013.09.020. 

Bexborn, F. et al. (2008) ‘The tick-over theory revisited: Formation and regulation of 
the soluble alternative complement C3 convertase (C3(H2O)Bb)’, Molecular 
Immunology, 45(8), pp. 2370–2379. doi: 10.1016/j.molimm.2007.11.003. 

Birch, D. G. et al. (2001) ‘Visual function in patients with cone-rod dystrophy (CRD) 
associated with mutations in the ABCA4 (ABCR) gene’, Experimental Eye Research, 
73(6), pp. 877–886. doi: 10.1006/exer.2001.1093. 



141 
 

Bird, A. C. (2010) ‘Review series Therapeutic targets in age-related macular disease’, 
The Journal of Clinical Investigation, 120(9), pp. 3033–3041. doi: 
10.1172/JCI42437.tion. 

Blakeley, L. R. et al. (2011) ‘Rod outer segment retinol formation is independent of 
Abca4, arrestin, rhodopsin kinase, and rhodopsin palmitylation’, Investigative 
Ophthalmology and Visual Science, 52(6), pp. 3483–3491. doi: 10.1167/iovs.10-6694. 

Bokisch, V. A. and Müller-Eberhard, H. J. (1970) ‘Anaphylatoxin inactivator of human 
plasma: its isolation and characterization as a carboxypeptidase.’, The Journal of 
clinical investigation, 49(12), pp. 2427–2436. doi: 10.1172/JCI106462. 

Bokisch, V. a, Dierich, M. P. and Mūller-Eberhard, H. J. (1975) ‘Third component of 
complement (C3): structural properties in relation to functions.’, Proceedings of the 
National Academy of Sciences of the United States of America, 72(6), pp. 1989–1993. 

Bora, N. S. et al. (2010) ‘Recombinant membrane-targeted form of CD59 inhibits the 
growth of choroidal neovascular complex in mice’, Journal of Biological Chemistry, 
285(44), pp. 33826–33833. doi: 10.1074/jbc.M110.153130. 

Bora, P. S. et al. (2005) ‘Role of Complement and Complement Membrane Attack 
Complex in Laser-Induced Choroidal Neovascularization’, The Journal of Immunology, 
174(1), pp. 491–497. doi: 10.4049/jimmunol.174.1.491. 

Brandstetter, C., Holz, F. G. and Krohne, T. U. (2015) ‘Complement Component C5a 
Primes Retinal Pigment Epithelial Cells for Inflammasome Activation by Lipofuscin-
mediated Photooxidative Damage’, The Journal of Biological Chemistry. American 
Society for Biochemistry and Molecular Biology, 290(52), p. 31189. doi: 
10.1074/jbc.m115.671180. 

Bringmann, A. et al. (2006) ‘Müller cells in the healthy and diseased retina’, Progress in 
Retinal and Eye Research. Pergamon, pp. 397–424. doi: 
10.1016/j.preteyeres.2006.05.003. 

Bringmann, A. et al. (2009) ‘Cellular signaling and factors involved in Müller cell gliosis: 
Neuroprotective and detrimental effects’, Progress in Retinal and Eye Research. 
Pergamon, pp. 423–451. doi: 10.1016/j.preteyeres.2009.07.001. 

Bringmann, A. and Reichenbach, A. (2001) ROLE OF MÜLLER CELLS IN RETINAL 
DEGENERATIONS, Frontiers in Bioscience. 



142 
 

Brown, D. M. et al. (2009) ‘Ranibizumab versus Verteporfin Photodynamic Therapy for 
Neovascular Age-Related Macular Degeneration: Two-Year Results of the ANCHOR 
Study’, Ophthalmology. American Academy of Ophthalmology, 116(1), pp. 57-65.e5. 
doi: 10.1016/j.ophtha.2008.10.018. 

Casaroli-Marano, R. P. and Zarbin, M. A. (2014) ‘Cell-Based Therapy for Retinal 
Degenerative Disease’, Developments in Ophthalmology, 53, pp. 1–32. Available at: 
doi:10.1159/000358536. 

Chakravarthy, U. et al. (2010) ‘Clinical risk factors for age-related macular 
degeneration: A systematic review and meta-analysis’, BMC Ophthalmology. BioMed 
Central Ltd, 10(1), p. 31. doi: 10.1186/1471-2415-10-31. 

Charbel Issa, P. et al. (2012) ‘Optimization of in vivo confocal autofluorescence imaging 
of the ocular fundus in mice and its application to models of human retinal 
degeneration.’, Investigative ophthalmology & visual science. Association for Research 
in Vision and Ophthalmology, 53(2), pp. 1066–75. doi: 10.1167/iovs.11-8767. 

Chen, J., Wang, W. and Li, Q. (2017) ‘Increased Th1/Th17 Responses Contribute to 
Low-Grade Inflammation in Age-Related Macular Degeneration’, Cellular Physiology 
and Biochemistry. S. Karger AG, 44(1), pp. 357–367. doi: 10.1159/000484907. 

Chen, M. et al. (2008) ‘Up-regulation of complement factor B in retinal pigment 
epithelial cells is accompanied by complement activation in the aged retina’, 
Experimental Eye Research, 87, pp. 543–550. doi: 10.1016/j.exer.2008.09.005. 

Chen, M. et al. (2016) ‘Retinal pigment epithelial cell multinucleation in the aging eye - 
a mechanism to repair damage and maintain homoeostasis.’, Aging cell. Wiley-
Blackwell, 15(3), pp. 436–45. doi: 10.1111/acel.12447. 

Chen, M., Forrester, J. V. and Xu, H. (2007) ‘Synthesis of complement factor H by 
retinal pigment epithelial cells is down-regulated by oxidized photoreceptor outer 
segments’, Experimental Eye Research, 84(4), pp. 635–645. doi: 
10.1016/j.exer.2006.11.015. 

Chen, W. et al. (2010) ‘Genetic variants near TIMP3 and high-density lipoprotein-
associated loci influence susceptibility to age-related macular degeneration’, 
Proceedings of the National Academy of Sciences, 107(16), pp. 7401–7406. doi: 
10.1073/pnas.0912702107. 

Cheng, Z. Z. et al. (2006) ‘Comparison of surface recognition and C3b binding 



143 
 

properties of mouse and human complement factor H’, Molecular Immunology, 43(7), 
pp. 972–979. doi: 10.1016/j.molimm.2005.05.011. 

Chong, N. H. V. et al. (2005) ‘Decreased thickness and integrity of the macular elastic 
layer of Bruch’s membrane correspond to the distribution of lesions associated with 
age-related macular degeneration’, American Journal of Pathology, 166(1), pp. 241–
251. doi: 10.1016/S0002-9440(10)62248-1. 

Cicardi, M. et al. (2005) ‘C1 inhibitor: Molecular and clinical aspects’, Springer Seminars 
in Immunopathology, 27(3), pp. 286–298. doi: 10.1007/s00281-005-0001-4. 

Cipriani, V. et al. (2020) ‘Increased circulating levels of Factor H-Related Protein 4 are 
strongly associated with age-related macular degeneration’, Nature Communications. 
Nature Research, 11(1), pp. 1–15. doi: 10.1038/s41467-020-14499-3. 

Clark, S. J. et al. (2014) ‘Identification of factor H-like protein 1 as the predominant 
complement regulator in Bruch’s membrane: implications for age-related macular 
degeneration’, Journal of Immunology, 193(10), pp. 4962–4970. doi: 
10.4049/jimmunol.1401613. 

Cleveland, R. P. et al. (1983) ‘Role of complement in murine corneal infection caused 
by Pseudomonas aeruginosa’, Investigative Ophthalmology & Visual Science, 24(2), pp. 
237–242. Available at: http://www.ncbi.nlm.nih.gov/pubmed/6826327. 

