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Abstract 

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

and blindness in elderly people in the developed world. The two main vision threating 

subtypes are geographic atrophy (GA) and neovascular AMD (nAMD). The latter is 

responsible for 90% of vision loss attributed to the disease. Currently, the treatment for nAMD 

is through the use of intravitreal injections of anti-Vascular endothelial growth factor (anti-

VEGF) agents. Randomized controlled clinical trials and retrospective studies conducted for 

anti-VEGF treatment in nAMD patients have shown good improvements in visual outcomes 

in the majority of patients but due to unknown reasons, a broad range of outcome responses 

have also been reported. Approximately 5-10% of patients typically show no improvement in 

the readout of visual acuity (VA) (loss of > 15 Early Treatment Diabetic Retinopathy Study 

(ETDRS) letters) and exhibit a continuous decline in VA over the course of long term anti-

VEGF therapy. 

A number of studies have indicated factors that might influence the response to treatment, 

which includes demographic, clinical and genetics factors. Among these, genetic factors are 

considered as one important determinant which likely result in a pharmacogenetic anti-VEGF 

treatment response. Genetic factors have been investigated for their association with change 

in VA following anti-VEGF treatment but these have been based on VEGF pathway genes as 

well as known AMD risk genes including CFH, ARMS2/HTRA1, VEGFR2, EPAS1 and 

APOE. Currently, findings from these genetic studies appear inconsistent with regard to their 

associations with anti-VEGF treatment outcomes (detailed in Chapter 2). This indicates that 

it is possible that other genetic factors are involved in determining response to anti-VEGF 

treatment in nAMD patients. Identifying these potential genetic variants across the human 

genome requires the use of sophisticated genetic techniques such as genome wide association 

studies (GWAS) and whole exome sequencing (WES).  

The objective of my PhD is to undertake pharmacogenetic studies to identify genetic variants 

which could influence anti-VEGF treatment outcome in nAMD patients. To accomplish this, 

I have used strategies which include candidate gene analysis and the next generation genetic 

techniques: GWAS and WES.  
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Firstly, in Chapter 4, I assessed the genetic association of several previously described single 

nucleotide polymorphisms (SNPs) rs4576072 (VEGFR2), rs6828477 (VEGFR2), rs2070296 

(NRP1) and rs9679290 (EPAS1) with regard to treatment outcome in nAMD after anti-VEGF 

treatment. A total of 207 nAMD patients were genotyped for these 4 SNPs with readout 

outcome measures of change in visual acuity (VA), retinal fluid clearance and central macular 

thickness (CMT) as measured by optical coherence tomography (OCT) following up-to 1 year 

of anti-VEGF treatment. Statistical analysis revealed no significant association between the 

genotypes of these four variants with change in VA at 3, 6 and 12 months of anti-VEGF 

treatment (P > 0.05 for each). Furthermore, there was no evidence of an association between 

each of the four variants with retinal fluid clearance or CMT change at 3 months of treatment 

(P >0.05 for each). A systematic search of Pubmed, Web of Science and Embase in August 

2016 revealed two previous studies that had reported on the association of SNPs rs4576072 

and rs682847 in the VEGFR2 gene with treatment outcomes (reported using only change in 

VA) following anti-VEGF therapy in nAMD. A meta-analysis of my own study with the two 

previously published studies showed no evidence of association between the genotypes of 

rs4576072 or rs682847 with mean change in VA at 3 or 12 months of treatment (P >0.05 

each). In conclusion, there was insufficient evidence to ascribe a genetic association between 

the variants rs4576072, rs682847, rs2070296 and rs9679290 and anti-VEGF treatment 

outcome in nAMD patients.  

Chapter 5 describes a cost effective pooled DNA based GWAS on 285 anti-VEGF treated 

nAMD patients. The primary outcome measure was change in VA in ETDRS letters after 6 

months of anti-VEGF treatment: patients who lost ≥5 (ETDRS) letters were classified as non-

responders while all remaining patients were classified as responders. GWAS analysis 

identified 44 SNPs associated with change in VA at 6 months of anti-VEGF treatment. In a 

technical validation phase, individual genotyping of these 44 variants showed three SNPs 

(rs4910623 p = 5.6 × 10-5, rs323085 p = 6.5 × 10-4 and rs10198937 p = 1.30 × 10-3) that 

remained suggestively associated with VA response at 6 months of anti-VEGF treatment. 

Replication of these three SNPs in an independent cohort of 376 anti-VEGF nAMD patients 

of European origin followed by meta-analysis of both cohorts (673 samples) confirmed 

association of the SNP rs4910623 in the Olfactory Receptor Family 52 Subfamily B Member 
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4 (OR52B4) gene with poor VA response after 3 months (p = 1.2 × 10-5) and 6 months 

(p = 9.3 × 10-6) of anti-VEGF treatment in nAMD patients.  

In Chapter 6, I have undertaken a multi-centre GWAS on anti-VEGF treated nAMD cohorts 

identified via the International AMD Gene Consortium (IAMDGC) custom exome chip. In 

the discovery GWAS phase, a total of 678 anti-VEGF treated nAMD patients from 5 different 

clinical sites were included and the main outcome measure was change in VA at 3 months of 

anti-VEGF treatment. Linear regression analysis was undertaken on imputed genetic variants 

for each cohort with change in VA, followed by meta-analysis. Six SNPs rs241692, 

rs12138564, rs13002976, rs242939, rs2237435 and rs927203 revealed suggestive association 

with change in VA (p<1x10-5) at three months of treatment. Replication of these six variants 

was undertaken in an additional 6 anti-VEGF treated cohorts from outside the IAMDGC and 

subsequent overall meta-analysis of both the discovery + replication cohorts (n=2058) was 

undertaken. A variant, rs12138564 in the Chaperonin Containing TCP1 Subunit 3 (CCT3) 

gene remained associated with change in VA (p = 1.3x10-5) after three months of anti-VEGF 

treatment. The gene based burden test for non-synonymous rare variants (MAF<0.01) showed 

significant association of three genes Chromosome 10 Open Reading Frame 88 (C10orf88), 

Unc-93 homolog B1 (UNC93B1) and  Cytoskeleton associated protein 2 like (CKAP2L) with 

change in VA associated (corrected p = 4.2 x10-7, p=6.0x10-7 and p = 1.3x10-6 respectively) 

at three months of anti-VEGF treatment. In addition pathway analysis revealed aldosterone 

signalling and G protein pathway as the top biological processes associated with change in 

VA (p<1x10-4) following treatment.  

Chapter 7 presents a Whole Exome Sequencing (WSE) study on 54 anti-VEGF treated AMD 

patients to identify genetic variants that influence the qualitative measure of retinal fluid 

presence (non-responders) relative to the retinal fluid dryness (responders) measured on OCT 

after 3 monthly doses of anti-VEGF injections. After downstream quality control and 

statistical analysis of the WES data, five SNPs; rs8786, rs36078271, rs2275123, rs1753430 

and rs3801790 showed evidence of association with fluid presence (p ≤ 1x10-4) after 3 months 

of anti-VEGF treatment. Replication of these top variants in an independent anti-VEGF 

treated cohort (n=161) followed by meta-analysis of both cohorts (n=215) revealed 

association of rs1753430 and rs3801790 in the olfactory receptor family 6 subfamily J member 

1 (OR6J1) and dedicator of cytokinesis 4 (DOCK4) genes with presence of retinal fluid after 
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three months of anti-VEGF treatment (p = 0.002, and p = 0.01, respectively). Furthermore, 

the gene enrichment pathway analysis revealed the G-protein coupled receptor (GPCR) 

pathway as the top functional process (corrected p=8x10-15), suggesting involvement of cell 

signalling molecules in anti-VEGF treatment response in nAMD patients. 

In conclusion, I was able to undertake candidate gene, GWAS and WES in anti-VEGF treated 

nAMD patients, identifying variants in four novel genes; OR52B4, CCT3, OR6J1 and 

DOCK4, associated with varying treatment outcomes in nAMD. Findings from this thesis 

indicate multiple genetic factors are likely involved in varied response to anti-VEGF therapy 

and by investigating the biological role of these four novel genes in abnormal angiogenesis. 

It will aid in the future identification of new drug targets as potential alternatives or adjunctive 

treatments to existing anti-VEGF therapy. Additionally, it is the first step towards optimizing 

and personalizing treatment based on a pharmacogenetic approach for patients with nAMD.  
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 Introduction 

 

Age related macular degeneration (AMD) is a complex eye disease most commonly identified 

in developed countries that cause severe visual loss in people over the age of 50 years (Klein 

et al., 1992). Currently, the global prevalence of AMD is 8.7% and the progressive 

demographic shift towards an aging population will increase the number of AMD cases to 288 

million worldwide by 2040 (Wong et al., 2014). The precise aetiology of AMD is unknown, 

however smoking, age and genetics are major risk factors for AMD predisposition (Evans et 

al., 2005, Guymer and Chong, 2006, Klein et al., 2006, Klein et al., 2005). Since 2005, genetic 

factors have been well studied to understand their role in AMD pathogenesis. For example, a 

recent genome wide association study (GWAS) reported 52 genetic variants across 34 loci in 

the human genome that were involved in AMD susceptibility. The most significantly 

associated genetic variants are present in the Complement Factor H (CFH) and Age-Related 

Maculopathy Susceptibility 2/HTRA serine peptidase 1 (ARMS2/HTRA1) genes (Fritsche et 

al., 2016).  

The early stage of AMD is characterised by an asymptomatic accumulation of glycolipid 

debris known as drusen in the retina (Sarks et al., 1999). The progressive accumulation of 

drusen is associated with degeneration of the retina and leads to one of the two advanced 

forms of the disease: geographic atrophy (GA), or choroidal neovascularization (CNV) - also 

known as neovascular AMD (nAMD) (Age-Related Eye Disease Study Research, 1999, Ferris 

et al., 2005, Klein et al., 1991). The latter is responsible for 90% of severe vision loss 

associated with AMD (Ferris et al., 1984). nAMD develops due to the growth of new blood 

vessels which leak during abnormal angiogenesis (Guyer et al., 1986, Wong et al., 2008). The 

important regulator of this pathologic process is known as Vascular Endothelial Growth 

Factor (VEGF) (Ferrara and Bunting, 1996). 

In the past, laser photocoagulation therapy was used to treat nAMD, however, due to the risk 

of loss of visual acuity (VA) and recurrent neovascularization, it was replaced by 

photodynamic therapy (PDT) with Verteporfin (VisudyneTM, Novartis, Basel, Switzerland) 

(Group, 1982, Group, 1990b, Group, 1999). The PDT helped slow-down the progression of 

VA loss but never improved visual outcome and was limited to patients with subfoveal CNV 
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and polypoidal choroidal vasculopathy (PCV) (Wong and Lai, 2013, Miller et al., 1999). In 

2006, all previous treatment options were superceded by currently used anti-Vascular 

Endothelial Growth Factor (anti-VEGF) drugs including: ranibizumab (Lucentis®); 

bevacizumab (Avastin®, used as an off-label ocular drug); aflibercept (Eylea®); and most 

recently conbercept (KH902, not Food and Drug Administration (FDA) approved and only 

used in China) (Heier et al., 2012, Rosenfeld et al., 2006, Rosenfeld et al., 2005, Zhang et al., 

2011, Holz et al., 2011). The initial three ranibizumab-treated nAMD patient clinical trials 

were ANCHOR (Anti-Vegf Antibody for the treatment of predominantly Classic CNV 

AMD), MARINA (minimal classic/occult trial of anti-VEGF Antibody ranibizumab in the 

treatment of nAMD) and FOCUS (RhuFab v2 ocular treatment combining the use of visudyne 

to evaluate safety) (Brown et al., 2006, Heier et al., 2006b, Rosenfeld et al., 2006). These 

trials reported a high efficacy of visual outcomes, however individual response to anti-VEGF 

treatment varied. Approximately 34% of patients treated with anti-VEGF gained 15 Early 

Treatment Diabetic Retinopathy Study (EDTRS) letters visual acuity (VA); 10-15% patients 

lost >15 EDTRS letters VA; while the remainder of patients had stable vision. The variable 

patient response to anti-VEGF therapy was replicated in several independent clinical trials 

and retrospective studies on anti-VEGF treated nAMD patients (Abraham et al., 2010, Heier 

et al., 2006b, Lalwani et al., 2009, Mitchell et al., 2010, Singer et al., 2012, Holz et al., 2011).  

The results from these studies indicated that there must be some underlying factors responsible 

for variable treatment response to anti-VEGF therapy in nAMD patients. Possible factors 

include clinical, such as delay to treatment, CNV size and presenting VA at the time of first 

injection that can affect response to treatment. An individual’s genetic background is also 

likely to play a role in this response (Fauser and Lambrou, 2015, Finger et al., 2014). 

The role of genetic variants such as single nucleotide polymorphisms (SNPs) in anti-VEGF 

treatment response has been studied but this research has typically been restricted to known 

AMD risk genes involved in VEGF signalling pathway. These have been assessed mainly for 

their influence on changes in visual acuity (treatment outcome indicator) following anti-

VEGF treatment. Few studies have investigated association of genetic variants with 

anatomical features of the nAMD eye using optical coherence tomography (OCT) to assess 
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retinal fluid clearance and changes in central macular thickness (CMT) after anti-VEGF 

therapy (Fauser and Lambrou, 2015, Finger et al., 2014). 

At this stage, results from genetic studies appear inconsistent in explaining the role of genetic 

variants in anti-VEGF treatment outcome. As an example, a recent meta-analysis by Chen 

and colleagues reported that individuals with the CC risk genotype of the SNP rs1061170 

(Y402H) of the CFH gene were less likely to respond to ranibizumab treatment compared to 

those with the TT genotype (P = 0.03) (Chen et al., 2015). However, a series of studies 

including a large pharmacogenetic study from the USA did not support an association of the 

SNP rs1061170 with functional (VA) and anatomical characteristics (retinal fluid and central 

macular thickness) after anti-VEGF treatment in nAMD patients (Abedi et al., 2013a, 

Hagstrom et al., 2013, Park et al., 2014a, Tian et al., 2012, Yamashiro et al., 2012) .  

In the case of the HTRA1/ARMS2 locus at chromosome 10q26, pharmacogenetic studies have 

reported inconsistent associations of variants in this region with response to anti-VEGF 

treatments (Hagstrom et al., 2013, Lotery et al., 2013, McKibbin et al., 2012, Orlin et al., 

2012). Orlin and colleagues (Orlin et al., 2012) reported that a high percentage of the risk 

allele TT at SNP rs10490924 in the ARMS2 gene was found in patient positive responders 

(mean improvement in VA) compared to negative responders, who lost VA, although this was 

not statistically significant. In contrast, another report demonstrated that the SNP rs11200638 

(high linkage disequilibrium with rs10490924 r2>0.8) of the HTRA1 gene was significantly 

associated with better VA outcome, with an overall gain of 7.5 and 2.9 EDTRS letters for the 

high risk genotypes of GA and AA, respectively, compared to 2.2 EDTRS letters VA gain for 

the non-risk genotype GG, after 6 months of anti-VEGF treatment (McKibbin et al., 2012). 

However, in 2013, Abedi and colleagues (Abedi et al., 2013a) reported significant association 

of both rs11200638 and rs10490924 SNPs in these genes, exhibiting poor VA response of -

2.9 & -2.6 EDTRS letter loss, respectively in AMD patients after 1 year of anti-VEGF 

treatment.  

Variants in VEGF pathway genes such as VEGFA, VEGFR2 and NRP1 have also been 

investigated for their role in anti-VEGF treatment response. However, inconsistent results 

were reported for these plausible candidate genes in this response. For instance, a European 

report showed no association of SNPs across the VEGF gene or its receptor (VEGFR2) with 

change in VA, but did confirm that SNPs rs6828477 and rs4576072 of the VEGFR2 gene 
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were associated with improved vision (gain of 15 EDTRS letters) after 1 year of ranibizumab 

treatment in AMD patients (Hermann et al., 2014). In contrast, the largest pharmacogenetics 

study so far undertaken consisted of 1,347 AMD cases combining two clinical trials (CATT; 

Comparison of AMD treatment trial study and IVAN; Inhibit VEGF in Age-related choroidal 

Neovascularization). It reported no association of the SNPs rs4576072 and rs6828477 in the 

VEGFR2 gene with nAMD after 1 year of either bevacizumab or ranibizumab treatment 

(Hagstrom et al., 2015). 

AMD is a complex disease and multiple SNPs have been identified as being associated with 

its pathogenesis. It is therefore plausible that more than one SNP is likely involved in its 

variable treatment response. A study from Europe demonstrated that a cumulative effect of 

risk alleles of variants rs699947, rs10490924 and rs1061170 in the VEGF, ARMS2 and CFH 

genes respectively were associated with worse VA response after 3 months of treatment 

(Smailhodzic et al., 2012). Subsequently, the same group reported that the risk alleles of two 

variants, rs6828477 and rs4576072, in the VEGFR2 gene contributed to improvement of VA 

after 12 months of ranibizumab treatment (Hermann et al., 2014).  In contrast, a large study 

from the USA did not find association of the combined effect of these variants in the VEGFR2 

gene with change in VA after anti-VEGF treatment (Hagstrom et al., 2015). A recent report 

demonstrated that the two risk alleles of variants rs4576072 and rs2070296 in the VEGFR2 

and NRP1 were associated with worse VA response after anti-VEGF treatment (Lorés-Motta 

et al., 2016). Replication of these findings will be required and involvement of whether there 

is a cumulative effect of variants on anti-VEGF treatment response also remains to be 

answered.  

To date, there is only one published GWAS case control association study undertaken to 

identify genetic risk factors for treatment response to nAMD, consisting of 65 nAMD patients. 

The single SNP rs2298515 was associated with change in central macular thickness (CMT) 

after one year of treatment with a genome-wide significance of uncorrected P=3.85x10-8, 

corrected P = 0.01 but this has not been replicated. The only SNP associated with poor VA 

outcome after 6 months of treatment was rs9675979 near the CCDC102B gene (Francis, 

2011). In addition, this study used a small number of participants (n=65) and did not perform 

a replication of their findings. However, it established the potential of using a high throughput 
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genetic technique to uncover the pharmacogenetic basis of anti-VEGF treatment response in 

nAMD patients.  

The variable results from pharmacogenetic studies appear to reflect the differences in outcome 

time points, differential VA threshold to decide responder and non-responders, different 

treatment regimens and anatomical factors determined on OCT such as CMT and retinal fluid 

clearance. In addition, identification of pharmacogenetic markers that influence anti-VEGF 

treatment has been limited to candidate genes and without the use of more sophisticated  high 

throughput genetic techniques (such as GWAS and exome sequencing) to investigate genetic 

variations across the human genome. In this thesis, I have undertaken four studies to identify 

genetic variants that may underpin a role of anti-VEGF treatment in nAMD as assessed 

through changes in either VA or at the anatomical level. These studies included: replication 

candidate gene variants previously associated with anti-VEGF treatment response; GWAS 

using a DNA pooling strategy; a multi-centre GWAS using exome chip data from the 

International AMD Gene Consortium (IAMDGC) and a whole exome sequencing approach 

to identify genetic basis of differential treatment response in nAMD patients.  
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 Literature Review 

2.1 Background on AMD  

Age related macular degeneration (AMD) presents as a progressive neurodegenerative eye 

disease that leads to severe vision loss in aging people (>50 years). It is most common in 

developed countries, affecting approximately 30-35 million people worldwide (Friedman et 

al., 2004, Klaver et al., 2001, Klein et al., 1999, Mitchell et al., 1995).  AMD affects the central 

part of the retina known as the macula and can lead to severe central vision loss. The macula 

constitutes 4% of the total retina and consists of a very dense population of nerve cells known 

as photoreceptors which function in central VA. These are supported by a single layer of 

hexagonal cells of retinal pigment epithelial (RPE) which separates the retina from the choroid 

(a network of fenestrated capillaries). The RPE have many roles and amongst these it acts to 

maintain the functionality of photoreceptor cells; protect the retina from excessive light; and 

supply nutrients to the inner layers of the retina. The RPE and choroid are separated by 

Bruch’s membrane (BM) which controls the exchange of ions, water, nutrients and waste 

products in and out of the retina (Figure 2.1) (Hageman et al., 2008, Strauss, 2005, Bok, 1993).  