Coffey, P. J. et al. (2007) ‘Complement factor H deficiency in aged mice causes retinal 
abnormalities and visual dysfunction.’, Proceedings of the National Academy of 
Sciences of the United States of America, 104(42), pp. 16651–16656. doi: 
10.1073/pnas.0705079104. 

Coleman, H. R. et al. (2009) ‘Age-related macular degeneration’, The Lancet, 
372(9652), pp. 1835–1845. doi: 10.1016/S0140-6736(08)61759-6.Age-related. 

Crabb, J. W. et al. (2002) ‘Drusen proteome analysis: an approach to the etiology of 
age-related macular degeneration.’, Proceedings of the National Academy of Sciences 
of the United States of America, 99(23), pp. 14682–7. doi: 10.1073/pnas.222551899. 

Csincsi, Á. I. et al. (2015) ‘Factor H–Related Protein 5 Interacts with Pentraxin 3 and the 
Extracellular Matrix and Modulates Complement Activation’, The Journal of 
Immunology, 194(10), pp. 4963–4973. doi: 10.4049/jimmunol.1403121. 

Curcio, C. A. and Millican, C. L. (1999) ‘Basal linear deposit and large drusen are specific 



144 
 

for early age- related maculopathy’, Archives of Ophthalmology, 117(3), pp. 329–339. 
doi: 10.1001/archopht.117.3.329. 

Degn, S. E. et al. (2010) ‘Biological variations of MASP-3 and MAp44, two splice 
products of the MASP1 gene involved in regulation of the complement system’, 
Journal of Immunological Methods. Elsevier B.V., 361(1–2), pp. 37–50. doi: 
10.1016/j.jim.2010.07.006. 

Degn, S. E. et al. (2013) ‘Co-Complexes of MASP-1 and MASP-2 Associated with the 
Soluble Pattern-Recognition Molecules Drive Lectin Pathway Activation in a Manner 
Inhibitable by MAp44’, The Journal of Immunology. American Association of 
Immunologists, 191(3), pp. 1334–1345. doi: 10.4049/JIMMUNOL.1300780. 

Degn, S. E., Jensenius, J. C. and Thiel, S. (2011) ‘Disease-causing mutations in genes of 
the complement system’, American Journal of Human Genetics. The American Society 
of Human Genetics, 88(6), pp. 689–705. doi: 10.1016/j.ajhg.2011.05.011. 

Dempsey, P. et al. (1996) ‘C3D of Complement as a Molecular Adjuvant-Bridging Innate 
and Acquired-Immunity’, Science, 271(January), pp. 150–152. 

Detrick, B. and Hooks, J. J. (2010) ‘Immune regulation in the retina’, Immunologic 
Research, 47(1–3), pp. 153–161. doi: 10.1007/s12026-009-8146-1. 

Ding, J.-D. et al. (2011) ‘Anti-amyloid therapy protects against retinal pigmented 
epithelium damage and vision loss in a model of age-related macular degeneration.’, 
Proceedings of the National Academy of Sciences of the United States of America. 
National Academy of Sciences, 108(28), pp. E279-87. doi: 10.1073/pnas.1100901108. 

Dixon, J. A. et al. (2009) ‘VEGF Trap-Eye for the treatment of neovascular age-related 
macular degeneration’, Expert Opinion on Investigational Drugs, 18(10), pp. 1573–
1580. doi: 10.1517/13543780903201684. 

Dunn, K. C. et al. (1996) ‘ARPE-19, a human retinal pigment epithelial cell line with 
differentiated properties’, Experimental Eye Research. Academic Press, 62(2), pp. 155–
170. doi: 10.1006/exer.1996.0020. 

Eberhardt, H. U. et al. (2013) ‘Human factor H-related protein 2 (CFHR2) regulates 
complement activation.’, PloS one. Public Library of Science, 8(11), p. e78617. doi: 
10.1371/journal.pone.0078617. 

Ebrahem, Q. et al. (2006) ‘Carboxyethylpyrrole oxidative protein modifications 



145 
 

stimulate neovascularization: Implications for age-related macular degeneration.’, 
Proceedings of the National Academy of Sciences of the United States of America, 
103(36), pp. 13480–4. doi: 10.1073/pnas.0601552103. 

Edwards, A. O. et al. (2005) ‘Complement factor H polymorphism and age-related 
macular degeneration’, Science, 308(5720), pp. 421–424. doi: 
10.1126/science.1110189. 

Faber, C. et al. (2012) ‘Complement factor H deficiency results in decreased 
neuroretinal expression of Cd59a in aged mice’, Investigative Ophthalmology and 
Visual Science, 53(10), pp. 6324–6330. doi: 10.1167/iovs.12-10385. 

Faber, C. et al. (2019) ‘Chemokine expression in murine RPE/choroid in response to 
systemic viral infection and elevated levels of circulating interferon-γ’, Investigative 
Ophthalmology and Visual Science. Association for Research in Vision and 
Ophthalmology Inc., 60(1), pp. 192–201. doi: 10.1167/iovs.18-25721. 

Fagerness, J. A. et al. (2009) ‘Variation near complement factor I is associated with risk 
of advanced AMD’, European Journal of Human Genetics, 17(1), pp. 100–104. doi: 
10.1038/ejhg.2008.140. 

Fanelli, G. et al. (2017) ‘Human stem cell-derived retinal epithelial cells activate 
complement via collectin 11 in response to stress’, Scientific Reports. Nature Publishing 
Group, 7(1). doi: 10.1038/s41598-017-15212-z. 

Fath, K. R., Mamajiwalla, S. N. and Burgess, D. R. (1993) The cytoskeleton in 
development of epithelial cell polarity, Journal of Cell Science, Supplement. 

Fearon, D. T. and Austen, K. F. (1975) ‘Properdin: binding to C3b and stabilization of 
the C3b-dependent C3 convertase’, Journal of Experimental Medicine, 142(4), pp. 856–
863. doi: 10.1084/jem.142.4.856. 

Fernandez-Godino, R. and Pierce, E. A. (2018) ‘C3a triggers formation of sub-retinal 
pigment epithelium deposits via the ubiquitin proteasome pathway’, Scientific Reports. 
Nature Publishing Group, 8(1), pp. 1–14. doi: 10.1038/s41598-018-28143-0. 

Ferreira, V. P. et al. (2006) ‘Critical Role of the C-Terminal Domains of Factor H in 
Regulating Complement Activation at Cell Surfaces’, The Journal of Immunology, 
177(9), pp. 6308–6316. doi: 10.4049/jimmunol.177.9.6308. 

Ferris, F. L. et al. (2013) ‘Clinical classification of age-related macular degeneration’, 



146 
 

Ophthalmology. Elsevier Inc., 120(4), pp. 844–851. doi: 10.1016/j.ophtha.2012.10.036. 

Filho,  de A. G. et al. (2013) ‘Change in Drusen Volume as a Novel Clinical Trial Endpoint 
for the Study of Complement Inhibition in Age-related Macular Degeneration’, 
Ophthalmic Surgery, Lasers and Imaging Retina, pp. 18–31. doi: 10.3928/23258160-
20131217-01. 

Flynn, E. et al. (2014) ‘Fundus autofluorescence and photoreceptor cell rosettes in 
mouse models’, Investigative Ophthalmology and Visual Science, 55(9), pp. 5643–5652. 
doi: 10.1167/iovs.14-14136. 

Fritsche, L. G. et al. (2010) ‘An imbalance of human complement regulatory proteins 
CFHR1, CFHR3 and factor H influences risk for age-related macular degeneration 
(AMD)’, Human Molecular Genetics, 19(23), pp. 4694–4704. doi: 
10.1093/hmg/ddq399. 

Fritsche, L. G. et al. (2013) ‘Seven new loci associated with age-related macular 
degeneration’, Nature Genetics, 45(4), pp. 433–439. doi: 10.1038/ng.2578. 