Dysfunction of the RPE/Bruch’s membrane/choroidal complex leads to AMD. Clinically, 

AMD is first identified with the deposition of yellowish lesions known as drusen, consisting 

of glycolipids, cellular debris and proteins between Bruch’s membrane and the RPE. These 

are associated with increasing likelihood of degeneration of the RPE and photoreceptors, 

ultimately leading to central vision loss and potentially legal blindness (Sarks et al., 1999, 

Donoso et al., 2006, Provis et al., 2005, Hageman et al., 2008). The development of advanced 

forms of AMD over time is due to progression from early and intermediate stages of the 

disease. Each of these stages needs to be properly classify for clinical management of AMD. 

Over the years several methods for clinical classification of AMD have been developed 

(Klaver et al., 2001, Group, 2005b, Group, 2005a, Bird et al., 1995, Zweifel et al., 2010, 

Seddon et al., 2006). In 2013, Ferris and Colleagues reported, the Beckman clinical 

classification of AMD to be used in the routine clinical settings (Ferris et al., 2013). This 

classification focused on two main pathological features of the disease - drusen size and 

pigmentary changes to classify the non-advanced form of the disease. Based on these clinical 

markers the classification has five stages:  
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1. No AMD: no visible drusen and no pigmentary changes  

2. Normal ageing changes: drusen size ≤63 µm (drupelets)  

3. Early signs of AMD:  drusen size > 63µm - < 125µm without pigmentary changes 

4. Intermediate AMD: drusen size >125 µm and presence of AMD  pigmentary changes  

5. Late AMD: GA and/or nAMD  

GA is characterized by the degeneration of overlying photoreceptors and RPE cells that 

ultimately cause central blindness (Ferris et al., 2013, Sunness, 1999), however nAMD is the 

main cause of severe vision loss in AMD patients. It begins with leakage of fluid from newly 

formed blood vessels under the RPE due to abnormal angiogenesis, resulting in retinal 

scarring, that subsequently leads to loss of central vision (Guyer et al., 1986, Wong et al., 

2008, Nowak, 2006). The nAMD is further classified into two main types; classic and occult 

forms based on appearance on fluorescence angiography (FA) (Table 2.1). Depending on the 

location of the CNV lesions with respect to the center of the fovea they are defined as 

subfoveal, juxtafovel and extrafovel. The details of each of these characteristics are provided 

in Table 2.1. As mentioned above AMD is the most common eye disease in the developed 

world and in next section, details regarding its prevalence are provided. 
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Table 2.1: Classification of neovascularization in AMD (Shao et al., 2015) 

Classification basis CNV type Details  

Angiographic 

presentation  

Classic  Bright focal hyperfluorescence appearing in the early phase of the 

FA, it represents the newly formed vessels and aggressive leakage 

that breach the RPE and resides in the subretinal space 

Occult Late leakage at lesion border with no evidence of classic CNV. 

Abnormal RPE elevation, stippled hyperfluorescence and 

fibrovascular retinal pigment epithelial detachment 

Location  Subfoveal 

Juxtafoveal 

Extrafoveal 

Beneath the foveal center 

1-200 µm from the foveal center 

> 200 µm from the foveal center 

Composition  Predominantly Classic 

Minimal Classic 

Occult: no classic 

> 50% of the lesion is Classic CNV 

<50% of the lesion is Classic CNV 

100% Occult CNV, no signs of classic CNV  
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Figure 2.1: Schematic diagram of the macula with the top three layers representing outer 

plexiform layer, photoreceptor (Rod and Cone) and Retinal Pigment Epithelium (RPE) cells. 

The fourth layer is a thin lining of cells known as Bruch’s membrane. Underneath this is a 

network of blood vessels forming the choroid which supplies oxygen and nutrients to the 

macula. Image modified from: the angiogenesis Foundation 

(:http://www.scienceofamd.org/wp-content/uploads/2011/12/Slideshow_PDF.pdf).   



10 

 

2.2 Prevalence  

AMD is the third leading cause of blindness, effecting 30-35 million people worldwide 

(Resnikoff et al., 2004). Wong and colleagues (Wong et al., 2014) performed meta-analysis 

on 54 published epidemiological studies and reported that global prevalence of early and 

advanced AMD were 8.0% and 0.37% respectively. However, differences in prevalence of 

AMD in Asians and Europeans have been reported with early AMD more prevalent in people 

of European ancestries (11.2%) compared to Asians ancestries (6.8%). Similarly GA is more 

common in Europeans (1.21%) compared to Asians (0.21%) ancestries. In contrast, there were 

no overall differences observed in nAMD prevalence in both Asians and Europeans except 

that in people greater than 75 years of age, nAMD was more prevalent in Europeans (8.0%) 

compared to Asians (3.0%) (Wong et al., 2014). 

In the USA, the prevalence of AMD has been reported as 13.4% of 60 years or older (Klein 

et al., 2011). In Australia, one out of seven individuals (14.0%) over the age of 50 years have 

AMD (Heraghty and Cummins, 2012). A recent report from the Australian Macular 

Degeneration Foundation stated that in 2015, 2% of the Australian population greater than 50 

years of age (199,000) had late stage AMD that included 73,000 GA and 126,000 nAMD 

patients. The report estimated that the number of people with some evidence of AMD in 

Australia will be 1.7 million by 2030 (Report can be access on this web 

http://www.mdfoundation.com.au/resources/Macular_Degeneration_Facts_Figures_2016_0

2.pdf). Similarly, due to the ageing population and increased life expectancy, the worldwide 

projected number of AMD patients will increase to 196 million and 288 million by 2020 and 

2040, respectively (Wong et al., 2014). AMD is a complex disease and its onset is mainly due 

to involvement of higher age, smoking and genetic factors that will be discussed in the next 

section.  

2.3 Risk Factors  

AMD is a progressive eye disease and its multifactorial nature reflects the involvement of 

demographic, systemic and genetic risk factors. The former includes advanced age, gender, 

race and sunlight exposure (Brandl et al., 2016, Velilla et al., 2013, Rudnicka et al., 2012, Lim 

et al., 2012b, Guymer and Chong, 2006).  
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2.3.1 Ageing  

Age shows a consistent association with the risk of having AMD as the odd ratio increases 

from 1 to 32.3 for people from 59 to 86 years old, respectively (Velilla et al., 2013). In the 

case of gender, variable results have been reported which include female gender being 

associated with early or nAMD (Rudnicka et al., 2012, Lim et al., 2012b) while other studies 

found no association of gender as a risk factor for AMD (Brandl et al., 2016, Lim et al., 

2012b).  

2.3.2 Systemic factors 

Many systemic risk factors have been reported  including smoking, body mass index, 

hypertension, obesity, cardiovascular events and diabetes mellitus (DM)  (Vassilev et al., 

2015, Chen et al., 2014, Velilla et al., 2013, Rennie et al., 2012, Klein et al., 2011, Torres et 

al., 2009, Klein et al., 2007, Feke, 2007, Duan et al., 2007). Smoking appears to be 

consistently associated with the develpoment and progression of AMD (Velilla et al., 2013, 

Lim et al., 2012b, Thornton et al., 2005, Evans et al., 2005). It has been demonstrated that 

toxic compounds in cigarette smoke, such as nicotine, promote pathological changes in the 

retina through several mechanisms including oxidative stress, vascular changes, inflammation 

and angiogenesis (Velilla et al., 2013). A meta-analysis of six prospective cohort studies 

reported that smoking has a relative risk of 1.86 for AMD development(Chakravarthy et al., 

2010). Additionally, 20 years of smoking cessation can reduce the risk of AMD (Rennie et 

al., 2012).  

Other systemic risk factor such as heart disease have been associated with AMD risk in some 

studies (Tan et al., 2008, Duan et al., 2007, Vassilev et al., 2015) but not in others (Sun et al., 

2009, Knudtson et al., 2006, Alexander et al., 2007). A meta-analysis of nine published studies 

found no association of the incidence of stroke with the risk of AMD development (Fernandez 

et al., 2015). However, researchers from Australia recently published a meta-analysis of 10 

studies and reported that late AMD patients had a 46% increased rate of cardiovascular 

mortality compared to controls (no AMD group) (McGuinness et al., 2017). These seemingly 

contradictory results suggest that assessment of the association between AMD and 

cardiovascular requires a long term follow up study.   

Previous epidemiological studies have reported inconsistent results in determining the 

association of DM as a risk factor for AMD (Mitchell and Wang, 1999, Chen et al., 2014, 
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Klein et al., 2008, Vassilev et al., 2015) . In the Blue Mountains Eye Study (BMES) they 

reported association of DM with GA but not with nAMD (Mitchell and Wang, 1999). In 

contrast DM was reported as being protective for reticular drusen in a 15 year cumulative 

incidence report from the USA Beaver Dam Eye Study (BDES) (Klein et al., 2008). In 

contrast, Chen and colleagues (Chen et al., 2014) performed a meta-analysis of 24 published 

studies and reported association of DM with nAMD that was also in agreement with findings 

from a recent UK study finding significant association of type 1 DM with the risk of 

developing nAMD (OR = 4.58) in Caucasians (Vassilev et al., 2015). Thus the role of diabetes 

as a risk factor for AMD still needs further elucidation in future studies.    

Studies have also investigated systemic inflammatory markers such as C-reactive protein 

(CRP), and homocysteine as risk factors for AMD and found inconsistent results (Vine et al., 

2005, Boekhoorn et al., 2007, Kikuchi et al., 2007, Wu et al., 2007, Chau et al., 2008, Hong 

et al., 2011, Colak et al., 2012, Mitta et al., 2013, Christen et al., 2015, Huang et al., 2015b). 

Hong and colleagues have conducted a meta-anlaysis of eleven previously published clinical 

and population based studies and reported thata high serum CRP level (>3mg/L) 

wasassociated with 2 fold increased risk of advanced AMD (Hong et al., 2011). In addition, 

the Rotterdam study found an assocation of high CRP level with both early and late AMD 

(Boekhoorn et al., 2007). Interestingly, a USA based study on 647 cases of AMD and 1480 

controls found that a high level of CRP in serum predicted the risk of developing AMD (Mitta 

et al., 2013). However, the USA Cardiovascular Health Study evaluated the CRP level of 2775 

AMD patients and 2365 controls and found no assocation between higher CRP level in AMD 

patients compared to controls (Colak et al., 2012).  

Homocystine is reported as a risk factor for several conditions such as cardiovascular disease 

(Clarke et al., 1991), dementia (Seshadri et al., 2002) and Alzehimer’s disease (Seshadri et 

al., 2002) but its assocaition with AMD varies (Huang et al., 2015b). Christen and colleagues 

reported that homocystine levels were not signifcantly associated with AMD in a10 year 

follow up study (Christen et al., 2015). However, a meta-analysis of eleven studies reported 

an association between total serum homocysteine level with nAMD but not with GA (Huang 

et al., 2015b). This sugguests that since homocysteine is a active oxidizing agent it may be 

playing a role in regulating oxidative stress in nAMD (Ganguly and Alam, 2015). 
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2.3.3 Genetics  

In addition to age and smoking the involvement of genetic variants in AMD pathogenesis is 

well described (Fritsche et al., 2014).  Linkage studies have been performed on AMD families 

to find the chromosome locus shared between affected individuals and inherited from either 

or both parents. In 2005, the first GWAS was conducted on AMD, which identified 

associations of a genetic variant in the complement factor H (CFH) gene (Edwards et al., 

2005, Hageman et al., 2005, Haines et al., 2005, Klein et al., 2005).  Since then, case control 

association studies have been successfully implemented and have been able to detect the role 

of SNPs and copy number variations in AMD development and progression through the use 

of candidate genes approach or next generation genetic techniques such as GWAS and whole 

exome sequencing.   

2.3.3.1 Linkage studies 

The role of genetics in AMD has been extensively investigated since the first studies in the 

1990s observed increased familial aggregation of the disease (Seddon et al., 1997, Klaver et 

al., 1998b, De Jong et al., 1997), as well as a higher concordance of AMD in identical twins 

compared to non-identical twins (Klein et al., 1994). In 1998, Klein et al. used linkage studies 

to identify a locus at chromosome 1q25-q31 that was linked to dry AMD in a family of 10 

affected members (Klein et al., 1998). Subsequently, it led to several AMD family-based 

linkage studies which successfully implicated a number of genomic regions harbouring 

susceptibility loci for AMD (Schick et al., 2003, Seddon et al., 2003, Abecasis et al., 2004, 

Iyengar et al., 2004, Barral et al., 2006, Swaroop et al., 2007). However, linkage studies for 

AMD have been limited by the lack of multigenerational families due to the late onset of the 

disease, the tendency for smaller families with less affected sibling-pairs, and phenotypic 

heterogeneity.  

2.3.3.2 Candidate gene studies 

As a response to the limited availability of AMD families together with changes in genetic 

technology, other approaches were investigated. One such approach was to perform 

association studies by screening genetic markers such as SNPs and copy number variations in 

candidate genes identified as being associated with other macula diseases that share similar 

pathological features with AMD. These included the screening of genes such as the RDS gene 

for Retinitis pigmentosa (Baird et al., 2007), the EFEMP1gene for Doyne honeycomb retinal 
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dystrophy (Stone et al., 1999), the VMD2 gene for Best’s macular dystrophy (Lotery et al., 

2000) , the TIPM3 gene for Sorsby’s fundus dystrophy (De La Paz et al., 1997), the ELOVLA4 

gene for Stargardt-like macular dystrophy (Ayyagari et al., 2001) and the ABCA4 gene for 

Stargardt disease (Allikmets et al., 1997). Although the ABCA4 gene initially showed 

association with AMD, other studies reported no association, and it was concluded that this 

gene was not a major contributor to AMD pathology (Stone et al., 1998). Instead it was more 

likely to be associated with a subgroup of AMD.(Fritsche et al., 2012). A second approach 

was to perform case control association studies and screen candidate genes that have 

functional roles in other neurodegenerative disorders, or lipid and cholesterol disorders, such 

as the association of the Apolipoprotein E (APOE) gene with AMD. The APOE gene is a lipid 

transport protein and is involved in the transportation of cholesterol and lipoproteins into the 

blood through the lymph system (Klaver et al., 1998a). APOE gene has three alleles; ԑ2, ԑ3 

and ԑ4, Baird and colleagues (Baird et al., 2006) reported association of the ԑ2 allele in APOE 

gene with progression of AMD in females, indicating a gender-specific role of the APOE  

gene in AMD. 

2.3.3.3 Genome Wide Association Studies  

With the advancement of genetic techniques, the first ever successful GWAS was reported in 

2005, using only 96 AMD cases and 50 no AMD controls, where the SNP rs1061170 (Y402H) 

of the CFH gene was identified as a strong genetic risk factor associated with AMD (Edwards 

et al., 2005, Hageman et al., 2005, Haines et al., 2005, Klein et al., 2005). This finding was 

subsequently replicated in many independent studies in both Caucasian and Asian populations 

(Arakawa et al., 2011, Liu et al., 2010). This finding was also confirmed by the AMD Gene 

Consortium which showed that the Y402H variant was more strongly associated with 

European populations compared to Asian populations (Consortium, 2013). The CFH gene 

encodes a protein known as Complement Factor H (comprising of 1,213 amino acids arranged 

in 20 homologous units, each consisting of approximately 60 amino acids) and functions as 

an inhibitor of the inflammatory response. The anti-inflammatory C-reactive protein (CRP), 

which has also been found to be associated with progression of AMD (Robman et al., 2010), 

binds with CFH and plays a vital role in the alternative complement pathway. In this pathway, 
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CFH breaks the complex between C3b and factor B and converts C3b into its inactive form 

C3bi, thus inhibiting the inflammatory response (Khandhadia et al., 2012).  

Reports of a strong association of the CFH gene with AMD suggested an important role of 

the complement pathway in AMD pathogenesis. This subsequently led to identification of 

several other complement genes such C3, C2/CFB, C9 and CFI as being associated with 

AMD, indicating the important role that immunity plays in AMD (Nishiguchi et al., 2012, 

Yates et al., 2007, Yu et al., 2011a, Chen et al., 2010, Thakkinstian et al., 2011, Fagerness et 

al., 2009). The finding of an association of two SNPs rs1047286 and rs2230199 in the C3 

gene with AMD was consistent with other European studies (Bergeron-Sawitzke et al., 2009, 

Despriet et al., 2009, Edwards et al., 2008). However, a meta-analysis of 23 studies on Asians 

and Caucasians, consisting of 12,770 and 8,118 subjects respectively, reported a significant 

association of C3 gene polymorphisms (rs2230199 and rs1047286) with AMD (p < 0.001) in 

Caucasians but not in Asians (p > 0.05) suggesting a genetic difference in these populations 

(Thakkinstian et al., 2011).  

While the alternative complement pathway appears to play a key role in AMD, genome wide 

linkage scans of extended families and case control association studies also consistently 

reported a strong signal at chromosome 10q26 associated with AMD susceptibility (Majewski 

et al., 2003). This region contains two neighbouring genes; LOC387715/ARMS2 and HTRA1, 

which are both in high linkage disequilibrium (LD). Subsequently, many independent studies 

have reported association of variants in both of these genes with AMD, in both Asian and 

Caucasian populations (Maller et al., 2006, Dewan et al., 2006, Yates et al., 2007). The 

functional variant rs11200638, in the promoter region of the HTRA1 gene, was associated 

with an increased risk of AMD (Yang et al., 2006, Dewan et al., 2006). The SNP rs10490924 

near the ARMS2 gene, is in high LD with rs11200638 (D2>0.99) and is also associated with 

AMD pathogenesis (Kondo et al., 2007). Dissecting these 2 genes apart to identify a causative 

variant has so far proved elusive; with high levels of HTRA1 mRNA reported in lymphocytes 

of AMD patients with a population attributable risk of 49.3% for variant rs11200638 (Yang 

et al., 2006). In contrast, Fritsche and colleagues (Fritsche et al., 2008) suggested ARMS2 was 

a stronger candidate gene for AMD because polymorphisms in this gene lead to expression of 

an ARMS2 isoform which is unstable at the mRNA level and ultimately leads to no protein 

expression. An in-vitro study model of RF/6A and RPE cells confirmed expression of the 
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rs10490924 A69S mutated ARMS2 mRNA that leads to increased proliferation and migration 

of cells compared to the wild type ARMS2 (p<0.01). However, RF/6A cells with the A69S 

mutant and wild-type form of this variant showed no significant difference in forming vascular 

tube networks (p>0.05) compared to controls (Cheng et al., 2013). Furthermore, a report of 

expression of ARMS2 protein localized to the mitochondrial outer membrane in transfected 

mammalians cells indicated a possible mechanism by which A69S might be involved in AMD 

pathogenesis. However, mammalian cells did not show any significant difference in 

expression and stability of the A69S ARMS2 protein compared to wild type (Kanda et al., 

2007). Thus, this region on chromosome 10 has still to be resolved and represents an 

unanswered question in explaining the aetiology of AMD.   

A number of other genes involved in lipid metabolism also appear to be associated with AMD 

pathogenesis. These include LIPC, APOE, CETP, ABCA1 and LPL (Yu et al., 2011b, Kanda 

et al., 2007, Yu et al., 2011a). The APOE gene functions in lipoprotein transportation and is 

expressed in Bruch’s membrane, outer segments of photoreceptors and the ganglion cell layer 

in the retina. It presents with three isoforms resulting from the different allelic variant 

combinations; ԑ2, ԑ3 and ԑ4, with the latter being consistently reported as protective for AMD 

(p = 4.4 x 10-11, OR = 0.72) while the ԑ2 has been significantly associated with increased 

AMD risk (p = 4.0 x 10-2, OR = 1.83) (McKay et al., 2011). In addition, genes in the 

angiogenesis pathway are also associated with AMD, such as the VEGF gene in both 

Caucasians and Asians. The VEGF gene expressed in the retina with higher levels in AMD 

patients considered as a major factor in initiating neovascularization (Yu et al., 2011a) and 

has provided the basis for most of the current anti angiogenic treatments in existance today.  

2.3.3.3.1 GWAS study by AMD Gene Consortia 

Notable rapid identification of additional common variants in AMD has been aided by a global 

network of research investigators representing 18 research groups from around the world (the 

AMD Gene Consortium). In 2013 this consortium undertook a GWAS meta-analysis on the 

largest cohort of 17,100 AMD patients and 60,000 controls so far collected for this disease 

and reported the identification of 19 AMD related loci (p< 5 x 10-8). Twelve of these loci had 

been previously reported at the genome wide significance level by numerous studies but an 

additional seven loci were reported for the first time near the genes; RAD51B, TGFBR1, 

B3GATL, SLC16A8, IER3-DDR1, ADAMTS9 and COL8A1. Interestingly, subgroup analysis 
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of nAMD and GA showed independent association with ARMS2 (p = 8.0 x 10-4) and CFH (p 

= 6.0 x 10-4) genes respectively.  Following stratification by ancestry, the variable effect sizes, 

such as variants near the CFH gene, were more strongly associated in Europeans (p = 1 x 10-7) 

compared to East Asians, whereas SNPs near the TNFRSF10A gene showed the strongest 

association in Asians compared to Europeans (p = 2.0 x 10-3) (Consortium, 2013). Spurred on 

by this endeavour, a second consortium “the International AMD Genomics Consortium” 

(IAMDGC) was established in year 2014 and investigated >12 million genetic variants 

(including rare variants) on an exome chip and recently reported significant association at 34 

loci with advanced AMD (16 being reported for the first time) (Table 2.2). Interestingly, these 

34 loci encompassed 52 variants (45 common and 7 rare variants) with all seven rare variants 

being present in complement genes that include four previously published variants CFI: 

Gly119Arg, CFH:Arg1210Cys, C3:Lys155Gln, C9:Pro167Ser (Van De Ven et al., 2013, 

Zhan et al., 2013, Seddon et al., 2013, Helgason et al., 2013, Raychaudhuri et al., 2011) and 

three others reported for the first time in the CFH gene (rs148553336, rs191281603, 

rs35292876) (Fritsche et al., 2016).  Together the 52 variants explain more than half of the 

genetic heritability (58%) of AMD and the remaining heritability may be attributed to other 

genetic variants (identified by whole genome sequencing) or to the interaction of genetic 

factors with environmental factors such as diet and smoking or gene-gene interaction. 

Subgroup analysis by the IAMDGC of the advanced forms of AMD (CNV and GA) and 

controls using the 52 lead variants (most significantly associated SNPs from each locus) 

revealed significant association of the rs142450006 in the matrix metalloproteinase 9(MMP9) 

gene with nAMD versus control (P = 8.4 x 10-17) and GA versus nAMD (Pdifference = 4.1 x 10–

10) but not GA versus control (P = 0.39). This confirms the role of MMP9 gene and the related 

extracellular Matrix pathway in nAMD development (Fritsche et al., 2016).  

These in-depth genetic studies will help in early diagnosis of AMD, a better understanding of 

disease pathology and development of new therapeutic agents. Finally, identifying the genetic 

variants for predicting and monitoring AMD treatment response will lead to the era of 

personalized medicine for the clinical management of the disease. In the next section of the 

thesis, details of the pathophysiology and role of the angiogenesis pathway in nAMD are 

provided. 
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Table 2.2: Thirty-four genetic loci with their respective lead variants and rare variants 

associated with risk of AMD identified by the IAMDGC (Fritsche et al., 2016) 

Chr Lead variant Major/ minor 
allele 

Locus / gene name OR P 

1 rs10922109 C/A CFH 0.38 9.6 × 10−618 
3 rs62247658 T/C ADAMTS9-AS2 1.14 1.8 × 10−14 
3 rs140647181 T/C COL8A1 1.59 1.4 × 10−11 
4 rs10033900 C/T CFI 1.15 5.4 × 10−17 
5 rs62358361 G/T C9 1.80 1.3 × 10−14 
6 rs116503776 G/A C2-CFB-SKIV2L 0.57 1.2 × 10−103 
6 rs943080 T/C VEGFA 0.88 1.1 × 10−14 
8 rs79037040 T/G TNFRSF10A 0.90 4.5 × 10−11 
9 rs1626340 G/A TGFBR1 0.88 3.8 × 10−10 

10 rs3750846 T/C ARMS2-HTRA1 2.81 6.5 × 10−735 
13 rs9564692 C/T B3GLCt 0.89 3.3 × 10−10 
14 rs61985136 T/C RAD51B 0.90 1.6 × 10−10 
15 rs2043085 T/C LIPC 0.87 4.3 × 10−15 
16 rs5817082 C/CA CETP 0.84 3.6 × 10−19 
19 rs2230199 C/G C3 1.43 3.8 × 10−69 
19 rs429358 T/C APOE 0.70 2.4 × 10−42 
22 rs5754227 T/C SYN3-TIMP3 0.77 1.1 × 10−24 
22 rs8135665 C/T SLC16A8 1.14 5.5 × 10−11 
2 rs11884770 C/T COL4A3 0.90 2.9 × 10−8 
5 rs114092250 G/A PRLR-SPEF2 0.70 2.1 × 10−8 
7 rs7803454 C/T PILRB-PILRA 1.13 4.8 × 10−9 
7 rs1142 C/T KMT2E-SRPK2 1.11 1.4 × 10−9 
9 rs71507014 GC/G TRPM3 1.10 3.0 × 10−8 
9 rs10781182 G/T MIR6130-RORB 1.11 2.6 × 10−9 
9 rs2740488 A/C ABCA1 0.90 1.2 × 10−8 

10 rs12357257 G/A ARHGAP21 1.11 4.4 × 10−8 
12 rs3138141 C/A RDH5-CD63 1.16 4.3 × 10−9 
12 rs61941274 G/A ACAD10 1.51 1.1 × 10−9 
16 rs72802342 C/A CTRB2-CTRB1 0.79 5.0 × 10−12 
17 rs11080055 C/A TMEM97-VTN 0.91 1.0 × 10−8 
17 rs6565597 C/T NPLOC4-TSPAN10 1.13 1.5 × 10−11 
19 rs67538026 C/T CNN2 0.90 2.6 × 10−8 
20 rs142450006 TTTTC/T MMP9 0.85 2.4 × 10−10 
20 rs201459901 T/TA C20orf85 0.76 3.1 × 10−16 

Chr: Chromosome, Lead variant: most significantly associated SNPs from each locus, OR: odd ratio, P: P 
value was calculated using logistic regression. Table is modified from (Fritsche et al., 2016) 
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2.4 Neovascular AMD  

The exact aetiology of development and progression from early to nAMD is not completely 

understood. At this point, dysfunction of the RPE and an inflammatory processes appears to 

be important (Michalska-Małecka et al., 2015, Nowak, 2006). Risk factors that could initiate 

retinal inflammation include: hypoxia (ageing); genetic predisposition (family history or 

SNPs); and environmental factors such as smoking and exposure to light (Fritsche et al., 

2014). In response to these risk factors, two main pathways that include oxidative stress and 

complement system are shown to be activated (Ambati and Fowler, 2012). Oxidative stress in 

the retina elevates the level of hypoxia-inducible factor-1 (HIF-1), a transcription factor that 

stabilizes under hypoxic condition and induces expression of pro-angiogenic growth factors 

such as VEGF and PIGF which subsequently initiate angiogenesis (Campochiaro, 2013). For 

the complement pathway, genetic studies have reported multiple complement genes such as 

CFH, C2/CFB, CFI, C3 and C9 to be associated with AMD pathogenesis (Fritsche et al., 

2016). In nAMD, complement factors C3a and C5a (bioactive fragments of C3 and C5) are 

present in the RPE and recruit leukocytes at the choroid (Nozaki et al., 2006, Ambati and 

Fowler, 2012). A study from the USA reported that when healthy and degenerative human 

RPE cell isolates were treated with C3a and C5a, it significantly increased VEGF expression 

in the degenerative cells (Nozaki et al., 2006). They further studied knockout of the receptor 

genes (C3aR and C5aR) of C3a and C5a and showed significantly reduced VEGF expression 

in laser induced CNV mice, thus confirming the role of complement factors in stimulating 

VEGF expression in RPE/Choroid. (Nozaki et al., 2006). In addition, the exposure of human 

RPE cells to oxidative stress has been shown to increase the expression of matrix 

metalloproteases (MMP2 and MMP9) and the VEGF molecule (Bandyopadhyay and Rohrer, 

2012). Taken together, the presence of inflammatory molecules in AMD lesions suggests that 

biological processes driven by complement system dysregulation play a vital role in 

progression and development of nAMD (Ambati et al., 2013, Fritsche et al., 2014). Thus, the 

dysfunction of RPE and the retinal milieu that includes photoreceptors, Bruch’s membrane 

and choriocapillaris in response to heterogonous stressors regulates angiogenesis through 

multiple pathways and contributes to the development of nAMD. 
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2.4.1 Angiogenesis in AMD 

Angiogenesis is a sensitive and controlled process of new blood vessel formation critical for 

normal vascular growth during embryonic development. In healthy adults, it is limited to a 

few physiological processes such as the female reproductive system and tissue repair. It starts 

with the activation of a single layer of endothelial cells inside the existing blood vessel, which 

become dilated, thus increasing vascular permeability. Then degradation of the surrounding 

extracellular matrix occurs resulting in proliferation and migration of endothelial cells to 

adjacent tissue. These form new cells which organize in tubes and subsequently become 

mature and differentiate into a vascular network (Conway et al., 2001). This complex vascular 

mechanism is controlled by a balanced function of positive and negative regulators. The latter 

includes factors like angiostatin, pigment derived epithelium factor (PDEF) and angiopoietin, 

while positive regulators include lipid metabolites, fibroblast growth factor (FGF), placental 

derived growth factor (PDGF) and VEGF, among others. A number of studies have confirmed 

that VEGF is a major regulator of angiogenesis (Nishijima et al., 2007, Ferrara, 2004, Ferrara, 

1999). 

There are six molecules in the VEGF family known as; VEGFA, VEGFB, VEGFC, VEGFD, 

VEGFE (orf-virus encoded) and placental growth factor (PGF) (Ferrara, 2002). These 

molecules undergo cellular signalling through binding to their receptors, the vascular 

endothelial growth factor receptors (VEGFR)1, VEGFR2 and VEGFR3 (Pajusola et al., 1992, 

Terman et al., 1992, de Vries et al., 1992). Each of these receptors binds with their respective 

VEGF protein in a distinctive pattern (Figure 2.2). For instance, VEGFA binds with VEGFR1 

and VEGFR2 and thus mediates cell proliferation, followed by permeabilization and neural 

tube formation, which leads to angiogenesis (Koch and Claesson-Welsh, 2012, Olsson et al., 

2006). The binding of VEGFA with its receptor is enhanced by other co-receptors known as 

neuropilin (NRP) 1 and NRP2, which function independently of VEGFRs and may be 

involved in VEGF-induced abnormal angiogenesis (Soker et al., 1998).  
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Figure 2.2: Binding of VEGF family members and their receptors in the angiogenesis system. 

The major regulator of ocular angiogenesis is VEGFA that binds with the VEGFR1 and 

VEGFR2 receptors that subsequently initiate the intracellular process for the development of 

new blood vessels. NRP1 and NRP2 are co-receptors and increase the binding affinity of 

VEGF with its receptors. The image is modified from (Shibuya, 2013) 



22 

 

 

 

Figure 2.3 Schematic diagram of the neovascularization cascade: the hypoxia, inflammation 

and complement system (platelets) activates pro-angiogenic factors that includes VEGFA 

which binds with VEGFR and triggers the intracellular signalling cascade. After the activation 

of the endothelial cell, vascular leakage starts and leads to basement membrane degradation 

followed by cell proliferation, migration, tube formation and finally vessel maturation. The 

image is modified from http://www.medscape.org/viewarticle/545207_4 (Courtesy of 

Genentech, Inc). 
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VEGFA appears to be very important in the retina. High expression levels of it in the eye of 

AMD patients are considered a major factor in initiating the CNV process - in which choroidal 

capillaries penetrate and proliferate in Bruch’s membrane and continue towards the RPE. 

These ultimately invade the subretinal space, increasing the vascular permeability and lead to 

formation of new blood vessels which cause haemorrhage, exudation (Figure 2.3) and 

ultimately loss of central vision (Miller, 1997, Miller et al., 2013, Hofman et al., 2001, Witmer 

et al., 2003). In the next section, I provided detail literature for treatment and intervention of 

AMD. 

2.5 Treatment of AMD 

To date, effective treatment and management for GA has been a challenge. However, nAMD 

has been the focus of the therapeutic developments since the 1980s as it is attributed to 90% 

of severe vision loss due to vascular leakage during abnormal angiogenesis (Spitzer et al., 

2008a). In the last three decades, three different treatment approaches have been approved for 

the clinical management of the nAMD.  Each of these treatment strategies is discussed below.  

2.5.1 Laser photocoagulation therapy 

The first effective treatment introduced to treat nAMD was laser photocoagulation therapy by 

the Macular Photocoagulation Study (MPS) Group. This group performed several clinical 

trials between 1982-1997 (Maguire et al., 1997, Group, 1996, Group, 1994a, Group, 1994c, 

Group, 1994b, Group, 1993b, Group, 1993a, Group, 1991c, Group, 1991b, Group, 1991a, 

Group, 1990b, Group, 1990a, Group, 1986, Group, 1982). This treatment includes the use of 

an intense beam of light (488-518 nm wave length) to destroy the abnormal blood vessels in 

the macula (Group, 1993a). The MPS group conducted the first large randomized trial in 1991 

(Group, 1991b) whereby 184 nAMD patients were treated with laser (Krypton red or argon 

green) photocoagulation. Intially at 3 months of treatment, 20% of patients showed a decline 

of 6 or more lines in  visual acuity (VA) comapred to 11% of untreated patients who lost 6 or 

more lines. However, at longer term (24 months) treatment, VA loss of 6 or more lines became 

more evident in untreated patients (41%) compared to the laser treated patient group (20%). 

The major limitation of this treatment was that more than 50% of patients had recurrence of 

subfoveal nAMD that led to subsequent VA loss and the treatment was limited to only patients 

who had extrafoveal lesions. With advancement in imaging techniques and research, disease 

pathogensis has become clearer which has led to more effective treatments such as 
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photodynamic therapy and subsequently pharmacological therapies. Laser photocoagulation 

therapy is no longer recommended for the treatrment of nAMD in subfoveal or juxtafoveal 

locations however, it can still be effective for extrafoveal lesions.   

2.5.2 Photodynamic Therapy 

Laser photocoagulation therapy was replaced with photodynamic therapy (PDT) for lesions 

in or near the fovea  (Group, 1999). Its treatment procedure was based on intravenous injection 

of Verteporfin (VisudyneTM, Novartis, Basel, Switzerland). Verteporfin binds, to low-

density lipoprotein (LDL) and accumulates in the leaky CNV membranes with its subsequent 

activation being achieved through non-thermal laser (689nm). On activation, Verteporfin 

starts releasing reactive oxygen species which cause damage to the cellular organelles that 

eventually lead to vascular thrombosis, without damaging the overlying neurosensory retina 

(Zarbin and Szirth, 2007, Fingar, 1996). In 1999, Phase 1 and 2 single treatment trials were 

performed on 128 CNV patients treated with Verteporfin for 1 to 4 weeks and the results were 

short term cessation of fluid leakage and +1.1 lines of mean VA change from baseline (Miller 

et al., 1999). In the same year, the Treatment of AMD with Photodynamic therapy (TAP) trial 

reported favourable VA outcomes at 1 year of Verteporfin therapy. The trial treated 402 

patient eyes with predominantly classic subfoveal CNV and 207 placebo eyes and found that 

61.2% of CNV patients lost less than 15 ETDRS letters VA from baseline compared to 46.4% 

in placebo treated eyes (Group, 1999). Later on, Bressler and colleagues demonstrated long 

term (2 years) efficacy of PDT therapy.  They observed 2.3 lines (13 letters) of VA loss in 

CNV patients compared to 4.5 lines (~23 letters) VA loss in placebo eyes with an average of 

5-6 retreatment sessions for each group (Bressler et al., 2005, Group, 2002). The limitation to 

this therapy was that it was only effective in patients with the predominant classic subfoveal 

type of CNV (Spitzer et al., 2008b). Following this, investigators sought new therapies which 

would be effective for all nAMD patients and also improve VA outcomes. In 2006, PDT was 

superseded by the more efficient anti-VEGF therapy (Brown et al., 2006). 

2.5.3 Anti-Vascular Endothelial Growth Therapy 

The understanding of the VEGF molecule as a major regulator of angiogenesis was a major 

step in translating the basic laboratory findings to the clinic. 

2.5.3.1 Discovery of anti-VEGF Molecule as a Drug Target  
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 In 1989, Ferrara and colleagues (Leung et al., 1989) isolated and cloned the VEGF molecule 

from bovine pituitary cells and subsequent in vitro and in-vivo studies demonstrated that 

VEGF possesses angiogenic properties (Ferrara, 2004). It led to the basis of using the VEGF 

molecule to improve treatment options for cancer and other vascular related diseases (Ferrara 

and Adamis, 2016). After five years of VEGF discovery, Kim and Colleagues used 

monoclonal antibodies to inhibit the VEGF molecule which ultimately stopped tumour growth 

in animal models (Kim et al., 1993). This finding led to the discovery of the anti-VEGF 

recombinant humanized monoclonal antibody drug bevacizumab for the treatment of 

metastatic colon cancer (Hurwitz et al., 2004). 