Fukuoka, Y., Strainic, M. and Medof, M. E. (2003) ‘Differential cytokine expression of 
human retinal pigment epithelial cells in response to stimulation by C5a’, Clinical and 
Experimental Immunology, 131(2), pp. 248–253. doi: 10.1046/j.1365-
2249.2003.02087.x. 

Garcia-Diaz, J. F. and Essig, A. (1985) ‘Capacitative transients in voltage-clamped 
epithelia’, Biophysical Journal, 48(4), pp. 519–523. 

Georgiannakis, A. et al. (2015) ‘Retinal Pigment Epithelial Cells Mitigate the Effects of 
Complement Attack by Endocytosis of C5b-9’, The Journal of Immunology. The 
American Association of Immunologists, 195(7), pp. 3382–3389. doi: 
10.4049/jimmunol.1500937. 

Gharavi, A. G. et al. (2011) ‘Genome-wide association study identifies susceptibility loci 
for IgA nephropathy’, Nature Genetics, 43(4), pp. 321–329. doi: 10.1038/ng.787. 

Ginhoux, F. et al. (2010) ‘Fate mapping analysis reveals that adult microglia derive 
from primitive macrophages’, Science. American Association for the Advancement of 
Science, 330(6005), pp. 841–845. doi: 10.1126/science.1194637. 

Goicoechea de Jorge, E. et al. (2013) ‘Dimerization of complement factor H-related 
proteins modulates complement activation in vivo.’, Proceedings of the National 



147 
 

Academy of Sciences of the United States of America. National Academy of Sciences, 
110(12), pp. 4685–90. doi: 10.1073/pnas.1219260110. 

Gold, B. et al. (2006) ‘Variation in factor B (BF) and complement component 2 (C2) 
genes is associated with age-related macular degeneration’, Nature Genetics, 38(4), 
pp. 458–462. doi: 10.1038/ng1750. 

Gottfredsdottir, M. S. et al. (1999) ‘Age related macular degeneration in monozygotic 
twins and their spouses in Iceland’, Acta Ophthalmology Scand., 77(4), pp. 422–425. 

Gupta, N., Brown, K. E. and Milam, A. H. (2003) ‘Activated microglia in human retinitis 
pigmentosa, late-onset retinal degeneration, and age-related macular degeneration’, 
Experimental Eye Research. Academic Press, 76(4), pp. 463–471. doi: 10.1016/S0014-
4835(02)00332-9. 

Hageman, G. S. et al. (2001) ‘An integrated hypothesis that considers drusen as 
biomarkers of immune-mediated processes at the RPE-Bruch’s membrane interface in 
aging and age-related macular degeneration’, Progress in Retinal and Eye Research, 
20(6), pp. 705–732. doi: 10.1016/S1350-9462(01)00010-6. 

Hageman, G. S. et al. (2005) ‘A common haplotype in the complement regulatory gene 
factor H (HF1/CFH) predisposes individuals to age-related macular degeneration.’, 
Proceedings of the National Academy of Sciences of the United States of America, 
102(20), pp. 7227–32. doi: 10.1073/pnas.0501536102. 

Haines, J. L. et al. (2005) ‘Complement Factor H Variant Increases the Risk of Age-
Related Macular Degeneration’, Science, 308(5720), pp. 419–421. doi: 
10.1126/science.1110359. 

Hallstrom, T. et al. (2014) ‘Complement factor H–related hybrid protein deregulates 
complement in dense deposit disease’, Journal of Immunology American Society for 
Clinical Investigation, 186(5), pp. 3120–3129. doi: 10.1172/JCI71866. 

Harboe, M. and Mollnes, T. E. (2008) ‘The alternative complement pathway revisited’, 
Journal of Cellular and Molecular Medicine, 12(4), pp. 1074–1084. doi: 10.1111/j.1582-
4934.2008.00350.x. 

Harris, C. L. et al. (2003) ‘Characterization of the mouse analogues of CD59 using novel 
monoclonal antibodies : tissue distribution and functional comparison’, Small. 

Heier, J. S. et al. (2012) ‘Intravitreal aflibercept (VEGF trap-eye) in wet age-related 



148 
 

macular degeneration’, Ophthalmology, 119(12), pp. 2537–2548. doi: 
10.1016/j.ophtha.2012.09.006. 

Heinen, S. et al. (2009a) ‘Factor H-related protein 1 (CFHR-1) inhibits complement C5 
convertase activity and terminal complex formation’, Blood, 114(12), pp. 2439–2447. 
doi: 10.1182/blood-2009-02-205641. 

Heinen, S. et al. (2009b) ‘Factor H-related protein 1 (CFHR-1) inhibits complement C5 
convertase activity and terminal complex formation’, Blood, 114(12), pp. 2439–2447. 
doi: 10.1182/blood-2009-02-205641. 

Hellwage, J. et al. (1999) ‘Functional properties of complement factor H-related 
proteins FHR-3 and FHR-4: Binding to the C3d region of C3b and differential regulation 
by heparin’, FEBS Letters, 462(3), pp. 345–352. doi: 10.1016/S0014-5793(99)01554-9. 

Hellwage, J. et al. (2006) ‘Two factor H-related proteins from the mouse: Expression 
analysis and functional characterization’, Immunogenetics. Springer, 58(11), pp. 883–
893. doi: 10.1007/s00251-006-0153-y. 

Holers, V. M. (2014) ‘Complement and its receptors: new insights into human disease.’, 
Annual review of immunology, 32, pp. 433–459. doi: 10.1146/annurev-immunol-
032713-120154. 

Hollborn, M. et al. (2018) ‘Osmotic and hypoxic induction of the complement factor C9 
in cultured human retinal pigment epithelial cells: Regulation of VEGF and NLRP3 
expression’, Molecular Vision. Molecular Vision, 24, pp. 518–535. Available at: 
http://www.molvis.org/molvis/v24/518 (Accessed: 19 August 2020). 

Hollyfield, J. G. et al. (2008) ‘Oxidative damage-induced inflammation initiates age-
related macular degeneration’, Nature Medicine, 14(2), pp. 194–198. doi: 
10.1038/nm1709. 

Hollyfield, J. G. (2010) ‘Age-related macular degeneration: The molecular link between 
oxidative damage, tissue- specific inflammation and outer retinal disease: The Proctor 
lecture’, Investigative Ophthalmology and Visual Science, 51(3), pp. 1276–1281. doi: 
10.1167/iovs.09-4478. 

Holtkamp, G. M. et al. (2001) ‘Retinal pigment epithelium-immune system 
interactions: Cytokine production and cytokine-induced changes’, Progress in Retinal 
and Eye Research, 20(1), pp. 29–48. doi: 10.1016/S1350-9462(00)00017-3. 



149 
 

Holz, F. et al. (1994) ‘Analysis of lipid deposits extracted from human macular and 
peripheral bruch&#39;s membrane’, Archives of Ophthalmology, 112(3), pp. 402–406. 
Available at: http://dx.doi.org/10.1001/archopht.1994.01090150132035. 

Hughes, A. E. et al. (2006) ‘A common CFH haplotype, with deletion of CFHR1 and 
CFHR3, is associated with lower risk of age-related macular degeneration.’, Nature 
genetics, 38(10), pp. 1173–1177. doi: 10.1038/ng1890. 

Hughes, A. E., Mullan, G. M. and Bradley, D. T. (2011) ‘Complement factor B 
polymorphism 32W protects against age-related macular degeneration.’, Molecular 
vision, 17(December 2010), pp. 983–988. doi: 109 [pii]. 

Hyman, L. G. et al. (1983) ‘Senile macular degeneration: A case-control study’, 
American journal of epidemiology, 118(2), pp. 213–227. 

Iacovelli, J. et al. (2011) ‘Generation of Cre transgenic mice with postnatal RPE-specific 
ocular expression’, Investigative Ophthalmology and Visual Science. Association for 
Research in Vision and Ophthalmology, 52(3), pp. 1378–1383. doi: 10.1167/iovs.10-
6347. 