2.5.3.2 Anti-VEGF agents to treat nAMD  

Parallel to this, by the mid-2000s, several studies reported the pathophysiological role of 

VEGF as a key mediator of choroidal angiogenesis in AMD (see section Background on 

AMD) that led researchers to use anti-VEGF agents as a therapeutic option for nAMD 

treatment (Aiello et al., 1995, Adamis et al., 1996, Aiello et al., 1994, Adamis et al., 1994). In 

2004, the first anti-VEGF drug pegaptanib (Macugen; Eyetech, Palm Beach Gardens, FL), an 

oligonucleotide that targets the selective VEGFA165 isoform was used for nAMD treatment. 

The phase III clinical trial of VEGF Inhibition Study in Ocular Neovascularization (VISION) 

enrolled 1,186 CNV patients and treated them with intravenous injections of pegaptanib every 

6 weeks. They demonstrated that 70% of patients lost <15 EDTRS letters compared to 55% 

in the control group after 1 year of treatment. However, VA improvement was observed only 

in 5% of patients as it only targets one isoform of VEGA known as VEGF165 (Group et al., 

2006, Gragoudas et al., 2004) . There followed the development of more efficient anti-VEGF 

agents and as such, pegaptanib is no longer used in current clinical practice for nAMD 

treatment.   

Currently in Australia, the most suitable treatment for nAMD is the use of the recombinant, 

humanized anti-VEFG monoclonal antibody drug ranibizumab (Lucentis®, Genentech, Inc., 

San Francisco, CA, USA and Novartis International AG, Basel, Switzerland) and the VEGF 

Trap-Eye anti-body known as aflibercept (Eylea®, Regeneron, Tarrytown, NY, USA and 

Bayer AG, Leverkusen, Germany) which is a recombinant fusion protein mimic of VEGFR-

1 and -2 and the Fc region of a human immunoglobulin G1 (IgG1) (Rosenfeld et al., 2006, 

Heier et al., 2012). Bevacizumab (Avastin®, Genentech/Roche, South San Francisco) is an 
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anti-VEGF monoclonal antibody drug used in an off-label manner to treat nAMD (Rosenfeld 

et al., 2005).  More recently, the development of Conbercept (KH902; Chengdu Kanghong 

Biotech Co. Ltd. Sichuan, China) which is a recombinant fusion protein mimic of VEGFR-1 

and -2 and the Fc region of a human immunoglobulin G1 (IgG1) has been reported in 2015 but 

it is currently only approved for use in China for nAMD treatment (Zhang et al., 2011). The 

molecular targets of these four drugs are shown in Table 2.3. 

 

Table 2.3: Molecular composition and targets of current anti-VEGF drugs for CNV 

treatment 

Anti-VEGF Agents Molecular Composition Targets Molecular Weight 

Ranibizumab Monoclonal IgG antibody fragment (Fab) All isoforms of VEGF-A 48 kDa44 

Bevacizumab Full-length Monoclonal IgG antibody All isoforms of VEGF-A 149 kDa37 

Aflibercept Fusion protein: domain 2 of VEGFR-1 and 

domain 3 of VEGFR-2 fused with Fc 

fragment of IgG1 

All isoforms of VEGF-A, 

VEGF-B, and PlGF 

115 kDa37 

Conbercept Fusion protein: domain 2 of VEGFR-1 and 

domains 3 and 4 of VEGFR-2 fused with 

IgG1 Fc region 

All isoforms of VEGF-A, 

VEGF-B, VEGF-C and 

PlGF 

143 kDa36 

VEGF: vascular endothelial growth factor, VEGFR: vascular endothelial growth factor receptors, PIGF:  placental growth 

factor, IgG: immunoglobulin G, KDa: kilo Dalton. This table is modified from (Lu and Sun, 2015) 

 

Bevacizumab is a full-length monoclonal immunoglobulin G1 (Ig1) antibody that targets all 

isoforms of VEGFA with its two binding sites. It was first used for nAMD treatment in 2005 

and reported in a case study where a 65 year old women was treated with 1mg of intravitreal 

bevacizumab for nAMD and after one month of treatment, resolution of retinal fluid was noted 

with no adverse effect (Rosenfeld et al., 2005). Bevacizumab was not designed for the 

treatment of ophthalmic disease and was not approved by the FDA for nAMD treatment. Since 

then, ophthalmologists have used it as an off-label therapy for the treatment of nAMD. 

Ranibizumab is a humanized monoclonal antigen binding fragment (Fab) having a single 

binding site to target VEGFA and its isoforms (Chen et al., 1999, Muller et al., 1998). It was 

approved in 2006 by the FDA for the treatment of all forms of CNV after two independent 

randomized controlled clinical trials, ANCHOR and MARINA. The latter recruited 716 

patients with CNV for a 2 year prospective randomized study from 96 different sites in the 

USA. The overall mean gain in VA from baseline was 6.6 ETDRS letters compared to loss of 
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14.9 EDTRS letters in the sham group However, 33.3% of ranibizumab treated nAMD 

patients gained 15 or more ETDRS letters while 10% of patients lost more than 15 ETDRS 

letters of VA and the remainder maintained their vision (Rosenfeld et al., 2006). The 

ANCHOR trial recruited 423 CNV patients and focused on the comparison of efficacy and 

safety of ranibizumab and PDT (verteporfin) in CNV patients over one year. All patients were 

randomly assigned for treatment with either ranibizumab plus sham verteporfin or active 

verterporfin plus sham ranibizumab. The treatment regimen was monthly injections of 

ranibizumab or verteporfin sessions at 0, 3, 6, 9 and 12 months. After 2 years of treatment, 

41% ranibizumab treated eyes had 15 letters VA gain compared to 6% in the verteporfin 

group.  While this result was similar to the MARINA trial, 10% of ranibizumab treated 

patients lost >15 ETDRS letters of VA and the remaining patients did not show any 

improvement in VA (Schmidt-Erfurth et al., 2007, Brown et al., 2009, Brown et al., 2006).  

Following ANCHOR and MARINA studies there were several different trials reporting 

efficacy and treatment regimens for ranibizumab treatment in CNV patients including PIER 

(Abraham et al., 2010), EXCITE (Schmidt-Erfurth et al., 2011), PrNOTO (Lalwani et al., 

2009), SAILOR (Mitchell et al., 2010, Boyer et al., 2009), FOCUS (Heier et al., 2006a), 

HORIZON (Singer et al., 2012) and SUSTAIN (Holz et al., 2011). The SUSTAIN trial 

included CNV patients from Australia and reported at 12 months of ranibizumab treatment 

that 53% patients initially gained VA and continued to improve, 21% steadily gained VA for 

the first 3 months and then maintained vision with no more improvement and the remaining 

26% did not gain VA for the first 3 months and kept losing vision over the course of 12 months 

of treatment (Figure 2.4 ) (Holz et al., 2011). The pharmacokinetics of ranibizumab in the 

vitreous and systemic circulation has been previously described by Xu and colleagues (Xu et 

al., 2013), and reported that the vitreous elimination half-life (t1/2) was calculated to be 9 

days and the intrinsic systemic elimination t1/2 was calculated to be approximately 2 hours, 

thus not likely to be involved in variable treatment response in nAMD patients.  

 

 

 



28 

 

 

Figure 2.4: VA outcome response of nAMD patients following anti-VEGF treatment in the  

SUSTAIN trial: X-axis 12 months time point and Y-axis VA change with each dot representing 

the mean change in VA up to 12 month on anti-VEGF treatment (Holz et al., 2011).  
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2.5.3.3 Long term effects and efficacy of anti-VEGF therapy  

The long term follow up trial was HORIZON, a 4 year anti-VEGF treatment outcome study. 

It indicated that 25% of ranibizumab treated patients lost fewer than 15 ETDRS letters while 

24.7% patients showed a loss of >15 letter EDTRS (Singer et al., 2012).  Up until mid-2013, 

only the HORIZON trial had considered a long follow-up period but Rofagha and colleagues 

(Rofagha et al., 2013) reported a seven year multicentre observational study update of macular 

degeneration patients who were treated in the original post-MARINA/ANCHOR and 

HORIZON Trials (SEVEN UP). This study showed that after an average of 7.3 years of 

ranibizumab treatment in nAMD patients, approximately 50% of patients improved or 

maintained their vision (>0-1 EDTRS letters). However, in the other half of patients, there 

was an overall loss of 8.2 EDTRS letters indicating that anti-VEGF treatment may have 

limitations as an effective long-term treatment strategy (Rofagha et al., 2013). The reason for 

this could be development of macular atrophy after long term anti-VEGF treatment. Bhisitkul 

and colleagues (Brijesh and Shorya, 2016) recently reported the effect of anatomical variables 

on longer term visual outcome in patients from the SEVEN-UP study. All patients (n=56) had 

macular atrophy after 7 years of anti-VEGF treatment and the rate of macular atrophy 

progression was 0.28 mm2 per year. Presence of macular atrophy was significantly associated 

with visual decline at seven years of treatment (p < 0.001) with overall loss of 21 EDTRS 

letters of VA from 2 to 7 years. However, multivariate regression analysis of other anatomical 

variables such as retinal fluid clearance, central subfield thickness (CST) and fibrosis showed 

no association with visual outcome at 7 years of treatment (Brijesh and Shorya, 2016). The 

exact reason for progression and development of atrophy after the anti-VEGF treatment is 

unknown but two possible explanations were reported: presence of underlying GA and its 

progression over the years or factors from an abnormal angiogenesis process that may regulate 

GA development (Danis et al., 2015). The effect of anti-VEGF treatment itself has been shown 

to increase macular atrophy as it can block the house keeping VEGF required for neuronal 

and vascular retinal maintenance in both animal model and human studies (Grunwald et al., 

2014, Querques et al., 2012, Hao and Rockwell, 2013, Foxton et al., 2013, Nishijima et al., 

2007, Saint-Geniez et al., 2009, Lee et al., 2007a). Thus, further studies will be required to 

confirm the mechanisms involved in the development and progression of macular atrophy 

after anti-VEGF treatment.  
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A number of studies have also compared ranibizumab and bevacizumab efficacy 

CATT(Group et al., 2011), IVAN(Investigators et al., 2012), MANTA(Krebs et al., 2013), 

GEFAL(Kodjikian et al., 2013) and LUCAS(Avery, 2016, Berg et al., 2015). The first two 

large studies are CATT and IVAN - the CATT trial enrolled 1,208 patients with CNV. All 

patients were treated with three monthly ranibizumab or bevacizumab intravitreal injections 

and the primary outcome was mean change in VA at 12 months. They observed monthly 

treatment of ranibizumab or bevacizumab injections had a similar VA outcome with mean 

VA gain of 8.0 vs 8.5 EDTRS letters in one year, respectively (Group et al., 2011). At 2 years 

of treatment, mean VA improvement was 8.8 letters for monthly ranibizumab and 7.8 letters 

for bevacizumab (Comparison of Age-related Macular Degeneration Treatments Trials 

Research et al., 2012). Similar results have been reported by the IVAN trial which included 

628 CNV patients and reported no significant difference in mean VA change (P= 0.26) 

between these two drugs at 24 months of treatment. This study also performed a meta-analysis 

of both CATT and IVAN trials and confirmed that both ranibizumab and bevacizumab have 

similar efficacy and can be considered equivalent (i.e. non-inferior to ranibizumab) for nAMD 

treatment (Chakravarthy et al., 2013). Recently, the CATT study reported findings of five 

years anti-VEGF treatment outcome in 647 nAMD patients. At five years of treatment, 2.6% 

of patients had VA improvement of >15 ETDRS letters, 43% maintained VA (0-14 ETDRS 

letters) and 55% of patients showed >5 ETDRS letters VA decline (of these 28% had a loss 

of > 15 ETDRS letters VA). In addition for anatomical variables, a total of 83% patients (n 

=458) had retinal fluid present and 41% of patients (n=213) had a macular atrophy at five 

years of treatment (Maguire et al., 2016). Taken together, as previously mentioned, anti-

VEGF treatment has limitations for long term VA improvement in nAMD patients.  

There is a remarkable difference between the costs of ranibizumab and bevacizumab the 

drugs. For instance a UK based study estimated that the cost of 25,000 new nAMD cases each 

year will be £300 million (£1000 per injection) for ranibizumab and £8.5 million for 

bevacizumab (£26 per injection) (Raftery et al., 2007). In Australia, the Government 

subsidised Pharmaceutical benefit Scheme (PBS) listed price for one injection of ranibizumab 

is $1967 while bevacizumab injection is $50 per injection while some clinicians charge up-to 

$200 (Seneviratne, 2015, Harvey et al., 2011). However, because bevacizumab is an off-label 

drug it is not listed in PBS for the treatment of nAMD. In 2014-2015, the annual cost of 

ranibizumab treatment of nAMD was $213 million and this increased to $219 million in 2015-
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2016 (making it the third highest costing drug in Australia: 

https://www.pbs.gov.au/info/browse/statistics) after it was included in PBS listing for the 

treatment of diabetic macular oedema and retinal vein occlusion.  

A third anti-VEGF drug available for the treatment of nAMD is aflibercept (Eylea: VEGF 

Trap-Eye). It is a recombinant fusion protein consisting of the Fc region of the IgG antibody 

and two binding domains of the VEGFR1 and VEGFR2. It is a multi-target drug and can 

attack different members of the VEGF family that includes VEGFA, VEGFB and placental 

growth factor (PlGF) (Kovach et al., 2012). It is a relatively new anti-VEGF drug approved 

in 2011 by the FDA following the clinical trials VIEW 1(VEGF Trap-Eye: Investigation of 

Efficacy and Safety in Wet AMD) and VIEW 2.  Both demonstrated that an initial three 

monthly injection regimen of aflibercept followed by an injection every 2 months, was non-

inferior to monthly treatment of ranibizumab in nAMD treatment naive patients (Bakall et al., 

2013). The VIEW 1 trial enrolled 1,240 patients and showed 31.4% of patients on aflibercept 

(every 2 months) and 34% of patients on monthly ranibizumab had a gain of >15 ETDRS 

letter VA after one year of treatment. In addition, VA outcome at week 52 was also similar 

for both aflibercept and ranibizumab with a mean VA improvement of 8.9 and 9.4 EDTRS 

letters, respectively (Heier et al., 2012). Thus, both of these drugs can be regarded as 

equivalent with the advantage of less dosing for aflibercept. Furthermore, a number of studies 

have also assessed short-term outcomes of aflibercept given to already ranibizumab treatment-

resistant CNV patients and confirmed that improvements in visual acuity (VA) and anatomical 

function can be obtained through such sequential treatment (Bakall et al., 2013, Ho et al., 

2013). In the next section, I provide the insights on current knowledge for factors involved in 

variable treatment outcome following anti-VEGF treatment.  

2.6 Factors effecting anti-VEGF treatment outcome 

All of the trials mentioned in this section reported anti-VEGF as a good treatment for wet 

AMD but due to unknown reasons differential visual response of anti-VEGF injections has 

been observed with 10-15% of patients showing continuous decline in VA. Different studies 

indicate a number of factors that might influence the response to treatment, which includes 

clinical, demographic or behavioural and genetic factors.  
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2.6.1 Clinical  

Among the clinical factors, baseline or presenting VA, CNV characteristics (size and type) 

and morphological features on OCT such as central retinal thickness (CRT), RPE elevation 

and retinal fluid clearance were shown to be associated with anti-VEGF treatment outcome in 

nAMD patients (Finger et al., 2014). However, it is clear that delay to treatment and thus 

presenting VA is consistently linked with varied response to anti-VEGF treatment (Lim et al., 

2012a, Wickremasinghe et al., 2012, Tsilimbaris et al., 2016). In this regard, those patients 

that present with poor vision at baseline will likely show the largest improvement in number 

of letter read. This can be explained by the so called ‘floor and ceiling effect’, where 

individuals with good starting bassline VA will have less chance to improve substantially 

compared to those with poor baseline VA (Kaiser et al., 2007, Rosenfeld et al., 2011, 

Tsilimbaris et al., 2016). A study from the UK assessed the baseline indicators of visual 

outcome for better care of nAMD patients receiving ranibizumab injections. They divided 406 

nAMD patients into four categories based on their baseline VA of 23–35, 36–55, 56–70, and 

>70 ETDRS letters VA and observed changes of 6.5,  7.5, 1.7, and  -1.5 ETDRS letters VA 

respectively, following 1 year of ranibizumab treatment (Ross et al., 2013). This study 

confirmed that baseline VA is one of the major factors for determining the mean difference in 

VA after anti-VEGF treatment in nAMD patients.  

The effects of CNV size on visual outcome have been reported in several studies. The 

retrospective study on patients from the MARINA trial showed, large CNV size (3.6 mm disc 

area) was associated with a reduction of 5 ETDRS letters VA following 24 months of 

ranibizumab  treatment (Boyer et al., 2007). Similarly, the CATT study reported that large 

CNV size was associated with less gain in VA (p = 0.02) after 12 months of bevacizumab 

treatment (Ying et al., 2013). However, other studies did not find association of CNV size 

with change in VA up to 1 year of treatment (Chhablani et al., 2013, Ying et al., 2013, Regillo 

et al., 2015). Contrasting results have been reported for association of CNV type with visual 

outcome in nAMD patients. A retrospective study revealed nAMD patients with 

predominantly or minimally classic lesions (classical CNV lesions) had reduced VA 

improvement compared to patients with occult lesions (p = 0.0003) after 1 year of anti-VEGF 

treatment (Ying et al., 2013). While other studies showed classical CNV lesions had no effect 

on change in VA compared to occult lesions following anti-VEGF therapy (Abedi et al., 

2013a, Abedi et al., 2013b, Hermann et al., 2014, Regillo et al., 2015).   
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Studies have also assessed the effect of anatomical variables on visual outcome following 

anti-VEGF treatment in nAMD patients. The CATT trail reported that retinal morphological 

features on OCT such as foveal thickness and RPE elevation have been shown to be associated 

with reduced VA after 1 year of anti-VEGF treatment (Ying et al., 2013). In contrast Regillo 

and colleagues did not observe association of foveal thickness, retinal fluid absence and RPE 

elevation with change in VA at 12 months of therapy (Regillo et al., 2015). Interestingly, 

changes in CRT, a main OCT parameter measured at the start of the treatment was not 

associated with visual response after six months of anti-VEGF therapy (Jyothi et al., 2010). 

In summary, the anatomical features are weak predictors of visual outcome and thus only 

presenting, or baseline VA has shown to be a consistent clinical factor associated with visual 

outcome following anti-VEGF therapy.  

2.6.2 Demographic 

The demographic or behavioural predictors for visual outcome includes age and smoking. The 

sub group analysis of the MARINA trial reported association of increase ageing with poor 

VA outcome (p < 0.001) at 2 year of anti-VEGF treatment in nAMD patients (Boyer et al., 

2007). Similarly a retrospective study from the CATT trail revealed association of older age 

with worse VA outcome after 12 months of anti-ranibizumab or bevacizumab treatment (Ying 

et al., 2013). However, other studies reported no association of age with change in VA 

following anti-VEGF therapy in nAMD patients (Abedi et al., 2013a, Abedi et al., 2013b, 

Hermann et al., 2014). In the case of smoking, contradictory result have been observed with 

a study from Korea reporting association of smoking with poor VA outcome at three months 

of anti-VEGF therapy (Lee et al., 2013). In contrast a European study revealed that ex and 

current smokers had gains in VA compared to non-smokers following anti-VEGF treatment 

(Inglehearn et al., 2012). In addition, some research revealed no association with smoking and 

visual outcome after anti-VEGF therapy (Abedi et al., 2013a, Hermann et al., 2014, Regillo 

et al., 2015). Thus, so far there is no sufficient and consistent evidence for involvement of 

demographic or behavioural factors in variable treatment outcome in nAMD patients.  