Inal, J. M. et al. (2005) ‘Complement C2 Receptor Inhibitor Trispanning: A Novel 
Human Complement Inhibitory Receptor’, The Journal of Immunology, 174(1), pp. 356–
366. doi: 10.4049/jimmunol.174.1.356. 

Iriyama, A. et al. (2009) ‘A2E, a component of lipofuscin, is pro-angiogenic in vivo’, 
Journal of Cellular Physiology, 220(2), pp. 469–475. doi: 10.1002/jcp.21792. 

Jakobsdottir, J. et al. (2008) ‘C2 and CFB genes in Age-related maculopathy and joint 
action with CFH and LOC387715 genes’, PLoS ONE, 3(5). doi: 
10.1371/journal.pone.0002199. 

Jarrett, S. and Boulton, M. (2012) ‘Consequences of oxidative stress in age-related 
macular degeneration.’, Molecular Aspects Medicine, 33(4), pp. 399–417. doi: 
10.1016/j.mam.2012.03.009.CONSEQUENCES. 

Jha, P. et al. (2006) ‘The Complement System Plays a Critical Role in the Development 
of Experimental Autoimmune Anterior Uveitis’, Investigative Opthalmology & Visual 
Science, 47(3), p. 1030. doi: 10.1167/iovs.05-1062. 

Jodele, S. et al. (2013) ‘Hematopoietic stem cell transplant-associated thrombotic 
Abnormalities in the alternative pathway of complement in children with 



150 
 

hematopoietic stem cell transplant-associated thrombotic microangiopathy’, Blood, 
122(12), pp. 2003–2007. doi: 10.1182/blood-2013-05-501445. 

Johnson, A. A. et al. (2017) ‘Bestrophin 1 and retinal disease’, Progress in Retinal and 
Eye Research. Elsevier Ltd, pp. 45–69. doi: 10.1016/j.preteyeres.2017.01.006. 

Johnson, L. V. et al. (2001) ‘Complement activation and inflammatory processes in 
drusen formation and age related macular degeneration’, Experimental Eye Research, 
73(6), pp. 887–896. doi: 10.1006/exer.2001.1094. 

de Jong, P. T. V. M. (2006) ‘Age-Related Macular Degeneration’, New England Journal 
of Medicine.  Massachusetts Medical Society , 355(14), pp. 1474–1485. doi: 
10.1056/NEJMra062326. 

Jozsi, M. et al. (2015) ‘Factor H-related proteins determine complement-activating 
surfaces’, Trends in Immunology, 36(6), pp. 374–384. doi: 10.1016/j.it.2015.04.008. 

Józsi, M. et al. (2005) ‘FHR-4A: A new factor H-related protein is encoded by the 
human FHR-4 gene’, European Journal of Human Genetics, 13(3), pp. 321–329. doi: 
10.1038/sj.ejhg.5201324. 

Józsi, M. (2017) ‘Factor H family proteins in complement evasion of microorganisms’, 
Frontiers in Immunology. doi: 10.3389/fimmu.2017.00571. 

Józsi, M. et al. (2018) ‘Complement factor H family proteins in their non-canonical role 
as modulators of cellular functions’, Seminars in Cell & Developmental Biology. Elsevier 
Ltd, (2017), pp. 1–10. doi: 10.1016/j.semcdb.2017.12.018. 

Józsi, M. and Zipfel, P. F. (2008) ‘Factor H family proteins and human diseases’, Trends 
in Immunology, 29(8), pp. 380–387. doi: 10.1016/j.it.2008.04.008. 

K.Liszewski, M. and Atkinson, J. P. (2015) ‘Complement regulators in human disease: 
Lessons from modern genetics’, Journal of Internal Medicine, 277(3), pp. 294–305. doi: 
10.1111/joim.12338. 

Kanda, A. et al. (2007) ‘A variant of mitochondrial protein LOC387715/ARMS2, not 
HTRA1, is strongly associated with age-related macular degeneration.’, Proceedings of 
the National Academy of Sciences of the United States of America, 104(41), pp. 16227–
32. doi: 10.1073/pnas.0703933104. 



151 
 

Karlstetter, M. et al. (2015) ‘Retinal microglia: Just bystander or target for therapy?’, 
Progress in Retinal and Eye Research. Elsevier Ltd, pp. 30–57. doi: 
10.1016/j.preteyeres.2014.11.004. 

Karlstetter, M., Ebert, S. and Langmann, T. (2010) ‘Microglia in the healthy and 
degenerating retina: Insights from novel mouse models’, Immunobiology. 
Immunobiology, 215(9–10), pp. 685–691. doi: 10.1016/j.imbio.2010.05.010. 

Kawa, M. P. et al. (2014) ‘Complement system in pathogenesis of AMD: dual player in 
degeneration and protection of retinal tissue.’, Journal of immunology research. 
Hindawi Publishing Corporation, 2014. doi: 10.1155/2014/483960. 

Kawabori, M. et al. (2015) ‘Triggering receptor expressed on myeloid cells 2 (TREM2) 
deficiency attenuates phagocytic activities of microglia and exacerbates ischemic 
damage in experimental stroke’, Journal of Neuroscience. Society for Neuroscience, 
35(8), pp. 3384–3396. doi: 10.1523/JNEUROSCI.2620-14.2015. 

Khan, J. C. et al. (2006) ‘Smoking and age related macular degeneration: The number 
of pack years of cigarette smoking is a major determinant of risk for both geographic 
atrophy and choroidal neovascularisation’, British Journal of Ophthalmology, 90(1), pp. 
75–80. doi: 10.1136/bjo.2005.073643. 

Killingsworth, M. C., Sarks, J. P. and Sarks, S. H. (1990) ‘Macrophages related to bruch’s 
membrane in age-related macular degeneration’, Eye (Basingstoke). Nature Publishing 
Group, 4(4), pp. 613–621. doi: 10.1038/eye.1990.86. 

Kim, S. R. et al. (2007) ‘The all-trans-retinal dimer series of lipofuscin pigments in 
retinal pigment epithelial cells in a recessive Stargardt disease model’, Proceedings of 
the National Academy of Sciences, 104(49), pp. 19273–19278. doi: 
10.1073/pnas.0708714104. 

Kim, Y. H. et al. (2009) ‘Regulated secretion of complement factor H by RPE and its role 
in RPE migration’, Graefe’s Archive for Clinical and Experimental Ophthalmology, 
247(5), pp. 651–659. doi: 10.1007/s00417-009-1049-y. 

Kinnunen, K. et al. (2012) ‘Molecular mechanisms of retinal pigment epithelium 
damage and development of age-related macular degeneration’, Acta 
Ophthalmologica, 90(4), pp. 299–309. doi: 10.1111/j.1755-3768.2011.02179.x. 

Kiryluk, K., Novak, J. and Gharavi, A. G. (2013) ‘Pathogenesis of Immunoglobulin A 
Nephropathy: Recent Insight from Genetic Studies’, Annual Review of Medicine, 64(1), 



152 
 

pp. 339–356. doi: 10.1146/annurev-med-041811-142014. 

Klein, R. et al. (1993) ‘The Beaver Dam Eye Study: the relation of age-related 
maculopathy to smoking.’, American journal of epidemiology, 137(2), pp. 190–200. 

Klein, R. et al. (2005) ‘Complement factor H polymorphism in age-related macular 
degeneration’, Science, 308(5720), pp. 385–389. doi: 
10.1126/science.1109557.Complement. 

Klos, A. et al. (2009) ‘The role of the anaphylatoxins in health and disease’, Molecular 
Immunology, 46(14), pp. 2753–2766. doi: 10.1016/j.molimm.2009.04.027. 

Kolev, M., Le Friec, G. and Kemper, C. (2014) ‘Complement - tapping into new sites and 
effector systems’, Nature Reviews Immunology. Nature Publishing Group, 14(12), pp. 
811–820. doi: 10.1038/nri3761. 