2.6.3 Pharmacogenetics in nAMD  

Genetic factors are considered as an important determinant which likely results in a 

pharmacogenetic anti-VEGF treatment response in nAMD patients (Riaz and Baird, 2017, 

Fauser and Lambrou, 2015, Finger et al., 2014). The main focus of this thesis is to explore the 
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genetic basis of nAMD using high through put genetic techniques. Therefore, in the next 

section of this chapter I will propose a detailed literature review of pharmacogenetics 

intervention in nAMD following anti-VEGF treatment. 

2.6.3.1 Defining treatment outcome and response for pharmacogenetic studies  

It is hypothesized that an individual’s genetic background will likely play a role in anti-VEGF 

treatment response in nAMD patients. Genetic factors have been investigated in anti-VEGF 

treatment response but these have typically been based on previously identified AMD risk 

associated genes. These have mainly been assessed based on their influence on changes in 

visual acuity. Few studies have used anatomical features of the eye as imaged using OCT, 

such as central retinal thickness, and more recently retinal fluid clearance following anti-

VEGF treatment, as a measure of response.  However, advances in OCT modalities now allow 

clinicians to assess retinal fluid more precisely following anti-VEGF treatment (Economics 

and Mitchell, 2011). Thus retinal fluid clearance could also be used as a primary outcome 

measure following anti-VEGF treatment in nAMD patients. The advantage of using 

anatomical variables such as retinal fluid clearance to measure treatment response is that little 

or no effect of confounding factors as presenting VA appear to be involved in this response 

(Finger et al., 2014). However, this argument only supports the short term assessment of 

retinal fluid such as at three months because studies have shown that the treatment regimen 

and number of injection can influence the anatomical variables following anti-VEGF therapy 

in nAMD patients (Comparison of Age-related Macular Degeneration Treatments Trials 

Research et al., 2012, Wickremasinghe et al., 2012).  Furthermore, other features on OCT 

such as central macular thickness could also be used as a secondary outcome measures for 

pharmacogenetic studies. At this point in time, most of these AMD risk associated genes 

appear to have an inconsistent involvement in anti-VEGF treatment outcome and an in-depth 

literature search regarding these findings are explained in the next section.  

2.6.3.2 Genes in the VEGF pathway 

One plausible biological pathway involved in anti-VEGF treatment response is the VEGF 

pathway. It follows that variants in genes of this pathway might influence treatment outcome 

through a variable response to anti-VEGF drug. This led researchers to investigate the role 

SNPs in VEGF pathway genes including VEGFA, VEGFR2 and NRP1 following anti-VEGF 

therapy in nAMD patients (Table 2.4). 
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Several variants in the VEGFA gene have been investigated for association with anti-VEGF 

treatment response and three upstream variants in particular rs699947, rs699946 and 

rs2010963 have been studied multiple times but shown inconlusive results. For SNP rs699947 

3 out of 10 studies reported association of this SNP with anti-VEGF treatment response in 

nAMD patients (Table 2.4). For instance, a study on a Caucasian population showed 

association of rs699947 with change in VA. In particular, individuals with the ‘C’ major allele 

gained 7.44 ETDRS letters VA compared to the ‘A’ minor allele, where patients lost 1.78 

EDTRS letters (P = 0.01) at 3 months of ranibizumab treatment (Lazzeri et al., 2013). On the 

other hand, a study in an Asian population showed opposite results for rs699947, with 

improvement in VA after treatment. Patients with the ‘AA’ genotype had more chance of VA 

improvement compared to the ‘CC’ or ‘CA’ genotypes (corrected  P = 0.0071) at 5 months of 

ranibizumab treatment (Park et al., 2014a). Later on, the same group reported no association 

of the same SNP (rs699947) with change in VA, presence of retinal fluid, change of central 

subfield macular thickness (CSMT) and number of injections at long term treatment (2 years) 

of ranibizumab (P > 0.05) (Park et al., 2014b). Seven other reports on Caucasian pouplations 

did not show association of rs699947 with either functional (change in VA) or anatomical 

outcomes (retinal fluid clearence and change in macular thickness on OCT) after anti-VEGF 

treatment in nAMD patients (Table 2.4). These diverse results lead to no conclusive role of 

rs699947 in nAMD treatment response.  
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Table 2.4: Association of variants in VEGF pathway genes with treatment response variables following anti-VEGF therapy in nAMD 

Gene SNP Total 
samples 

Drug Time point 
(Months) 

Results/Outcome P value  Study 
Population  

Reference 

VEGFA rs699947 64 RBZ 3 AA genotype associated with worse VA 
outcome 

0.01 Caucasian  (Lazzeri et al., 2013) 

83 BVZ 3 No association of genotypes with change in 
VA and CRT 

> 0.05 Caucasian (Imai et al., 2010) 

397 RBZ 3 No association of genotypes in VA  0.23 Caucasian (Smailhodzic et al., 
2012) 

835 RBZ or BVZ 12 No association of genotypes with change in 
VA, retinal fluid and change in  foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2014c) 

96 BVZ 24 No association of genotypes with retinal 
fluid presence or absence  

0.78 Caucasian (Hautamaki et al., 2013) 

94 BVZ 13 No association of genotypes  with change in 
VA 

> 0.05 Caucasian (Nakata et al., 2011) 

106 RBZ or BVZ 12 No association of genotypes  with change in 
VA and retinal fluid presence or absence  

>0.05 Caucasian (Wang et al., 2012) 

141 BVZ 15 No association of genotypes  with change in 
VA  

 >0.05 Caucasian (Boltz et al., 2012)  

273 RBZ 5 AA genotype associated with improve VA 
outcome 

0.007 East Asian (Park et al., 2014a) 

394 RBZ 24 No association of genotypes with change in 
VA, retinal fluid and central subfield macular 
thickness 

>0.05 East Asian  (Park et al., 2014b) 

rs699946 835 RBZ or BVZ 12 No association of genotypes with change in 
VA, retinal fluid and change in foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2014c) 

94 BVZ 13 GG genotype associated with improved VA 0.04 East Asian (Nakata et al., 2011) 
273 RBZ 5 No association of genotypes with change in 

VA 
> 0.05 East Asian (Park et al., 2014a) 

rs3025039 141 BVZ 15 No association of genotypes  with change in 
VA  

 >0.05 Caucasian (Boltz et al., 2012)  

394 RBZ or BVZ 24 TT genotype associated with improved VA 0.04 East Asian (Park et al., 2014b) 
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68 BVZ 3 TT genotype associated with worse VA  0.01 African (Habibi et al., 2012) 
rs305200 201 RBZ or BVZ 12 TT genotype associated with improved VA 0.006 Caucasian (Abedi et al., 2013b) 

VEGFR2 rs6828477 366 RBZ 12 CC genotype associated with improved VA  0.002 Caucasian (Hermann et al., 2014) 
1346  RBZ or BVZ 12 No association of genotypes with change in 

VA, retinal fluid and change in  foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2015) 

rs4576072 366 RBZ 12 CC genotype associated with improved VA  0.03 Caucasian (Hermann et al., 2014) 
1346  RBZ or BVZ 12 No association of genotypes with change in 

VA, retinal fluid and change in  foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2015) 

EPAS1 rs9679290 519 RBZ 12 CC genotype associated with worse total 
retinal thickness 

0.002 Caucasian (Lotery et al., 2013) 

  834 RBZ or BVZ 12 No association of genotypes with total 
retinal thickness 

>0.05 Caucasian (Hagstrom et al., 2014a) 

NRP1 rs2070296 366 RBZ 12 AA and GA genotype was associated with 
worse VA 

0.01 Caucasian (Lorés-Motta et al., 
2016) 

RBZ: ranibizumab, BVZ: bevacizumab. Highlighted boxes: Association of variants with treatment outcome following anti-VEGF therapy in AMD patients.  
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Three studies evaluated the association of SNP rs699946 with treatment response variables 

after anti-VEGF therapy in nAMD (Table 2.4). Two of these studies were assessed in the 

Asian population. The first study, from Japan, reported association of rs699946 with change 

in VA after 12 months of bevacizumab treatment.  Individuals with the minor allele ‘G’ 

showed better VA response of 0.125 logarithm of the minimum angle of resolution (logMAR) 

compared to ‘AG’ or ‘AA’ genotypes (P = 0.01) (Nakata et al., 2011). The second study from 

a Korean population found no correlation of rs699946 with change in VA at five months of 

ranibizumab treatment (Park et al., 2014a). In agreement with this, the third study based on 

835 Caucasian patients from the CATT study reported no association of rs699946 with change 

in VA at 1 year with either ranibizumab or bevacizumab treatment. Furthermore, the same 

study also did not find association for rs699946 with fluid clearance and total foveal thickness 

change on OCT (Hagstrom et al., 2014b).  

There are two contrasting reports on the association of variant rs3025039 with change in VA 

after anti-VEGF treatment in nAMD patients. One study from Korea reported positive 

association of rs3025039 with VA improvement. Patients with a ‘TT’ genotype gained ≥15 

EDTRS letters compared to either ‘CT’ or ‘CC’ genotypes (corrected p = 0.04, OR = 4.57) at 

24 months of anti-VEGF treatment (Park et al., 2014b). However, rs3025039 showed no 

association with retinal fluid clearence and change in CSMT at 12 months of treatment.  The 

other report on an African population reported association of rs3025039 with worse treatment 

response in individuals with ‘TT’ genotype who lost > 10 EDTRS letters (p = 0.014, OR: 1.61) 

after 3 months of bevacizumab therapy (Habibi et al., 2012). Furthermore, a study from 

Australia, genotyped seven tagged SNPs rs3024994, rs3025000, rs3025042, rs3025047, 

rs3025035, rs3025030 and rs3025010 in the VEGFA gene and found no association of 

rs3025030 (complete linkage disequilibrium with rs3025039 r2 = 0.96) after 1 year of 

treatment. However, they found rs3052000 associated as a positive predictor of VA outcome 

for ranibizumab treatment and showed that presence of the ‘T’ allele was associated with 

overall gain of 7 EDTRS letters compared to the ‘C’ allele where a 0.2 EDTRS mean gain in 

VA was observed after 6 months of ranibizumab therapy (corrected P<1x10-4). Further 
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replication in other independent studies will be needed to valdiate the role of rs3025000 in 

nAMD treatment outcome (Abedi et al., 2013b).  

Multiple studies have investigated thirteen more SNPs rs3024994, rs3025042, rs3025047,  

rs3025010, rs3025035, rs3025030, rs1570360, rs2146323, rs3025033, rs2010963, 

rs83306152 and rs833069 in the VEGFA gene and  none of these showed association with 

anti-VEGF treatment response in nAMD patients (Abedi et al., 2013b, Imai et al., 2010, 

Lazzeri et al., 2013, Wang et al., 2012, Boltz et al., 2012, Park et al., 2014a, Tian et al., 2012, 

Hautamaki et al., 2013, Chang et al., 2013). 

The biological function of the VEGFA gene is to bind with its receptor, VEGFR2 that further 

regulates angiogenesis. Studies have been performed to investigate the influence of SNPs in 

the VEGFR2 gene in anti-VEGF treatment response in nAMD. Before 2013, only two SNPs, 

rs2071559 and rs7671745, had been analysed by different studies for their effect on anti-

VEGF treatment response in nAMD. Neither of these SNPs were associated with change in 

VA, fluid clearance and change in CSMT on OCT after ranibizumab or bevacizumab 

treatment (Kloeckener-Gruissem et al., 2011, Smailhodzic et al., 2012, Wang et al., 2012, 

Chang et al., 2013). Later, a European study performed an analysis of 126 tag-SNPs across 

the VEGF family including VEGFR2 with VA change after 1 year of ranibizumab treatment, 

and confirmed that the SNPs rs6828477 and rs4576072 of the VEGFR2 gene were associated 

with improved vision (gain of 15 EDTRS letters) after 12 months of ranibizumab treatment 

in nAMD patients (Hermann et al., 2014). For rs6828477, patients having the minor ‘C’ allele 

showed a mean improvement of 0.06 logMAR VA compared to the major allele ‘T’ where no 

VA again was observed (P = 0.03). Similarly in the case of SNP rs4576072, individuals with 

the ‘C’ minor allele improved 0.13 logMAR VA compared to the major ‘T’ allele with no 

improvement in VA after 12 months of anti-VEGF treatment (P = 0.002). In contrast, a recent 

study using 1,347 nAMD patients combining two clinical trials (IVAN and CATT), reported 

no association of the SNPs rs4576072 and rs6828477 in the VEGFR2 gene with change in VA 

after 1 year of either bevacizumab or ranibizumab treatment in nAMD (Hagstrom et al., 2015). 

Another co-receptor for VEGF is NRP1 that complexes with VEGFR2 and increases the 

downstream signal transduction during abnormal angiogenesis (Herzog et al., 2011, Fantin et 

al., 2014). A recent study from Europe reported association of NRP1 gene polymorphism 
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rs2070296 with change in VA at 3 months of anti-VEGF treatment in nAMD. The genotype 

‘AA’ and ‘GA’ were shown to be significantly associated with reduced VA improvement 

compared to the ‘GG’ genotype (P = 0.01) (Lorés-Motta et al., 2016). This is a relatively 

recent study and replication of rs2070296 in different cohorts is warranted.  

Expression of the VEGF gene is regulated by a transcription factor known as endothelial PAS 

domain protein 1 (EPAS1, also called as HIF-2A), under hypoxia (limited supply of oxygen) 

conditions. EPAS1 binds with the promoter region of the VEGF gene and upregulates its 

expression (Forsythe et al., 1996, Caro, 2001, Patel and Simon, 2008). Two studies 

investigated association of variants in the EPAS1 gene with variable treatment response 

following anti-VEGF therapy in nAMD patients. Firstly, in 2013, a study from the IVAN trial 

undertook a candidate gene approach and performed association of 409 variants across several 

genes including EPAS1 using 509 ranibizumab treated nAMD patients. They observed 

association of rs9679290 in the EPAS1 gene with change in total retinal thickness (TRT) after 

12 months of ranibizumab treatment (uncorrected P = 0.002) but did not pass the Bonferroni 

correction (P>0.84) (Lotery et al., 2013). After one year, the CATT trial performed a 

replication study to confirm the role of rs9679290 with anti-VEGF treatment response in 

nAMD. They used 834 ranibizumab or bevacizumab treated nAMD patients but reported no 

association of rs9679290 with change in TRT after 1 year of treatment (Table 2.4)(Hagstrom 

et al., 2014a). Both IVAN and CATT studies had similar size cohorts but contrasting results 

left the role of variant rs9679290 with anti-VEGF treatment response unanswered.  

2.6.3.3 Complement pathway genes 

The Complement pathway is an integral part of the innate immune system and transcribes 

many proteins; several of them are associated with pathogenesis of AMD (see Chapter 2: 

Genetics). However, in nAMD pathogenesis, both in-vitro and in-vivo studies have shown 

that two components of the alternative pathway C3a and C5a induced further production of 

the VEGF molecule which then led to the accumulation of fluid from leaky blood vessels and 

subsequently invaded into the sub-retinal space and caused central vision loss (Nozaki et al., 

2006, Whitcup et al., 2013) (see chapter 2: Background on AMD). In addition the association 

of complement pathway genes with increased AMD risk has led researchers to investigate the 

involvement of gene variants in this pathway following anti-VEGF therapy. Several AMD 
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risk associated genes in the complement pathway, including CFH, C3, C2, C5, CFHR and 

CFB have been investigated for their role in anti-VEGF treatment response in nAMD patients. 

Variant rs1061170 (Y402H) in the CFH gene is the most extensively studied SNP with twelve 

reports evaluating association of this variant with anti-VEGF treatment response. Three 

studies including one meta-analysis reported association of rs1061170 with less VA 

improvement in nAMD patients following anti-VEGF therapy (Table 2.5). A recent meta-

analysis reported SNP rs1061170 from 2,704 patients including both Caucasians and Asians 

(13 published studies) associated with anti-VEGF treatment response. Individuals having the 

‘CC’ genotype responded better to ranibizumab or bevacizumab treatment compared to those 

with the ‘TT’ genotype (odds ratio (OR) = 0.55, 95% confidence interval CI = 0.31 to 0.95, 

P = 0.03) or the ‘CT’ genotype (OR = 0.60, 95% CI = 0.40 to 0.91, P = 0.02).
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Table 2.5: Association of variants in complement pathway genes with treatment response variables following anti-VEGF therapy in nAMD 

Gene SNP Total 
samples 

Drug Time point 
(Months) 

Results/Outcome P value  Study 
population  

Reference 

CFH  rs1061170 397 RBZ 3 CC genotype associated with less VA improvement 0.009 Caucasian (Smailhodzic et al., 2012) 
104 RBZ 6 No association of genotypes with change in VA 0.18 Caucasian (McKibbin et al., 2012) 
156 RBZ 9 No association of CC genotypes with change in VA 0.09 Caucasian (Lee et al., 2009) 
267 RBZ  12 CC genotype associated with less VA improvement  0.006 Caucasian (Kloeckener-Gruissem et 

al., 2011) 
834 RBZ or 

BVZ 
12  No association of CC genotype with change in VA, 

retinal fluid and change in  foveal thickness 
>0.05 Caucasian (Hagstrom et al., 2013) 

509 RBZ 12 No association of genotypes with total retinal 
thickness  

>0.99 Caucasian (Lotery et al., 2013) 

96 BVZ 24 No association of genotypes with retinal fluid 
presence or absence  

0.78 Caucasian (Hautamaki et al., 2013) 

144 BVZ 3 No association of genotypes with change in VA >0.05  East Asian  (Tian et al., 2012) 
273 RBZ 5 No association of genotypes with change in VA >0.05 East Asian (Park et al., 2014a) 
105 RBZ 12 No association of genotypes with change in VA >0.05 East Asian (Yamashiro et al., 2012) 
394 RBZ 12 No association of genotypes with change in VA, 

retinal fluid and central subfield macular thickness 
>0.05 East Asian (Park et al., 2014b) 

2704 RBZ or BVZ 3 to 24 CC genotype associated with reduced response to VA 
in Caucasian but not in Asian 

0.03 Meta-analysis 
13 Studies: 
  9 Caucasian  
  2 Asian  
  2 Unknown 

(Chen et al., 2015) 

rs800292 201 RBZ or BVZ 12 No association of genotypes with change in VA >0.05 Caucasian (Abedi et al., 2013a) 
144 BVZ 3 CC genotype associated with change in VA 0.03 East Asian (Tian et al., 2012) 
83 BVZ 3 No association of genotypes with change in VA 0.33 East Asian (Imai et al., 2010) 
273 RBZ 5 No association of genotypes with change in VA >0.05 East Asian (Park et al., 2014a) 
144 BVZ 6 No association of genotypes with change in VA and 

central retinal thickness  
0.06 East Asian (Fang et al., 2013) 

105 RBZ 12 No association of genotypes with change in VA >0.05 East Asian (Yamashiro et al., 2012) 
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RBZ: ranibizumab, BVZ: bevacizumab Highlighted boxes: Association of variants with treatment outcome following anti-VEGF therapy in AMD patients. 
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Interestingly, 8 out of 12 studies used VA as a treatment outcome variable, 2 studies defined 

anatomical variables on OCT such as retinal fluid clearance and total retinal thickness while 

the remaining 2 studies used both functional (change in VA) and anatomical measures as 

treatment outcome variable (Table 2.5).  Out of all 12 published studies, nine reported no 

correlation of rs1061170 with treatment response variables following anti-VEGF therapy 

(Table 2.5), including the largest, the CATT study with 834 ranibizumab or bevacizumab 

treated nAMD patients. The CATT study found no association of rs1061170 with change in 

VA, retinal fluid clearance or change in foveal thickness after 1 year of treatment (Hagstrom 

et al., 2013). In contrast, A meta-analysis of 10 studies revealed that the ‘CC’ genotype of 

rs1061170 was correlated with a more positive VA outcome compared to the ‘CT’ (OR=0.36, 

95% CI = 0.16-0.82, P = 0.02) or ‘TT’ (OR= 0.40, 95% CI 0.23) genotypes. However, sub-

group analysis of rs1067011 in Caucasian and Asian populations with anti-VEGF treatment 

response showed association with VA in Caucasians (P = 0.008) but not in East Asians (P = 

0.90). This ethnic variation might be due to difference of the ‘C’ allele frequency between 

Caucasians (53.9%) and East Asians (11.6%) (Chen et al., 2015). Prior to this meta-analysis, 

another study (not included in the meta-analysis) from Europe, reported association of 

rs1067011 with treatment outcome. Patients with the ‘CC’ genotype performed worse in 

regards to VA compared to the ‘TT’ genotype (P = 0.009) after 3 monthly ranibizumab 

injections (Smailhodzic et al., 2012). This leads to an inconclusive result for the association 

of the CFH gene polymorphism Y402H with functional and anatomical outcomes after anti-

VEGF treatment.   