Kopp, A. et al. (2012) ‘Factor H: A complement regulator in health and disease, and a 
mediator of cellular interactions’, Biomolecules, 2(1), pp. 46–75. doi: 
10.3390/biom2010046. 

Kristensen, T., Wetsel, R. A. and Tack, B. F. (1986) ‘Structural analysis of human 
complement protein H: homology with C4b binding protein, beta 2-glycoprotein I, and 
the Ba fragment of B’, The Journal of Immunology, 136(9), pp. 3407–3411. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/2937845. 

Lachmann, P. J. and Halbwachs, L. (1975) ‘The influence of C3b inactivator (KAF) 
concentration on the ability of serum to support complement activation.’, Clinical and 
experimental immunology, 21(1), pp. 109–114. doi: 10.4049/jimmunol.168.11.5786. 

Lalli, P. N. et al. (2008) ‘Locally produced C5a binds to T cell expressed C5aR to 
enhance effector T-cell expansion by limiting antigen-induced apoptosis’, Blood. The 
American Society of Hematology, 112(5), pp. 1759–1766. doi: 10.1182/blood-2008-04-
151068. 

Langford-Smith, A. et al. (2015) ‘Complementing the sugar code: Role of GAGs and 
sialic acid in complement regulation’, Frontiers in Immunology, 6(FEB), pp. 1–7. doi: 
10.3389/fimmu.2015.00025. 

Lazzeri, S. et al. (2015) Aflibercept administration in neovascular age-related macular 
degeneration refractory to previous anti-vascular endothelial growth factor drugs: a 
critical review and new possible approaches to move forward, Angiogenesis. Springer 



153 
 

Netherlands. doi: 10.1007/s10456-015-9483-4. 

Lee, J. E. et al. (2008) ‘Ex vivo dynamic imaging of retinal microglia using time-lapse 
confocal microscopy’, Investigative Ophthalmology and Visual Science. The Association 
for Research in Vision and Ophthalmology, 49(9), pp. 4169–4176. doi: 10.1167/iovs.08-
2076. 

Von Leithner, P. L. et al. (2009) ‘Complement factor H is critical in the maintenance of 
retinal perfusion’, American Journal of Pathology. American Society for Investigative 
Pathology Inc., 175(1), pp. 412–421. doi: 10.2353/ajpath.2009.080927. 

Lim, L. S. et al. (2012) ‘Age-related macular degeneration’, The Lancet. Elsevier Ltd, 
379(9827), pp. 1728–1738. doi: 10.1016/S0140-6736(12)60282-7. 

Liszewski, M. K. et al. (2013) ‘Intracellular Complement Activation Sustains T Cell 
Homeostasis and Mediates Effector Differentiation’, Immunity. Elsevier Inc., 39(6), pp. 
1143–1157. doi: 10.1016/j.immuni.2013.10.018. 

Lueck, K. et al. (2011) ‘Sub-lytic C5b-9 induces functional changes in retinal pigment 
epithelial cells consistent with age-related macular degeneration’, Eye. Nature 
Publishing Group, 25(8), pp. 1074–1082. doi: 10.1038/eye.2011.109. 

Luo, C., Chen, M. and Xu, H. (2011) ‘Complement gene expression and regulation in 
mouse retina and retinal pigment epithelium/choroid.’, Molecular vision. Emory 
University, 17, pp. 1588–97. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/21738388 (Accessed: 10 April 2017). 

Luo, Y. H. L. and da Cruz, L. (2016) ‘The Argus® II Retinal Prosthesis System’, Progress in 
Retinal and Eye Research. Elsevier Ltd, 50, pp. 89–107. doi: 
10.1016/j.preteyeres.2015.09.003. 

Ma, W. et al. (2009) ‘Microglia in the mouse retina alter the structure and function of 
retinal pigmented epithelial cells: A potential cellular interaction relevant to AMD’, 
PLoS ONE. PLoS One, 4(11). doi: 10.1371/journal.pone.0007945. 

Ma, W. et al. (2013) ‘A2E accumulation influences retinal microglial activation and 
complement regulation’, Neurobiology of Aging. Elsevier, 34(3), pp. 943–960. doi: 
10.1016/j.neurobiolaging.2012.06.010. 

Macular Photocoagulation Study Group (1994a) ‘Laser photocoagulation for 
juxtafoveal choroidal neovascularization: Five-year results from randomized clinical 



154 
 

trials’, Archives of Ophthalmology, 112(4), pp. 500–509. Available at: 
http://dx.doi.org/10.1001/archopht.1994.01090160076025. 

Macular Photocoagulation Study Group (1994b) ‘Persistent and recurrent 
neovascularization after laser photocoagulation for subfoveal choroidal 
neovascularization of age-related macular degeneration’, Archives of Ophthalmology, 
112(4), pp. 489–499. Available at: 
http://dx.doi.org/10.1001/archopht.1994.01090160065024. 

Madeira, M. H. et al. (2018) ‘Blockade of microglial adenosine A2A receptor impacts 
inflammatory mechanisms, reduces ARPE-19 cell dysfunction and prevents 
photoreceptor loss in vitro’, Scientific Reports. Nature Publishing Group, 8(1). doi: 
10.1038/s41598-018-20733-2. 

Maeda, A. et al. (2007) ‘Redundant and unique roles of retinol dehydrogenases in the 
mouse retina.’, Proceedings of the National Academy of Sciences of the United States 
of America, 104(49), pp. 19565–70. doi: 10.1073/pnas.0707477104. 

Maeda, A. et al. (2008) ‘Retinopathy in mice induced by disrupted all-trans-retinal 
clearance’, Journal of Biological Chemistry, 283(39), pp. 26684–26693. doi: 
10.1074/jbc.M804505200. 

Malek, G. et al. (2003) ‘Apolipoprotein B in cholesterol-containing drusen and basal 
deposits of human eyes with age-related maculopathy’, American Journal of 
Pathology, 162(2), pp. 413–425. doi: 10.1016/S0002-9440(10)63836-9. 

Maller, J. B. et al. (2007) ‘Variation in complement factor 3 is associated with risk of 
age-related macular degeneration’, Nature Genetics, 39(10), pp. 1200–1201. doi: 
10.1038/ng2131. 

Malik, T. H. et al. (2021) ‘Gain-f-function factor H-related 5 protein impairs glomerular 
complement regulation resulting in kidney damage‘, Proceedings of the National 
Academy of Sciences of the United States of America, 118(13), doi: 
10.1073/pnas.2022722118.  

Manickam, B. et al. (2010) ‘Suppression of complement activation by recombinant Crry 
inhibits experimental autoimmune anterior uveitis (EAAU)’, Molecular Immunology. 
Elsevier Ltd, 48(1–3), pp. 231–239. doi: 10.1016/j.molimm.2010.08.006. 

Manickam, B. et al. (2011) ‘Inhibition of complement alternative pathway suppresses 
experimental autoimmune anterior uveitis by modulating T cell responses’, Journal of 



155 
 

Biological Chemistry, 286(10), pp. 8472–8480. doi: 10.1074/jbc.M110.197616. 

Mantel, I. et al. (2014) ‘Complement factor B polymorphism and the phenotype of 
early age-related macular degeneration’, Ophthalmic Genetics, 35(1), pp. 12–17. doi: 
10.3109/13816810.2013.766217. 

Marmorstein, A. D. et al. (2002) ‘Spectral profiling of autofluorescence associated with 
lipofuscin, Bruch’s membrane, and sub-RPE deposits in normal and AMD eyes’, 
Investigative Ophthalmology and Visual Science, 43(7), pp. 2435–2441. 

Mata, N. L., Weng, J. and Travis, G. H. (2000) ‘Biosynthesis of a major lipofuscin 
fluorophore in mice and humans with ABCR-mediated retinal and macular 
degeneration’, Proceedings of the National Academy of Sciences, 97(13), pp. 7154–
7159. doi: 10.1073/pnas.130110497. 