Another polymorphism, rs800292, in the CFH gene has been reported in six different studies 

for its association with anti-VEGF treatment response in nAMD patients (Table 2.5). Four 

studies showed no association with change in VA after anti-VEGF treatment in Caucasians 

(Abedi et al., 2013a), Japanese (Yamashiro et al., 2012, Imai et al., 2010) and Koreans (Park 

et al., 2014a), but interestingly, rs800292 was found to be associated in a Chinese population 

whereby the change in VA was 4.4 EDTRS letters in patients with the ‘CC’ genotype 

compared to 15.5 EDTRS letters VA change for the ‘TT’ genotype from baseline at 3 months 

of ranibizumab treatment (Tian et al., 2012). However,, another report from China did not 
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find association of rs800292 with change in VA and CRT on OCT after 6 months of 

ranibizumab or bevacizumab treatment (Fang et al., 2013).  

A number of other SNPs contained in genes of the complement pathway, including eight in 

CFH (rs1081555, rs1410996, rs1329428, rs10737680, rs1329424, rs3766404, rs2274700 

rs393955), four in C3 (rs2230199, rs2230205, rs1047286, rs2250656), one in C2 (rs547154), 

two in SERPING (rs1005510, rs2511989), one in CFB (rs641153) and four in CFHR1 

(rs10922153, rs16840639, rs6667243, rs1853883) have also been examined but not found to 

be associated with vision improvement response following anti-VEGF therapy (Kloeckener-

Gruissem et al., 2011, Tian et al., 2012, Abedi et al., 2013a, Hagstrom et al., 2013, Park et al., 

2014a).  

2.6.3.4 Genes in the locus on chromosome 10 

The variant rs10490924 in the HTRA1/ARMS2 locus at chromosome 10q26 is one of the major 

candidate variants associated with AMD pathogenesis. In addition, this variant is also shown 

to be associated with progression towards nAMD (Sobrin et al., 2011). However, the role of 

the HTRA1/ARMS2 locus is inconclusive based on 12 studies following anti-VEGF treatment 

response in nAMD patients (Table 2.6). Four out of the 12 published studies reported 

association of rs10490924 with less VA improvement after anti-VEGF treatment.  For 

instance, a study  from Australia reported that the individuals with the TT genotype had a 

reduced VA response of -2.6 EDTRS letters compared to individuals with the ‘GG’ genotype, 

who gained 5.2 ETDTRS letters of VA after twelve months of anti-VEGF treatment (Abedi 

et al., 2013a, Tian et al., 2012). Conversely, the remaining eight studies found no association 

of rs10490924 with change in VA after anti-VEGF treatment in nAMD patients (Table 2.6). 

In addition, only one study from the USA (CATT trial) included retinal fluid clearance as a 

treatment outcome variable in addition to VA and found no association of rs10490924 with 

fluid clearance on OCT after 1 year of anti-VEGF treatment (Hagstrom et al., 2013).  
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Table 2.6: Association of genetic variants in the ARMS2/HTRA1 locus on chromosome 10 with treatment response variables following anti-VEGF 

therapy in nAMD 

Gene SNPs Total 
samples 

Drug Time 
points 

(Months) 

Results/Outcome P value  Study 
Population 

Reference 

ARMS2  rs10490924 397 RBZ 3 No association of genotypes with change in VA 0.08 Caucasian (Smailhodzic et al., 2012) 
86 BVZ 9 No association of genotypes with change in VA 0.51 Caucasian (Brantley et al., 2007) 
834 RBZ 

or 
BVZ 

12 No association of genotypes with change in 
VA, retinal fluid and change in  foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2013) 

509 RBZ 12 No association of genotypes with total retinal 
thickness  

>0.05 Caucasian (Lotery et al., 2013) 

201 RBZ 
or 
BVZ 

12 TT genotype associated with less VA 
improvement  

0.002 Caucasian (Abedi et al., 2013a) 

90 RBZ 12 GT genotype associated with less VA 
improvement 

0.01 Caucasian (Teper et al., 2010) 

267 RBZ  12 TT genotype associated with less VA 
improvement  

0.0001 Caucasian (Kloeckener-Gruissem et 
al., 2011) 

96 BVZ 24 No association of genotypes with retinal fluid 
presence or absence  

0.78 Caucasian (Hautamaki et al., 2013) 

150 RBZ 
or 
BVZ 

24 No association of genotypes with change in VA 0.81 Caucasian (Orlin et al., 2012) 

144 BVZ 3 TT genotype associated with less VA 
improvement 

0.03 East Asian (Tian et al., 2012) 

273 RBZ 5 No association of genotypes with change in VA 0.007 East Asian (Park et al., 2014a) 
105 RBZ 12 No association of genotypes with change in VA >0.05 East Asian (Yamashiro et al., 2012) 

HTRA1 rs11200638 104 RBZ 6 AA genotype associated with less VA 
improvement 

0.03 Caucasian (McKibbin et al., 2012) 
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201 RBZ 
or 
BVZ 

12 AA genotype associated with less VA 
improvement 

0.001 Caucasian (Abedi et al., 2013a) 

834 RBZ 
or 
BVZ 

12 No association of genotypes with change in 
VA, retinal fluid and change in  foveal 
thickness 

>0.05 Caucasian (Hagstrom et al., 2013) 

267 RBZ  12 AA genotype associated with less VA 
improvement  

0.0001 Caucasian (Kloeckener-Gruissem et 
al., 2011) 

150 RBZ 
or 
BVZ 

24 No association of genotypes with change in VA 0.97 Caucasian (Orlin et al., 2012) 

144 BVZ 3 AA genotype associated with less VA 
improvement 

0.001 East Asian (Tian et al., 2012) 

83 BVZ 3 No association of genotypes with change in VA 0.33 East Asian (Imai et al., 2010) 
273 RBZ 5 No association of genotypes with change in VA >0.05 East Asian (Park et al., 2014a) 

 RBZ: ranibizumab, BVZ: bevacizumab. Highlighted boxes: Association of variants with treatment outcome following anti-VEGF therapy in AMD patients. 
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Interestingly, variant rs11200638 of the HTRA1 gene is in high linkage disequilibrium with 

rs10490924 r2>0.8 and has been reported to have association with anti-VEGF treatment response 

in nAMD patients in numerous studies (Table 2.6).  Four out of eight studies reported association 

of rs11200638 with change in VA outcome after anti-VEGF treatment. For example, Mackibbin 

and colleagues reported significant association of rs11200638 with better VA outcome, with an 

overall gain of 7.5 and 2.9 EDTRS letters for the high risk genotypes of ‘GA’ and ‘AA’ 

respectively, compared to 2.2 EDTRS letters VA gain for the non-risk genotype ‘GG’, after 6 

months of anti-VEGF treatment (McKibbin et al., 2012). In contrast, in mid-2013 an Australian 

study reported significant association for rs11200638, with a poor VA response of -2.9 EDTRS 

letter for the ‘AA’ genotype and 5.2 EDTRS letters for either the ‘AG’ or ‘GG’ genotypes, after 1 

year of anti-VEGF treatment in nAMD patients (Abedi et al., 2013a). Furthermore, four more 

reports showed no association of rs11200638 variants with anti-VEGF treatment outcome (change 

in VA or retinal fluid clearance) in nAMD patients (Table 2.6). Besides the two variants 

rs10490924 and rs11200638, other four variants (rs3750848, del443ins54, rs3793917 and 

rs932275) in the ARMS2/HTRA1 region did not show any correlation with change in VA after anti-

VEGF treatment (Orlin et al., 2012, Park et al., 2014a).  

2.6.3.5 Genes in the Lipid Metabolism pathway 

Genes in the lipid metabolism pathway are also involved in the anti-VEGF treatment response of 

AMD patients. An example is the APOE gene, as mentioned earlier it is involved in lipoprotein 

transportation and is expressed in Bruch’s membrane and outer segments of photoreceptors and 

the ganglion layer in the retina. It has three alleles; ԑ2, ԑ3 and ԑ4. The ԑ4 allele in the APOE gene 

has been shown to be associated with a good anti-VEGF treatment response after 3 monthly 

injections. A total of 45.5% individuals with the ԑ4 allele gained 10 EDTRS letters compared to 

16.7% individuals with the ԑ2 allele after 3 months of treatment (P = 0.006) (Wickremasinghe et 

al., 2011). Similary, a recent study on 109 anti-VEGF treated nAMD patients reported positive 

association of the ԑ4 allele with mean VA change of 7.8 EDTRS letters compared to the ԑ2 allele 

where the mean VA change was -3.7 ETDRS after 3 months of therapy (Bakbak et al., 2015). 
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Interestingly, ԑ2 protein expression is known to be associated with high expression of VEGF in 

the RPE of transgenic mice (Lee et al., 2007b).  

All the abovementioned pharmacogenetic studies might not explain the entire story of the genetic 

involvement in anti-VEGF treatment outcome but do provide clues that, similar to AMD 

pathogenesis, there are likely to be multiple genetic variants involved with anti-VEGF treatment 

response in nAMD patients.  

2.6.3.6 Cumulative effect of variants  

Rather than considering only single SNPs or genes, another approach has been to identify the 

genetic effect on anti-VEGF therapy through assessing the combination of several SNPs. In 2012, 

the first report of a cumulative effect of risk alleles of multiple SNPs (rs699947, rs10490924, 

rs1061170) from the VEGF, ARMS2 and CFH genes respectively was reported (Smailhodzic et 

al., 2012). They showed that patients presenting with 4 risk alleles from 2 of the SNPs (rs1061170 

and rs10490924) had no improvement in VA after one year and that the addition of 2 more risk 

alleles from the rs699947 SNP demonstrated that carriers of 6 risk alleles from 3 SNPs showed a 

loss of 10 EDTRS letters after 1 year of ranibizumab treatment. In contrast, CATT reported no 

effect with 4 risk alleles combined from rs10490924 and rs1061170 associated with change in VA, 

mean change in foveal thickness and retinal fluid dryness after 12 months of anti-VEGF treatment 

(Hagstrom et al., 2013). Later on, the combined presence of minor alleles from rs4576072 and 

rs6828477 in the VEGFR2 gene were reported as protective for vision improvement after anti-

VEGF therapy. Individuals with a possible combination of the 3 minor alleles from these two SNPs 

improved 0.26logMAR VA compared to patients with no minor allele, who lost 0.03logMAR (P 

= 0.006) after 1 year of treatment (Hermann et al., 2014). In addition, the same group recently 

reported a combined effect of 3 or 4 risk alleles from rs4576072 in the VEGFR2 gene and 

rs2070296 from the NRP1 gene with change in VA (P = 0.003) after 3 monthly anti-VEGF 

injections (Lorés-Motta et al., 2016). In contrast studies by CATT and IVAN reported no 

association of minor alleles of rs4576072 and rs6828477 with improved or loss of VA after 12 

months of ranibizumab or bevacizumab treatment (Hagstrom et al., 2015).  

2.6.3.7 GWAS on treatment response  

The successful implementation of GWAS in identifying genetic risk variants through the use of 

case control association studies has led researchers to apply such an approach to drug response in 
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several different diseases such as myopathy, hepatitis C and multiple cancer types (Roden et al., 

2011, Su et al., 2007, SEARCH et al., 2008, Woo et al., 2012, Ge et al., 2009). However, in the 

case of nAMD, only two GWAS have been reported on small sample sizes in response to 

ranibizumab and aflibercept therapy.    

The GWAS undertaken to identify genetic risk factors for ranibizumab treatment response in 

nAMD consisted of 65 nAMD patients treated with ranibizumab. The primary outcome was 

change in VA at 12 months of treatment; the analysis was performed in two phases. Firstly, genetic 

variants in known AMD risk and angiogenesis pathway genes associated with VA outcome after 

anti-VEGF treatment were identifed. Secondly, SNPs with a minimum significance level of P<10-

7 were considered, no SNP exhibited strong evidence for association with change in VA at 6 and 

12 months of anti-VEGF treatment. However, SNP rs9675979 near the CCDC102B gene was 

associated with baseline VA (P = 3.8 x10-8). In addition, for anatomic variables, one SNP 

rs2298515 was associated with change in CMT after one year of treatment with a genome-wide 

significance of P=3.85x10-8. This SNP is located in an upstream region of NCRNA00158, a non-

coding RNA on chromosome 21 expressing a microRNA with unknown function (Francis, 2011). 

The limitations of this GWAS study was lack of replication and samll sample size of the cohort 

(n=65). 

In May 2016, at the annual meeting of the Association of Research in Vision and Ophthalmology 

(ARVO), another GWAS was reported on 362 (VIEW 1 clinical trial patients) aflibercept treated 

nAMD patients. The outcome variables of the study were gain of ≥15 ETDRS VA, presence of 

retinal fluid on time domain OCT and frequency of number of injections after 52 weeks of 

aflibercept treatment. They found no association of SNPs with gain of ≥15 ETDRS VA and number 

of injection after the therapy, however, suggestive significance of association was shown for SNP 

rs2056688 with persistent retinal fluid presence after 52 weeks of aflibercept treatment (P = 

7.27x10-7). This SNP is present 400kb upstream of the protein kinase X-Linked (PKRX) gene on 

chromosome X. Unfortunately, they did not perform replication of these findings in a second 

aflibercept treated nAMD cohort and the outcome variable of VA was observed for only VA gain 

rather than with overall change in VA.  Furthermore, the study did not observe association of 

variants with VA or fluid presence at 3 months of treatment where the treatment pattern was the 
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same for all patients and this analysis could help in finding the effect of SNP rs2056688 at short 

term of  treatment  (Perlee, 2016).  

In summary, different pharmacogenetic studies suggest that known AMD genetic risk variants may 

influence anti-VEGF treatment outcome in AMD patients and may provide some predictive value 

in treatment response. However, the variability of results appears to reflect ethnic differences, 

different treatment regimens, outcome time points, number of patients, baseline VA, and 

differential VA threshold to decide responder and non-responders and lack of replication. 

Previously published pharmacogenetic studies were limited in that they did not apply next 

generation genetic techniques such as GWAS and whole exome sequencing. The best design for a 

pharmacogenetic study should be based on the following criteria; a large number of patients for 

adequate statistical power to detect associations, recruitment or selection of a similar ethnic group 

to control for variance in population diversity, administration of the same drug and treatment 

regimen for the whole period of study, focused on one primary clinical endpoint such as change in 

VA or change in retinal fluid on OCT, definition of response/outcome variable that is crucial for 

data analysis; for instance in the case of VA it could be used as a continuous variable or binary 

outcome, collection of clinical and demographic data to account for the effect of non-genetic 

variables on treatment outcome, a similar replication cohort for validating the results, use of 

appropriate statistical analysis to model genetic and non-genetic variables, in depth genetic 

analysis to find rare variants with large effect size using a gene-based burden test and the use of 

an advanced high throughput genotyping technology such as GWAS or whole genome exome 

sequencing. Furthermore, variability in treatment response to anti-VEGF therapy, multiple 

endpoint measures and response definition allow us to undertake a good pharmacogenetic study 

on nAMD.  

In this thesis, I present a study investigating genetic factors that affect anti-VEGF treatment 

outcome including functional read out variables such as VA and anatomical variables such as fluid 

clearance and changes in CMT as assessed on OCT through the use of a high throughput genetic 

techniques. 
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2.7 Project Hypothesis      

The hypothesis of the this study was “there is a genetic basis to varying treatment response of 

anti-VEGF therapy in nAMD” 

2.8 Aim and Objectives of the Study 

The aim of the study was to investigate and identify the genetic variants (SNPs), associated with 

anti-VEGF treatment outcome following anti-VEGF injections by using high-throughput genetic 

techniques. 

To achieve this aim, I opted for three objectives: 

1. To replicate the previously reported studies reporting SNPs in the VEGF pathway genes 

including VEGFR1, NRP1 and EPAS1 as being associated with change in VA after anti-

VEGF treatment in nAMD patients (Chapter 4). 

The next two aims were focused on assessing genetic variants across the entire human genome 

that will help to identify the novel makers for differential anti-VEGF treatment response in nAMD 

patients.  

2. To  undertake a GWAS study using two different approaches: 

i. A cost effective pooled DNA GWAS approach on nAMD patients following anti-

VEGF injections (Chapter 5).  

ii. A multi-centre customized GWAS on exome chip variants from the International 

AMD Gene Consortium (IAMDGC) anti-VEGF treated cohorts to screen variants 

associated with treatment outcome after anti-VEGF therapy (Chapter 6). 

3. To perform whole exome sequencing in nAMD patients, to identify variants in their 

complete coding sequence associated with retinal fluid presence after anti-VEGF treatment 

(Chapter 7).  

My PhD takes a pharmacogenetic approach, making use of advanced genetic techniques and 

bioinformatics analysis, with the aim of identifying and explaining the resultant variable anti-

VEGF response seen in nAMD patients. It is also hypothesized that by generating genetic profiles 

of risk variants, these can be used as predictors for anti-VEGF treatment response that will help in 

identifying the biological pathways that will provide potential avenues for new drug development 

to be used as alternate or adjuncts to existing anti-VEGF treatment and potentially a personalized 

treatment.  
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 Methodology  

 

This chapter describes the common methods used in parts of this thesis.  