Mcleod, D. S. et al. (2009) ‘Relationship between RPE and choriocapillaris in age-
related macular degeneration’, Investigative Ophthalmology and Visual Science, 
50(10), pp. 4982–4991. doi: 10.1167/iovs.09-3639. 

McRae, J. L. et al. (2005) ‘Human Factor H-Related Protein 5 Has Cofactor Activity, 
Inhibits C3 Convertase Activity, Binds Heparin and C-Reactive Protein, and Associates 
with Lipoprotein’, The Journal of Immunology, 174(10), pp. 6250–6256. doi: 
10.4049/jimmunol.174.10.6250. 

Meads, C. and Hyde, C. (2004) ‘Photodynamic therapy with verteporfin is effective, but 
how big is its effect? Results of a systematic review’, British Journal of Ophthalmology, 
88(2), pp. 212–217. doi: 10.1136/bjo.2003.019471. 

Metelitsina, T. I. et al. (2008) ‘Foveolar choroidal circulation and choroidal 
neovascularization in age-related macular degeneration’, Investigative Ophthalmology 
and Visual Science. NIH Public Access, 49(1), pp. 358–363. doi: 10.1167/iovs.07-0526. 

Milton, R. C. et al. (2005) ‘Risk factors for the incidence of advanced age-related 
macular degeneration in the Age-Related Eye Disease Study (AREDS): AREDS report no. 
19’, Ophthalmology, 112(4), pp. 533–539. doi: 10.1016/j.ophtha.2004.10.047. 

Molina, H. (2002) ‘The murine complement regulator Crry: New insights into the 
immunobiology of complement regulation’, Cellular and Molecular Life Sciences, 59(2), 
pp. 220–229. doi: 10.1007/s00018-002-8418-6. 

Mondino, B. J., Chou, H. J. and Sumner, H. L. (1996) ‘Generation of complement 



156 
 

membrane attack complex in normal human corneas’, Investigative Ophthalmology 
and Visual Science, 37(8), pp. 1576–1581. 

Montes, T. et al. (2009) ‘Functional basis of protection against age-related macular 
degeneration conferred by a common polymorphism in complement factor B.’, 
Proceedings of the National Academy of Sciences of the United States of America, 
106(11), pp. 4366–4371. doi: 10.1073/pnas.0812584106. 

Moore, D. J., Hussain, A. A. and Marshall, J. (1995) ‘Age-Related Variation in the 
Hydraulic Conductivity of Bruch ’ s Membrane’, 36(7), pp. 1290–97. 

Mullins, R. F. et al. (2000) ‘Drusen associated with aging and age-related macular 
degeneration contain proteins common to extracellular deposits associated with 
atherosclerosis, elastosis, amyloidosis, and dense deposit disease’, The FASEB Journal, 
14(7), pp. 835–846. doi: 10.1096/fasebj.14.7.835. 

Munoz-Canoves, P., Vik, D. P. and Tack, B. F. (1990) ‘Mapping of a Retinoic Acid- 
responsive Element in the Promoter Region of the Complement Factor H Gene’, 
Journal of Biological Chemistry, 265(33), pp. 20065–20068. 

Nagineni, C. N. et al. (2007) ‘Interferon-γ differentially regulates TGF-β1 and TGF-β2 
expression in human retinal pigment epithelial cells through JAK-STAT pathway’, 
Journal of Cellular Physiology, 210(1), pp. 192–200. doi: 10.1002/jcp.20839. 

Nagineni, C. N. et al. (2011) ‘Regulation of VEGF expression in human retinal cells by 
cytokines: Implications for the role of inflammation in age-related macular 
degeneration’, Journal of Cellular Physiology, 227(1), pp. 116–126. doi: 
10.1002/jcp.22708. 

Nayak, A. et al. (2012) ‘Complement and non-complement activating functions of C1q: 
A prototypical innate immune molecule’, Innate Immunity, 18(2), pp. 350–363. doi: 
10.1177/1753425910396252. 

Nebel, C. et al. (2017) ‘Activated microglia trigger inflammasome activation and 
lysosomal destabilization in human RPE cells’, Biochemical and Biophysical Research 
Communications. Elsevier Ltd, 484(3), pp. 681–686. doi: 10.1016/j.bbrc.2017.01.176. 

Nelson, R. A. J. (1953) ‘Immune-Adherence Phenomenon and Erythrocytes Leading to 
Enhanced Phagocytosis’, Science, 118(3077), pp. 733–738. Available at: 
10.1126/science.118.3077.733. 



157 
 

Newman, A. M. et al. (2012) ‘Systems-level analysis of age-related macular 
degeneration reveals global biomarkers and phenotype-specific functional networks’, 
Genome Medicine. BioMed Central Ltd., 4(2), pp. 1–18. doi: 10.1186/gm315. 

Ng, T. F. and Streilein, J. W. (2001) ‘Light-induced migration of retinal microglia into the 
subretinal space’, Investigative Ophthalmology and Visual Science, 42(13), pp. 3301–
3310. 

Ollert, M. W. et al. (1994) ‘Antibody-mediated complement activation on nucleated 
cells. A quantitative analysis of the individual reaction steps.’, The Journal of 
Immunology, 153(5), pp. 2213–2221. Available at: 
http://www.jimmunol.org/content/153/5/2213%5Cnhttp://www.jimmunol.org/conte
nt/153/5/2213.full.pdf%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/8051421. 

Olsson, A. K. et al. (2006) ‘VEGF receptor signalling - In control of vascular function’, 
Nature Reviews Molecular Cell Biology, 7(5), pp. 359–371. doi: 10.1038/nrm1911. 

Parmeggiani, F. et al. (2012) ‘Mechanism of inflammation in age-related macular 
degeneration’, Mediators of Inflammation, 2012. doi: 10.1155/2012/546786. 

Pauleikhoff, D. et al. (1990) ‘Aging Changes in Bruch’s Membrane: A Histochemical and 
Morphologic Study’, Ophthalmology. American Academy of Ophthalmology, Inc, 97(2), 
pp. 171–178. doi: 10.1016/S0161-6420(90)32619-2. 

Pawar, A. S. et al. (2008) ‘Recovery of rod photoresponses in ABCR-deficient mice’, 
Investigative Ophthalmology and Visual Science, 49(6), pp. 2743–2755. doi: 
10.1167/iovs.07-1499. 

Penfold, P. L., Killingsworth, M. C. and Sarks, S. H. (1986) ‘Senile macular degeneration: 
The involvement of giant cells in atrophy of the retinal pigment epithelium’, 
Investigative Ophthalmology and Visual Science, 27(3), pp. 364–371. Available at: 
https://iovs.arvojournals.org/article.aspx?articleid=2159751 (Accessed: 12 December 
2020). 

Pons, M. and Marin-Castaño, M. E. (2011) ‘Cigarette smoke-related hydroquinone 
dysregulates MCP-1, VEGF and PEDF expression in retinal pigment epithelium in vitro 
and in vivo’, PLoS ONE, 6(2). doi: 10.1371/journal.pone.0016722. 

Pouw, R. B. et al. (2015) ‘Of mice and men: The factor H protein family and 
complement regulation’, Molecular Immunology, 67(1), pp. 12–20. doi: 
10.1016/j.molimm.2015.03.011. 



158 
 

Quazi, F. and Molday, R. S. (2014) ‘ATP-binding cassette transporter ABCA4 and 
chemical isomerization protect photoreceptor cells from the toxic accumulation of 
excess 11- cis -retinal’, Proceedings of the National Academy of Sciences, 111(13), pp. 
5024–5029. doi: 10.1073/pnas.1400780111. 

Radu, R. A. et al. (2011) ‘Complement system dysregulation and inflammation in the 
retinal pigment epithelium of a mouse model for Stargardt macular degeneration’, 
Journal of Biological Chemistry, 286(21), pp. 18593–18601. doi: 
10.1074/jbc.M110.191866. 

Ramrattan, R. S. et al. (1994) ‘Morphometric analysis of Bruch’s membrane, the 
choriocapillaris, and the choroid in aging’, Investigative Ophthalmology and Visual 
Science, 35(6), pp. 2857–2864. 

Rashid, K., Akhtar-Schaefer, I. and Langmann, T. (2019) ‘Microglia in retinal 
degeneration’, Frontiers in Immunology. Frontiers Media S.A. doi: 
10.3389/fimmu.2019.01975. 

Ricklin, D., Reis, E. S. and Lambris, J. D. (2016) ‘Complement in disease: a defence 
system turning offensive’, Nature Reviews Nephrology, pp. 383–401. doi: 
10.1038/nrneph.2016.70. 

Ripoche, J. et al. (1988) ‘The complete amino acid sequence of human complement 
factor H.’, The Biochemical journal, 249(2), pp. 593–602. doi: 10.1042/bj2490593. 

Rodriguez-Boulan, E. and Macara, I. G. (2014) ‘Organization and execution of the 
epithelial polarity programme’, Nature Reviews Molecular Cell Biology. Nature 
Publishing Group, pp. 225–242. doi: 10.1038/nrm3775. 

Rohrer, B. et al. (2009) ‘A targeted inhibitor of the alternative complement pathway 
reduces angiogenesis in a mouse model of age-related macular degeneration’, 
Investigative Ophthalmology and Visual Science, 50(7), pp. 3056–3064. doi: 
10.1167/iovs.08-2222. 

Rosenfeld, P. J. et al. (2006) ‘Ranibizumab for Neovascular Age-Related Macular 
Degeneration’, The New England Journal of Medicine, 355(14), pp. 1419–1431. doi: 
10.1056/NEJMp1002530. 

Sahu, A., Kozel, T. R. and Pangburn, M. K. (1994) ‘Specificity of the thioester-containing 
reactive site of human C3 and its significance to complement activation.’, The 
Biochemical journal, 436(Pt 2), pp. 429–36. doi: 10.1016/0161-5890(93)90354-E. 



159 
 

Satyam, A. et al. (2017) ‘Intracellular Activation of Complement 3 Is Responsible for 
Intestinal Tissue Damage during Mesenteric Ischemia’, The Journal of Immunology, 
198, pp. 788–797. doi: 10.4049/jimmunol.1502287. 

Schafer, D. P. et al. (2012) ‘Microglia Sculpt Postnatal Neural Circuits in an Activity and 
Complement-Dependent Manner’, Neuron. Neuron, 74(4), pp. 691–705. doi: 
10.1016/j.neuron.2012.03.026. 

Schmidt, C. Q. et al. (2011) ‘Production of biologically active complement factor H in 
therapeutically useful quantities’, Protein Expression and Purification. Elsevier Inc., 
76(2), pp. 254–263. doi: 10.1016/j.pep.2010.12.002. 

Schraufstatter, I. U. et al. (2002) ‘Complement C3a and C5a Induce Different Signal 
Transduction Cascades in Endothelial Cells’, The Journal of Immunology, 169(4), pp. 
2102–2110. doi: 10.4049/jimmunol.169.4.2102. 

Schwaeble, W. et al. (1987) ‘Human complement factor H: expression of an additional 
truncated gene product of 43 kDa in human liver’, European Journal of Immunology, 
17(10), pp. 1485–1489. doi: 10.1002/eji.1830171015. 

Schwartz, S. D. et al. (2012) ‘Embryonic stem cell trials for macular degeneration: A 
preliminary report’, The Lancet. Elsevier Ltd, 379(9817), pp. 713–720. doi: 
10.1016/S0140-6736(12)60028-2. 

Seddon, J. M., Ajani, U. A. and Mitchell, B. D. (1997) ‘Familial aggregation of age-
related maculopathy’, American Journal of Ophthalmology. Elsevier Inc., 123(2), pp. 
199–206. doi: 10.1016/S0002-9394(14)71036-0. 

Semenza, G. L. (2012) ‘Hypoxia-inducible factors in physiology and medicine’, Cell. NIH 
Public Access, pp. 399–408. doi: 10.1016/j.cell.2012.01.021. 

Shelley, E. et al. (2009) ‘Cone degeneration in aging and age-related macular 
degeneration’, Arch Ophthalmol., 127(4), pp. 483–92. 

Shi, G. et al. (2008) ‘Control of chemokine gradients by the retinal pigment epithelium’, 
Investigative Ophthalmology and Visual Science. The Association for Research in Vision 
and Ophthalmology, 49(10), pp. 4620–4630. doi: 10.1167/iovs.08-1816. 

Skerka, C. et al. (2013) ‘Complement factor H related proteins (CFHRs)’, Molecular 
Immunology, 56(3), pp. 170–180. doi: 10.1016/j.molimm.2013.06.001. 



160 
 

Sparrow, J. R. et al. (2003) ‘A2E, a byproduct of the visual cycle’, Vision Research, 
43(28), pp. 2983–2990. doi: 10.1016/S0042-6989(03)00475-9. 

Spencer, K. L. et al. (2007) ‘Protective effect of complement factor B and complement 
component 2 variants in age-related macular degeneration’, Human Molecular 
Genetics, 16(16), pp. 1986–1992. doi: 10.1093/hmg/ddm146. 

Spitzer, D. et al. (2007) ‘Properdin Can Initiate Complement Activation by Binding 
Specific Target Surfaces and Providing a Platform for De Novo Convertase Assembly’, 
The Journal of Immunology, 179(4), pp. 2600–2608. doi: 
10.4049/jimmunol.179.4.2600. 

Strainic, M. G. et al. (2008) ‘Locally Produced Complement Fragments C5a and C3a 
Provide Both Costimulatory and Survival Signals to Naive CD4+ T Cells’, Immunity. 
Immunity, 28(3), pp. 425–435. doi: 10.1016/j.immuni.2008.02.001. 

Streeten, B. W. (1969) ‘Development of the human retinal pigment epithelium and the 
posterior segment’, Archives of Ophthalmology, 81(3), pp. 383–394. Available at: 
http://dx.doi.org/10.1001/archopht.1969.00990010385017. 

Streilein, J. W. (2003) ‘Ocular immune privilege: the eye takes a dim but practical view 
of immunity and inflammation’, Journal of Leukocyte Biology, 74(2), pp. 179–185. doi: 
10.1189/jlb.1102574. 

Strowig, T. et al. (2012) ‘Inflammasomes in health and disease’, Nature, 481(7381), pp. 
278–286. doi: 10.1038/nature10759. 

Sun, H., Molday, R. S. and Nathans, J. (1999) ‘Retinal stimulates ATP hydrolysis by 
purified and reconstituted ABCR, the photoreceptor-specific ATP-binding cassette 
transporter responsible for Stargardt disease’, Journal of Biological Chemistry, 274(12), 
pp. 8269–8281. doi: 10.1074/jbc.274.12.8269. 

Thomas, A. et al. (2000) ‘Expression of a complete and functional complement system 
by human neuronal cells in vitro’, International Immunology, 12(7), pp. 1015–1023. 
doi: 10.1093/intimm/12.7.1015. 

Thompson, D. A. and Gal, A. (2003) ‘Vitamin A metabolism in the retinal pigment 
epithelium: Genes, mutations, and diseases’, Progress in Retinal and Eye Research, 
22(5), pp. 683–703. doi: 10.1016/S1350-9462(03)00051-X. 

Thurman, J. M. et al. (2009) ‘Oxidative stress renders retinal pigment epithelial cells 



161 
 

susceptible to complement-mediated injury’, Journal of Biological Chemistry, 284(25), 
pp. 16939–16947. doi: 10.1074/jbc.M808166200. 