3.1 Patient recruitment  

This study was approved by the Human Research and Ethics Committee of the Royal Victorian 

Eye and Ear Hospital (RVEEH) and performed in accordance to the tenets of the Declaration of 

Helsinki (7th revision). Written informed consent was obtained from all study participants. The 

inclusion criteria was patients >50 years of age who presented with active sub-foveal CNV 

secondary to AMD and received intravitreal anti-VEGF injections. All cases exhibited 

neovascularization after examination of their fundus photography, fundus fluorescein angiography 

(FFA) using IMAGEnet 2000 (Topcon Corporation, Tokyo, Japan) and optical coherence 

tomography (OCT) measures with Stratus OCT version 5.0.1 (Carl Zeiss Meditec, Dublin, CA), 

Cirrus HD-OCT version 6.0.0.599 (Carl Zeiss Meditec) or spectral domain (SD)-OCT (Heidelberg 

Engineering, Heidelberg, Germany). Exclusion criteria were CNV associated with non-AMD 

conditions such as degenerative myopia, angioid streaks, hereditary retinal disorders and 

previously treated nAMD patients with laser photocoagulation or photodynamic therapy before 

anti-VEGF treatment. Visual acuity was measured using an ETDRS chart at 4-metre distance at 

each visit until 12 months from the date of first injection. All the nAMD patients were treated with 

three monthly intravitreal anti-VEGF injections and follow up injections were applied based on 

the discretion of the retinal specialist who considered loss VA ≥ 5 EDTRS letters, the presence of 

fluid on an OCT scan (qualitative measure solely depending on the retinal specialist’s decision) or 

presence of chronic or new retinal haemorrhage as the criteria for treatment. Detailed description 

of two Australian cohorts that has been used in this thesis is given below.  

3.1.1 First anti-VEGF treated nAMD Cohort  

The 1st cohort of patients was part of a retrospective study recruited during 2006-2011 by clinicians 

in the medical retina clinic of the (RVEEH), Melbourne, and Australia. This cohort was used in 

the pooled DNA based GWAS study as described in chapter 5. A total of 297 patients met the 

inclusion criteria (277 unilateral and 20 bilateral). The demographic data collected include age (at 

the time of first injection), gender, ethnicity and smoking status was also collected. For clinical 

data collection at baseline (treatment start date) and follow-up, medical record files were used. 
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Data collection include VA (at time of treatment started), lesion size, CNV type, VA at 3, 6, 12 

months, number of injections and injected drug. The majority of nAMD patients were treated with 

monthly ranibizumab injections (Lucentis; Novartis Pharma AG, Basel, Switzerland) for 3 months 

of initial dosing except for 27 (9.0%) patients who received a first injection of bevacizumab 

(Avastin; Roche, Basel, Switzerland) (while awaiting for government approval for ranibizumab). 

The collection of morphological variables such as retinal fluid clearance and CMT on OCT began 

in June 2014 to investigate the association of genetic factors with these variables after anti-VEGF 

treatment. To evaluate the retinal OCT images, two clinicians independently assessed all the 

medical record files to obtain the OCT exam data. All retinal scans were assessed on the OCT 

machine and the data were recorded directly on a Redcap database using an OCT-grading form 

template (Appendix A-1) that included the presence and absence of retinal fluid and change in 

CMT before and after the anti-VEGF treatment. A total of 140 patients (130 unilateral, 10 bilateral) 

had OCT data that was available and 119 images were available on stratus OCT, 20 on cirrus and 

only 1 image was present on a spectral domain OCT machine. VA at baseline and at 3, 6 and 12 

months of treatment and demographic data of all 140 patients were added to a Redcap database so 

all the clinical data were available in an electronic form. I exported demographic and clinical data 

of 140 patients from the Redcap database into an excel file for use in this thesis.  

3.1.2 Second anti-VEGF treated nAMD Cohort  

The 2nd cohort of anti-VEGF treated nAMD patients used in this thesis were collected for exome 

sequencing and described in Chapter 7. These patients were recruited using the above-mentioned 

inclusion and exclusion criteria from January 2012 to May 2014. For clinical data collection I 

initially searched a list of AMD patients treated with anti-VEGF therapy in our Macular Research 

Unit (MRU) database and a total of 92 patients were available. The demographic information was 

recorded at the time of patient recruitment and was taken from the MRU database. For the clinical 

data collection, I investigated all 90 medical record files from the RVEEH medical records 

department, and recorded the following data for each visit: age and baseline VA (at the time of 

first anti-VEGF injection), visit date, VA in both eyes, injection number and anti-VEGF drug. In 

addition, dates of retinal OCT imaging at first and 4th visit (one month after 3rd injection, ±2 weeks) 

were also recorded. I also accessed retinal scans from the OCT machine in the medical imaging 

centre at the RVEEH and this study further described in chapter 7. 
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Out of a total of 90 patients, OCT records of 54 patient’s images were available in spectral domain 

(SD) OCT format or from Cirrus OCT at the time of first injection and fourth visit (one month 

after third injection). The remaining 36 patients were excluded because: 3 had a technical failure 

of their images that would no open in in the  OCT machine, 2 patients had OCT images that were 

clinically indeterminable (uncertainty as whether to label as responder or non-responder), 1 was 

treated with anti-PDGF (FOVISTA®, Ophthotech, USA), 16 had OCT performed in a private 

clinic (either first or fourth review), 5 had only 1 or 2 injections, 5 had OCT image records that 

were missing (either for first or fourth visit) and 4 had their fourth visit OCT performed more than 

one month (+2weeks) after the third injection. Finally, the VA and OCT data that was useable on 

the remaining 54 patients were exported to a Redcap database. Following this initial assessment, 

an additional 21 nAMD patients treated with anti-VEGF treatment become available from the 

MRU database who were recruited between June 2014 to March 2015 and all these 21 patients met 

the above mentioned inclusion and exclusion criteria of this study making a total of 75 samples 

(54 +21) in the 2nd cohort. Subsequently, samples with both VA and OCT data from both the1st 

and 2nd anti-VEGF treated nAMD cohorts were combined to make one dataset of 215 (140+75) 

samples.  In total 215 patient cohort (140+54+21) were available with both VA and OCT data after 

anti-VEGF treatment. 

3.1.3 Description of how 1st and 2nd Cohort were used in this Study   

Here I describe how the above mentioned two cohorts were used in different chapter of the thesis. 

At the beginning of my PhD program, 297 nAMD patients were available with VA data at 3, 6 and 

12 month of anti-VEGF treatment. I used this 297 patient cohort to perform a pooled DNA based 

GWAS study as described in chapter five of the thesis. Subsequently, out of 297 patients a total of 

140 patients had anatomical data available through OCT.  On advice of my supervisors I used only 

these 140 patients from the first cohort of 297 patients in chapters 4, 6 and 7 of my thesis because 

of availability of both VA and OCT data 

Next, I undertook exome sequencing study in anti-VEGF treated nAMD patients to assess the 

association of the coding variants with anti-VEGF response such as retinal fluid presence after 

three months of anti-VEGF treatment as described in chapter 7 of the thesis. For exome sequencing 

study 54 nAMD patients (from 2nd cohort described above because at the time sequencing only 54 

samples were available) were used in the discovery phase and replication of the exome sequencing 

findings were undertaken on  161 patients (140 patients from first cohort and 21 subsequent 
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patients  from 2nd cohort, see above). Finally, a meta-analysis of the top genetic variants was 

undertaken using both discovery (n=54) and replication cohort (n=161) that gives a total of 215 

patients (54+161) see chapter 7. 

In chapter 4 replication of the recent findings of association of the variants in VEGFR2, EPAS1 

and NRP1 genes with anti-VEGF treatment response in nAMD patients were undertaken using 

final cohort of 215 nAMD patients. In the chapter six of thesis I performed GWAS on anti-VEGF 

treated nAMD patients on exome chip variants from IAMDGC, for Melbourne cohort out 215 

patients a total 119 patients were available on the exome chip and used in discovery GWAS phase 

while the reaming 88 samples were used for replication (excluding 8 aflibercept patients) as 

described in chapter 6 of the thesis.  

The detailed information of first cohort (n=297) about the treatment regimen and anti-VEGF drug 

used is provided in Chapter 5.  For other three studies that includes replication of known variants 

(Chapter 4), GWAS using IAMDC exome chip (Chapter 6) and exome sequencing (Chapter 7), I 

describe the use of 215 patients, for this cohort the majority of the patients (90%) were treated 

with monthly ranibizumab injections (Lucentis®) for 3 months of initial dosing (also includes 24 

(11.0%) patients who received a first injection of bevacizumab (Avastin®; Roche, Basel, 

Switzerland)  while waiting for government approval for ranibizumab). Another 13 patients (6.0%) 

were treated with 3 monthly bevacizumab (Avastin®) and 8 patients (4%) injections of the 

aflibercept (Eylea®). After 3 monthly injections, patients who were on ranibizumab or 

bevacizumab treatment were followed either monthly on a pro re nata (PRN) treatment regimen 

(n=140) or treat and extend (T&E) regimen (n=67). The latter entailed extending the intervals for 

next clinical review by 2 weeks if there was no signs of active neovascular disease (decrease in 

VA ≥ 5 letters, fluid on OCT or new haemorrhage). 

All patients were collected at different time points and the patient’s clinical data, such as VA and 

morphological information, were used according to availability at the time that the genetic analysis 

was performed. 5ml of blood from each patient was collected in an anti-coagulant tube either at 

the time of recruitment or at follow-up visit and stored at 4C for future use. 

3.2 Genetic Analysis 
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The main focus of this thesis was the use of high through put genetic techniques such as GWAS 

and whole exome sequencing (WES) to identify SNPs associated with anti-VEGF treatment 

response in nAMD. Each of these techniques is explained in detail in their respective chapter.  

This next section details the use of the Agena Bioscience MassArray Iplex genotyping technique 

that was used to perform genotyping of specified SNPs (Chapter 4 to 7) in different regions of the 

human genome to detect association of these SNPs with anti-VEGF treatment response in nAMD 

patients. 

3.2.1 Iplex genotyping assay  

Genotyping through the Agena MassArray® platform (Agena Bioscience, Inc. QLD, Australia) 

consisted of two major steps the primer design step and the Iplex chemistry step.  For the first step, 

two sets of oligonucleotide primers were made for each locus-specific polymerase chain reaction 

(PCR) in addition to a SNP site specific extension primer designed using the Assay Design Suite 

(ADS) software version 2.0. In the second step, the iplex chemistry consisted of two main PCR 

reaction steps, a locus-specific amplification followed by an extension reaction through the 

annealing of oligonucleotides immediately upstream of the polymorphic site. For the first thermo 

cycling reaction, a master mix was made and for each sample the following reagents from Agena 

were used: 1.9µl water (HPLC grade), 0.625µl 10x PCR buffer (containing 15mM MgCl2,), 

0.325µl MgCl2 (25mM), 0.1µl dNTP mix (25mm each), 1.0µl 500nM primer mix (both forward 

and reverse primers), and 0.2µl (1 unit) of Hotstart Taq DNA polymerase added. A total of 4µl of 

the PCR mix was added to a 384 well microtiter plate (Abgene) and 1µl of genomic DNA (5-

10ng/µl) was added to this mixture.  The plate was mixed using a vortex, and centrifuged for 2 

minutes at 1,200 revolutions per minute (RPM). Then the microtiter plate was placed in an Applied 

Biosystems Gene Amp PCR System 9700 thermocycler and the PCR was performed using the  

following condition: 94ºC for 15 minutes, 45 cycles of 94ºC for 20 seconds 56ºC for 30 seconds 

and 72ºC for 1 minute with a final extension step of 72ºC for 3 minutes. The next step was 

purification of the PCR product by adding 2µl of a shrimp alkaline phosphatase (SAP) cocktail 

(0.153µl nanopure water, 0.170 µl 10x SAP buffer, 0.30 µl of SAP enzyme) in each well and the 

plate was incubated in two steps 37ºC for 40 minutes and 85ºC for 5 minutes and left at 4ºC.  After 

incubation, an iplex extension PCR reaction was performed on the amplified SAP treated PCR 

product using single base extension (SBE) primers. The PCR program for the 2nd PCR was nested 

and consisted of denaturation at 94º C for 30 seconds followed by primer annealing for 5 seconds 
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at 52 º C and extension for 5 minutes at 80º C for 5 cycles and then a loop back to the first 

denaturation step and entered again through 5 cycle loop. These loop and denaturation steps 

totalled 40 cycles, with a final extension step of 3 minutes at 72ºC.  

 

After the 2nd PCR the extended primer PCR product was cleaned by adding 6mg resin (Agena 

Bioscience), and centrifuged at 1,200 RPM for 2 minutes. The 384-microtitre plate was delivered 

to the Murdoch Children’s Research Institute at the Royal Children's Hospital, Melbourne, 

Australia to run on the Mass Array platform (Agena Bioscience, Inc. QLD, Australia). All 

reactions from the 384-well microtiter plate were spotted on a spectorchip® using an Iplex 

MassArray nano dispenser and then analysed by MALDI-TOF spectrometry on the MassArray 

work station analyser 4.0 (Agena Bioscience, Inc. QLD, Australia). The Agena provided software 

“spectroTYPER” was used which automatically translated the mass of the observed primer into 

genotype and generated the list of genotypes for all SNPs corresponding to each sample in an excel 

file. The genotypes of each SNP were then used to perform the required statistical analysis. 

3.3 Statistical Analysis 

This section focuses on common statistical methods used during the study to determine the 

association of genetic variants with functional observations such as VA and morphological 

variables including the presence/absence of retinal fluid and changes in CMT after anti-VEGF 

treatment in nAMD patients.   

Linear regression was undertaken to assess the role of demographic and baseline characteristics 

including age, gender, smoking status, CNV size, lesion type, number of injections and baseline 

VA with the dependent variables such as change in VA, fluid dryness and central macular thickness 

after anti-VEGF treatment.  

The statistical analysis of the genotyping data specific to each technique is explained in chapters 

4, 5, 6 and 7 whereas, details of common statistical methods are provided here, In case of   

dichotomous variables a logistic regression was used to analyse the genetic association within the 

responder and non-responder groups. In the pooled GWAS study, in chapter 5, the definition of 

response was patients who lost ≥5 ETDRS letters VA were classified as non-responders and the 

remainder were classified as responders. While for the exome sequencing study in chapter 7, the 
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definition of response was based on qualitative changes on OCT, retinal fluid (intra-retinal/sub-

retinal) presence (non-responder) and fluid absence (responder) after 3  months of anti-VEGF 

therapy  However, for continuous variables a linear model was used to determine the association 

with genetic variants. Results are reported as Beta (β) for linear and odds ratio (OR) for logistic 

tests, 95% confidence intervals (95% CI) and p value with statistical significance being defined as 

P <0.05 and if required multiple testing correction using Bonferroni method. Wherever applicable, 

each analysis was adjusted for age, baseline VA and number of injections. 

For the above mentioned analyses the statistical software PLINK V1.07 (Purcell et al., 2007) 

(http://pngu.mgh.harvard.edu/~purcell/plink/) and R version 3.1 (http://www.R-project.org/) were 

used.  

 

 

 

 

 

 

 

  

http://pngu.mgh.harvard.edu/~purcell/plink/
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 Association and meta-analysis of VEGFR2, NRP1 and EPAS1 

gene polymorphisms with anti-VEGF treatment response in nAMD 

 

4.1 Introduction  

Neovascular AMD (nAMD) cause severe vision loss due to leaky blood vessels, reflecting 

abnormal angiogenesis with the main modulator of this process being  VEGF(Ferris et al., 1984). 

The high levels of VEGF in the retina of AMD patients is considered a major risk factor in the 

resulting CNV process, causing haemorrhage, exudation and ultimately loss of central 

vision(Witmer et al., 2003).  Therefore, the most suitable current treatment for nAMD is through 

the use of intravitreal injections of anti-VEGF agents such as Ranibizumb (Lucentis; Novartis 

Pharma AG, Basel, Switzerland), Bevacizmab (Avastin; Roche, Basel, Switzerland) and 

aflibercept (Eylea; Regeneron, Tarrytown, NY).  These drugs have been shown to either stabilise 

or improve visual acuity (VA) in approximately 85-90% of patients while the remaining 10-15% 

appear to continue to lose vision (Finger et al., 2014, Rosenfeld et al., 2006). This variable 

treatment response is poorly understood and may, in part, be explained by genetics (Fauser and 

Lambrou, 2015). 

As described in the literature review section of this thesis, several studies have investigated known 

AMD genetic risk factors with anti-VEGF treatment response in nAMD, but inconsistent results 

have been reported (Riaz and Baird, 2017, Fauser and Lambrou, 2015, Finger et al., 2014). In 

addition, studies have also examined the association of variants in genes involved in the VEGF 

signalling pathway with variable treatment response in nAMD patients (Hermann et al., 2014, 

Lorés-Motta et al., 2016, Lotery et al., 2013). However, inconsistent results have also been 

reported in these studies (Lotery et al., 2013, Hagstrom et al., 2014a, Hermann et al., 2014, 

Hagstrom et al., 2015). 

The current chapter describes investigation of five previously reported studies that have performed 

association of genetic variants in three genes VEGFR2, NRP1 and EPAS1 of VEGF signalling 

pathway in nAMD patients following anti-VEGF treatment.  

The first, study was reported by Hermann and Colleagues (Hermann et al., 2014), where they 

evaluated the association of 126 genetic variants in the VEGF family (VEGFA, VEGFB, VEGFC, 
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VEGFD, and placental growth factor (PGF) ) and its receptors (VEGFR1 and VEGFR2) genes in 

366 ranibizumab treated nAMD patients. They observed a positive association of minor allele ‘C’ 

of SNP rs4576072 in the VEGFR2 gene with VA improvement at 3 and 12 months of ranibizumab 

treatment (corrected P = 0.007 and P = 0.002, respectively). Another variant rs6828477 in the 

VEGFR2 did not show significant association with change in VA at 3 month (p = 0.81) but 

exhibited significant association of the minor allele, ‘C’ with improvement of 0.06 Logarithm of 

the Minimum Angle of Resolution (logMAR) VA at 12 months of ranibizumab therapy (corrected 

P = 0.03). The cumulative effect of the minor alleles of SNPs rs4576072 and rs6828477 revealed 

that individuals presenting with 3 minor alleles led to an improvement of 0.26 logMAR VA 

compared to loss of 0.03 logMAR VA in individuals with no minor allele after 12 months of 

ranibizumab treatment.  In contrast, a second study used patients from the CATT (n = 835) and 

IVAN (n = 512) studies. No association of variants rs4576072 and rs6828477 in the VEGFR2 gene 

was found with VA response at 3 and 12 months of ranibizumab or bevacizumab treatment (P > 

0.05) (Hagstrom et al., 2015). Additionally, this study did not find significant association of the 

cumulative effect of the minor ‘C’ allele of rs4576072 and rs6828477 with VA improvement (P > 

0.05) (Hagstrom et al., 2015). 