Toomey, C. B. et al. (2018) ‘Effect of Anti-C5a Therapy in a Murine Model of 
Early/Intermediate Dry Age-Related Macular Degeneration.’, Investigative 
ophthalmology & visual science. Association for Research in Vision and Ophthalmology, 
59(2), pp. 662–673. doi: 10.1167/iovs.17-23134. 

Trakkides, T. O. et al. (2019) ‘Oxidative stress increases endogenous complement-
dependent inflammatory and angiogenic responses in retinal pigment epithelial cells 
independently of exogenous complement sources’, Antioxidants. MDPI AG, 8(11). doi: 
10.3390/antiox8110548. 

Tranos, P. et al. (2013) ‘Resistance to antivascular endothelial growth factor treatment 
in age-related macular degeneration’, Drug Design Development & Therapy., 7, pp. 
485–490. 

Tseng, W. A. et al. (2013) ‘NLRP3 inflammasome activation in retinal pigment epithelial 
cells by lysosomal destabilization: Implications for age-related macular degeneration’, 
Investigative Ophthalmology and Visual Science, 54(1), pp. 110–120. doi: 
10.1167/iovs.12-10655. 

Vik, D. P. et al. (1988) ‘Structure of the murine complement factor H gene’, Journal of 
Biological Chemistry, 263(32), pp. 16720–16724. 

Vik, D. P. et al. (1990) Identification and Sequence Analysis of Four Complement Factor 
H-related Transcripts in Mouse Liver*. 

Vik, D. P. (1996) ‘Regulation of complement factor H in a human liver cell line by 
interferon-γ’, Scandinavian Journal of Immunology, 44, pp. 215–222. doi: 
10.1046/j.1365-3083.1999.00528.x. 

Wang, J. S. and Kefalov, V. J. (2009) ‘An Alternative Pathway Mediates the Mouse and 
Human Cone Visual Cycle’, Current Biology. Elsevier Ltd, 19(19), pp. 1665–1669. doi: 
10.1016/j.cub.2009.07.054. 

Wang, Y. et al. (2010) ‘Induction of interleukin-8 gene expression and protein secretion 
by C-reactive protein in ARPE-19 cells’, Experimental Eye Research. Elsevier Ltd, 91(2), 
pp. 135–142. doi: 10.1016/j.exer.2010.02.008. 

Wang, Y., Wang, V. M. and Chan, C. C. (2011) ‘The role of anti-inflammatory agents in 



162 
 

age-related macular degeneration (AMD) treatment’, Eye. Nature Publishing Group, 
25(2), pp. 127–139. doi: 10.1038/eye.2010.196. 

Ward, H. M. et al. (1997) ‘Cloning and analysis of the human complement factor H 
gene promoter’, Immunology and Cell Biology, 75(5), pp. 508–510. doi: 
10.1038/icb.1997.79. 

Wiesmann, C. et al. (2006) ‘Structure of C3b in complex with CRIg gives insights into 
regulation of complement activation’, Nature, 444(7116), pp. 217–220. doi: 
10.1038/nature05263. 

Williams, J. A. E. et al. (2016) ‘Regulation of C3 Activation by the Alternative 
Complement Pathway in the Mouse Retina.’, PloS one. Public Library of Science, 11(8), 
p. e0161898. doi: 10.1371/journal.pone.0161898. 

Wong, T. et al. (2008) ‘The Natural History and Prognosis of Neovascular Age-Related 
Macular Degeneration. A Systematic Review of the Literature and Meta-analysis’, 
Ophthalmology, 115(1), pp. 116–127. doi: 10.1016/j.ophtha.2007.03.008. 

Wong, W. L. et al. (2014) ‘Global prevalence of age-related macular degeneration and 
disease burden projection for 2020 and 2040: A systematic review and meta-analysis’, 
The Lancet Global Health, 2(2), pp. 106–116. doi: 10.1016/S2214-109X(13)70145-1. 

Wu, Z. et al. (2007) ‘Oxidative stress modulates complement factor H expression in 
retinal pigmented epithelial cells by acetylation of FOXO3’, Journal of Biological 
Chemistry, 282(31), pp. 22414–22425. doi: 10.1074/jbc.M702321200. 

Xu, H. et al. (2008) ‘Age-dependent accumulation of lipofuscin in perivascular and 
subretinal microglia in experimental mice’, Aging Cell. John Wiley & Sons, Ltd, 7(1), pp. 
58–68. doi: 10.1111/j.1474-9726.2007.00351.x. 

Yang, C., Yang, L. and Liu, Y. (2014) ‘Soluble complement complex C5b-9 promotes 
microglia activation’, Journal of Neuroimmunology, 267(1–2), pp. 16–19. doi: 
10.1016/j.jneuroim.2013.11.007. 

Yates, J. R. W. et al. (2007) ‘Complement C3 Variant and the Risk of Age-Related 
Macular Degeneration’, New England Journal of Medicine, 357(6), pp. 553–561. doi: 
10.1056/NEJMoa072618. 

Yu, Y. et al. (2016) ‘Protective coding variants in CFH and PELI3 and a variant near 
CTRB1 are associated with age-related macular degeneration’, Human Molecular 



163 
 

Genetics. Oxford University Press, 25(23), pp. 5276–5285. doi: 10.1093/hmg/ddw336. 

Zamiri, P., Sugita, S. and Streilein, J. W. (2007) ‘Immunosuppressive properties of the 
pigmented epithelial cells and the subretinal space’, Chemical Immunology and Allergy, 
92, pp. 86–93. doi: 10.1159/000099259. 

Zarbin, M. a (2012) ‘Pathogenesis of Age- Related Macular Degeneration’, Medical 
Retina, 1, pp. 125–133. 

Zhan, X. et al. (2013) ‘Identification of a rare coding variant in complement 3 
associated with age-related macular degeneration’, Nature Genetics. Nature Publishing 
Group, 45(11), pp. 1375–1381. doi: 10.1038/ng.2758. 

Zhang, Q. et al. (2019) ‘Comparison of histologic findings in age-related macular 
degeneration with RPE flatmount images’, Molecular Vision, 25, pp. 70–78. Available 
at: http://www.molvis.org/molvis/v25/70 (Accessed: 29 November 2020). 

Zhao, J. et al. (2011) ‘Association of genetic variants in complement factor H and factor 
H-related genes with systemic lupus erythematosus susceptibility’, PLoS Genetics, 7(5), 
pp. 1–9. doi: 10.1371/journal.pgen.1002079. 

Zhao, L. et al. (2015) ‘Microglial phagocytosis of living photoreceptors contributes to 
inherited retinal degeneration’, EMBO Molecular Medicine. EMBO, 7(9), pp. 1179–
1197. doi: 10.15252/emmm.201505298. 

Zhou, J. et al. (2006) ‘Complement activation by photooxidation products of A2E, a 
lipofuscin constituent of the retinal pigment epithelium’, Proceedings of the National 
Academy of Sciences, 103(44), pp. 16182–16187. doi: 10.1073/pnas.0604255103. 

Zhu, Y. et al. (2005) ‘The ancient origin of the complement system’, EMBO Journal, 
24(2), pp. 382–394. doi: 10.1038/sj.emboj.7600533. 

Zipfel, P. F. et al. (1999) ‘The factor H protein family’, Immunopharmacology, 42(1–3), 
pp. 53–60. doi: 10.1016/S0162-3109(99)00015-6. 

Zipfel, P. F. and Skerka, C. (2009) ‘Complement regulators and inhibitory proteins’, 
Nature Reviews Immunology. Nature Publishing Group, 9(10), pp. 729–740. doi: 
10.1038/nri2620. 

 



164 
 

Appendix 
 
 
Figure 9 uncropped western blots 

 

 

Figure 1 Appendix. Original full images of Western blots that correspond to Figure 19.  

 

Figure 10 All images of  C3aR immunostaining on ARPE19 cells 
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Figure 2 Appendix. Original thresholded images of Figure 10.  

 