A third study from Europe evaluated the association of the SNP rs2070296 in the NRP1 gene (a 

co-receptor of VEGFA) with change in VA in 366 ranibizumab treated patients.  At 3 months of 

ranibizumab therapy, they found significant association of risk allele A of the SNP rs2070296 with 

change in VA (P = 0.01) but failed to show association with change in VA at 6 and 12 months of 

treatment (P = 0.25 and P = 0.46, respectively). In addition, they also reported the cumulative 

effect of SNP rs4576072 (T risk allele) in VEGFR2 gene and SNP rs2070296 (A risk allele) in the 

NRP1 gene with change in VA after anti-VEGF treatment. Individuals carrying more than 2 risk 

alleles had worse VA improvement (1 ETDRS letter) compared to individuals with no or 1 risk 

allele (4.5 EDTRS letters) after 3 months of ranibizumab treatment (P = 0.003, respectively). This 

combine effect of rs4576072 (T risk allele) and rs2070296 (A risk allele) on VA was also seen at 

6 and 12 month of treatment (P= 0.04, P = 0.03 respectively) (Lorés-Motta et al., 2016).  

The fourth study reported by Lotery and colleagues (Lotery et al., 2013), used the IVAN trial 

(n=509) samples and reported association of variant rs9679290 in the EPAS1 gene with total retinal 

thickness (TRT) change at 12 months of ranibizumab treatment (unadjusted P=0.002) but was not 

significant after Bonferroni multiple correction (P=0.84). Finally, a fifth study from the CATT 
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trial reported no association of rs9679290 with TRT following 1 year of anti-VEGF treatment 

(Hagstrom et al., 2014a). While the majority of data on these SNPs has been related to change in 

VA, to date, no study has reported association of these four variants; rs4576072, rs6828477, 

rs2070296 and rs9679290 with change in retinal fluid clearance on OCT after anti-VEGF 

treatment.  

In chapter 4 of my thesis, I examined the SNPs rs4576072 and rs6828477 in the VEGFR2 gene, 

rs2070296 in the NRP1 gene and rs9679290 in the EPAS1 gene in the VEGF signalling pathway 

to assess their effect on anti-VEGF treatment response following anti-VEGF treatment. 

Associations were assessed with two treatment response variables. The first of these was functional 

outcome that included change in VA at 3, 6 and 12 months of treatment. The second of these 

responses was with anatomical variables including retinal fluid clearance and CMT changes on 

OCT at 3 months of anti-VEGF treatment. An assessment of the cumulative effect of different 

combinations of these SNPs on response variables, followed by meta-analysis of these results with 

previously reported studies was undertaken to assess the association of these SNPs with change in 

VA as the main outcome variable after anti-VEGF treatment 

4.2 Methods  

4.2.1 Patient recruitment 

A total of 215 nAMD patients were recruited consecutively from the medical retinal clinic of the 

RVEEH. Detailed inclusion and exclusion criteria have been provided in the Methodology section 

of this thesis (Chapter 3). Briefly, aflibercept treated nAMD patients were excluded (n =8), leaving 

207 patients in the study. For all cases, VA was measured at baseline (at the time of first injection) 

and after 3, 6 and 12 months of anti-VEGF treatment. The morphological presence or absence of 

fluid and central macular thickness was recorded from baseline (start date of treatment) and at the 

4th review (visit after 3 months of treatment) by OCT images as assessed by two independent 

retinal specialists.  After 3 monthly injections, retreatment was performed if any one of the 

following conditions was met: the loss of VA ≥ 5 EDTRS letters, the presence of fluid on an OCT 

scan (qualitative measure solely depending on the retinal specialist’s decision) or presence of 

chronic or new retinal hemorrhage.  Data on demographics and clinical history were also collected 
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for all patients. For DNA analysis, a blood sample was obtained from each patient either at the 

time of the first visit/treatment or during a retrospective visit.  

4.2.2 Genotyping 

A maximum of 9mL of peripheral blood from each patient was used for DNA extraction using the 

QIAamp DNA Maxi kit (Qiagen, Germany) and more recently, the Nucleospin Genomic DNA 

from Blood XL kit (Macherey-Nagel GmBH & Co, Düren, Germany). The details of genotyping 

are provided in chapter 3 (Methodology). Briefly, the Iplex MassArray platform (Agena 

Bioscience Inc. iPlex®) was used to perform genotyping of the four SNPs rs4576072 and 

rs6828477 (VEGFR2), rs2070296 (NRP1) and rs9679290 (EPAS1). Firstly primers were designed 

using assay design suite (ADS) software (Table 4.1) and then a two-step PCR reaction was 

performed followed by reading of the genotype using a MassArray work station analyser 4.0 at the 

Murdoch Children’s Research Institute, Parkville, Victoria, Australia. 
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Table 4.1: Primer Sequences of SNPs in VEGFR2, NRP1 and EPAS1 genes 

 

SNP ID Forward Primer Sequence Reverse Primer Sequence Extension Primer Sequence 

rs6828477 ACGTTGGATGAATCTAGACGTCATTCTGC ACGTTGGATGGCAAATAAAGATTTCAAAGAC CACTTTGGAAATGACAAAAC 

rs4576072 ACGTTGGATGTATCGAGGGTCGGTAAAAGG ACGTTGGATGACAGTAGCAGGTGCTGTTTC AAGGAAAATCTAATGGGAAA 

rs2070296 ACGTTGGATGGCTCCAGGTCAAAGCTTTCA ACGTTGGATGTATCCCAACAGCCTTGAATG GATAATCTCTGACATCTTTGG 

rs9679290 ACGTTGGATGCCAGTGGCCTTGAGGTTTG ACGTTGGATGAAGACCTTGCTTTGCCAGAG CAGTGGCCTTGAGGTTTGTCAGAA 

Primers designed using SDS software by Agena Bioscience 
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4.2.3 Statistical Analysis 

VA measurements were recorded at 3, 6 and 12 months in EDTRS letters and change in VA 

was calculated as the difference between baseline VA to 3, 6 and 12 months of treatment. 

Change in VA was considered as a continuous variable.  For morphological outcome variables 

assessed by OCT, patients with fluid absence after 3 months of treatment were considered 

dry, whereas all others patients were classified as wet. Change in CMT was calculated as the 

difference between baseline and 3 months CMT and considered as a continuous variable. 

Linear regression was used to determine the association of baseline characteristic such as age, 

gender, smoking, lesion size, CNV type, number of injections with change in VA, change in 

CMT and fluid presence/absence on OCT. 

The additive genetic model was used to determine the association of number of copies of 

minor alleles in each SNP with change in VA at 3, 6 and 12 months as well as change in CMT 

at 3 months of treatment. The association of all 4 SNPs with change in VA and CMT using 

the Mann-Whitney U-test was also assessed. Logistic regression was used to assess the 

association of SNPs with fluid (dry or wet) on OCT at 3 months of treatment. In addition, 

other genetic models such as dominant and recessive were also applied to check association 

of the 4 SNPs with fluid absence and clearance after treatment.  Bonferroni adjustment was 

used to correct for multiple testing (0.05/4 corrected P<0.01). 

I also determined the association of the cumulative effect of SNPs rs4576072 and rs6828477 

based on the number of minor alleles (0-4) present in each patient with change in VA at 3, 6 

and 12 months and fluid clearance on OCT at 3 months of treatment using linear regression.   

To replicate previously published cumulative allelic load of SNP rs2070296 (minor allele A) 

and rs4576072 (major allele T risk in previous studies) the patients were divided into three 

groups; those who carried less than 2 risk alleles; those with 2 risk alleles; and those with 

more than 2 risk alleles and association of these groups with treatment outcome were assessed 

using Mann-Whitney U test. Statistical analysis was undertaken using R version 3.2 and 

PLINK (http://pngu.mgh.harvard.edu/purcell/plink/). 
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4.2.4 Meta-analysis  

4.2.4.1 Searching and inclusion criteria of the studies  

The meta-analysis was performed in accordance to the PRISMA statement check list 

[Appendix B-1] (Moher et al., 2009). A search of the electronic data bases PubMed, Web of 

Science and Embase was conducted in August 2016 by MR.  The search for articles was based 

on the subject term “Age related macular degeneration” or “Choroidal neovascularization” in 

combination with the following key words “VEGFR2”, “NRP1”, “EPAS1”,                                           

“pharmacogenetics” and “pharmacogenomics”. In addition, four clinical trial registries The 

World Health Organization (WHO) International Clinical Trials Registry 

(http://apps.who.int/trialsearch), The Australian and New Zealand Clinical Trials Registry 

(http://www.anzctr.org.au), the European Union Clinical Trials Register 

(https://www.clinicaltrialsregister.eu) and clinicaltrials.gov (https://clinicaltrials.gov) were 

also searched. Furthermore, the articles in the reference lists of included studies were assessed 

for additional eligible studies. 

Observational cohort studies and randomized clinical trials on humans were considered for 

inclusion. Participants must have been ≥ 50 years of age and diagnosed with nAMD on the 

basis of retinal examination, fundus fluorescein angiography and OCT. All the patients should 

be treated with ranibizumab, or bevacizumab and have been genotyped for variants rs4576072 

(VEGFR2), rs6828477 (VEGFR2), rs2070296 (NRP1) and rs9679290 (EPAS1). The outcomes 

of interest were the mean change in VA, the mean change in CMT and the presence of retinal 

fluid at 3 and/or 12 months of anti-VEGF treatment. The standard deviation (SD) or enough 

data for the SD to be calculated was necessary for inclusion. 

Studies that were excluded based on the following exclusion criteria: nAMD patients who had 

received other drugs/treatment, pharmacogenetics studies not related to nAMD or anti-VEGF 

treatment, no relevant genes or SNPs, and non-human studies. We excluded studies that used 

aflibercept for the treatment of nAMD because patients in our cohort were not treated with 

aflibercept. 

4.2.4.2 Data extraction and quality assessment 

I performed the quality assessment and data extraction. The information extracted from each 

study was title, year of publication, authors, study design, ethnicity of participants, country of 

http://apps.who.int/trialsearch
http://www.anzctr.org.au/
https://clinicaltrials.gov/
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study, method of patient recruitment, number of subjects, frequency of genotype for each 

SNP, anti-VEGF drug used to treat nAMD, treatment regimens after initial three monthly anti-

VEGF injections, and mean change in VA in EDTRS or logMAR at 3 and/or 12 months of 

anti-VEGF treatment either adjusted or unadjusted for confounding covariates.  

The quality assessment of each included study was evaluated using the Newcastle-Ottawa 

Quality Assessment Scale (NOS) check list (Wells et al., 2011). NOS assessment criteria for 

each study was based on three categories, selection (three items, one star each), comparability 

(one item, maximum of two stars) and outcome/exposure (three items, one star each).  Studies 

with a six or above NOS quality score were considered high-quality and included in the meta-

analysis. We have used NOS stringent inclusion criteria compared to previously reported 

meta-analysis on anti-VEGF treatment response in nAMD on VEGF pathway genes by Wu 

and Colleagues (Wu et al., 2016). They have used NOS score of 4 to include studies in the 

meta-analysis.  

4.2.4.3 Data synthesis for meta-analysis   

I used Review Manager (RevMan, software version 5.1, Copenhagen, Denmark: The Nordic 

Cochrane Center, The Cochrane Collaboration, 2011) to undertake a meta-analysis of data 

from the current study and previously published studies fitting the inclusion criteria 

(http://community.cochrane.org/tools/review-production-tools/revman-5). There were 

insufficient studies to assess small study effects and publication bias via examination of funnel 

plots (Lau et al., 2006). The I2 statistic was calculated to quantify statistical heterogeneity 

between studies.  Random effects models were applied to determine the association of having 

one minor allele for each SNP with change in VA at 3 and 12 months of treatment. We have 

included both retrospective and prospective studies in meta-analysis due to limited studies 

published on anti-VEGF treatment outcome. It is in agreement with previously published 

meta-analysis on anti-VEGF treatment outcome in nAMD patients (Wu et al., 2016).   
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4.3 Results 

4.3.1 Functional outcome: Visual Acuity 

Demographic data and clinical characteristics of the 207 recruited patients are outlined in 

Table 4.2. All the participants were Caucasian and included 96 females (46%) and 111 (54%) 

males. The overall mean age was 79.2±7.0 years and the average baseline VA was 49.0±20.0 

EDTRS letters. The multivariate linear model showed that baseline VA was significantly 

associated with change in VA after 3, 6 and 12 months of treatment (p < 0.05), while gender, 

age, smoking, lesion type, CNV size and number of injections were not associated with change 

in VA at 3, 6 and 12 months of anti-VEGF treatment (p > 0.05) (Table 4.3). The genotyping 

rate for all four SNPs (rs4576072, rs6828477, rs2070296 and rs9679290) was over 98% in all 

the samples and none of the SNPs showed deviation from the Hardy-Weinberg equilibrium 

test (p>0.18).   
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Table 4.2: Patient demographics and clinical characteristics at baseline and after anti-VEGF treatment 

Gender (n=207) 

Female 

Male 

 

96 (46%) 

111 (54%) 

 

Age (years), mean ± SD 

Range 

 

79.2±7.0 

(54-102) 

 

Baseline Visual Acuity (ETDRS letters) 

mean ±SD 

Visual Acuity change form baseline (ETDRS letters) 

mean ±SD 

                  3 Month 

                  6 Month  

                  12 Month 

 

 

49.0±20.0 

 

 

7.2±12.2 

6.9±13.4 

5.3±14.3 

Type of lesion 

Predominantly Classic 

Non-Predominantly Classic 

Missing Data 

 

 

18% 

49% 

33% 

*+Size of CNV 

< 2 optic-disc area 

> 2 Optic-disc area 

Missing Data 

 

37% 

21% 

42% 

 

Number of Injections 

mean ±SD     

6 Months 

12 Months 

 

 

5.0±2.1 

8.0±3.4 

 

Retinal Fluid location at 3 Month on OCT 

                 Dry (No fluid) 

                 Wet (Fluid present) 

                 Missing data 

 

 

145(70.0%) 

61(29.5%) 

1(0.5%) 

 

Baseline Central Macular Thickness (CMT), µm 

mean ±SD 

CMT change at 3 months form baseline (µm) 

mean ±SD 

 

 

368±124.0 

 

-111.0±138.0 

 

 

SD = Standard Deviation; ETDRS = Early Treatment Diabetic Retinopathy Study; *In the discovery cohort, 

one optic-disc area is equal to 2.54 mm², based on an optic disc diameter of 1.8mm. CNV: choroidal 

neovascularization. Missing Data was defined for clinical characteristic at the end of the study while the 

spread of data unavailability were random across all patients.  
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Table 4.3: Analysis of the influence of demographics and clinical variables on change in VA after 3, 6 and 12 months of anti-VEGF treatment 

 3 Months (n = 207) 6 Months (n=175) 12 Months (n=182) 

Characteristics P-Value β (CI 95%)  P-Value β (CI 95%)  P-Value β (CI 95%)  

Gender (Males Vs Female) 0.74 0.69 (-2.84  4.23)2 0.12 4.00 (-0.29- 8.30)  0.35 2.66 (-2.04-3.37)  

Age  0.23 -0.16 (-0.40-0.06)0 0.43 -0.13 (-0.41- 0.14)  0.06 -0.35 (-0.29-0.14)  

Baseline VA <0.001 -0.29 (-0.38 to -0.19)  <0.001 -0.34 (-0.45 to -0.22)  <0.001 -0.32 (-0.45 to -0.19)  

Smoking 0.72 -0.74 (-4.22 -2.72) 2 0.52 1.63 (-2.60 – 5.88)  0.54 -1.7 (-6.28-2.87)  

Lesion Type 0.67 1.07 (-3.20-5.35  0.34 -2.99 (-8.13 to 2.15)  0.10 -5.7 (-11.46 – 0.03)  

Lesion Size 0.97 0.06 (-3.20-3.73) 3 0.54 1.64 (-2.77 – 6.06)  0.94 0.19 (-4.68-5.07)  

Injections  NA NA 0.80 -0.22 (-1.77  -1.32)  0.17 0.74 (-0.14-1.63)  

P value calculated using multivariable linear regression test of change in VA; β: coefficient of the linear regression; CI: 95% confidence Interval; 
SE: Standard Error; VA: Visual Acuity; CNV: Choroidal Neovascularization.  At three months,  all patients received  three injections hence NA: 
non applicable  
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Linear regression analysis of SNPs rs4576072 and rs6828477 in the VEGFR2 gene showed 

no significant association of the ‘C’ minor allele with change in VA at 3, 6 and 12 months of 

treatment (P> 0.05) except for rs4576072, where the C allele showed a trend towards 

association with change in VA at 6 months of treatment (P = 0.08). The analysis of CC versus 

TT genotype showed significant association with change in VA at 3 months of treatment (P = 

0.03) but did not remain significant after multiple testing (P > 0.01) (Table 4.4). Similarly, 

SNP rs2070296 in the EPAS1 gene was not associated with change in VA at 3, 6 and 12 

months of treatment response (p > 0.05).  SNP rs9679290 in the NRP1 gene also did not show 

significant effect on change in VA change in VA at 3, 6 and 12 months. However, comparison 

of CC versus GG genotypes of this SNP exhibited borderline association with change in VA 

at 6 months of treatment after adjustment with baseline VA (p = 0.05) but was not significant 

following multiple correction (p > 0.01). Furthermore, rs9676290 showed a trend towards 

significant association for analysis of GC versus GG and GC+CC versus GG genotype with 

change in VA at 12 month of therapy (P = 0.06 and P = 0.08 respectively) (Table 4.4). 

An analysis of the cumulative effect of the minor alleles from these SNPs, on change in VA 

was also undertaken as per previously published reports (Hermann et al., 2014, Hagstrom et 

al., 2015, Lorés-Motta et al., 2016). Data defining these minor alleles was obtained from the 

1K genome project (http://browser.1000genomes.org/index.html).  The number of minor 

alleles present in rs4576072 and rs6828477 (0-4 alleles) of the VEGFR2 gene were not 

associated with change in VA at 3, 6 and 12 months of treatment (linear trend, p > 0.05). 

Similarly, comparison of those individuals who carried minor alleles (n=63) with all other 

individuals who carried either 1 (n= 88), 2 (n=22, one minor allele from each SNP), 3 (n=11, 

one minor allele from each SNP) and 4 (n=1) minor alleles showed no significant association 

with change in VA at 3, 6 and 12 months of treatment (p > 0.05) (Table 4.5, as per Hermann 

and colleagues analysis (Hermann et al., 2014)).   
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Table 4.4: A additive association model of SNPs (rs4576072 and rs6828477) in the VEGFR2 gene, 

rs2070296 in the NRP1 gene and rs9679290 in the EPAS1 gene with change in visual acuity from 

baseline at 3, 6 and 12 months of anti-VEGF treatment 

                                                       3 Months                                           6 Months                                                        12  Months                                                

Genotype  N (%) 

Mean ∆VA 

(SD) P value* N (%) 

Mean ∆VA 

(SD) P value* N (%) 

Mean ∆VA 

(SD) P value* 

rs4576072(VEGFR2) 

TT 148 (71) 7.58 (12.2) reference 123 (70) 8.14 (14.5) reference 130 (72) 6.67 (15.0) reference 

CT 57 (28) 5.42 (11.3) 0.72 52 (29) 4.05 (13.6) 0.10 50 (27.5) 1.5 (15.5) 0.35 

CC 2 (1) 31.5 (3.1) 0.03 2 (1) NA NA 1 (0.5) 16 (9.2) 0.26 

CT or CC 59 (29) 6.30 (12.1) 0.95 54 (30) 4.05 (13.6) 0.10 51 (28) 1.78 (15.5) 0.45 

P Linear trend+                                                           0.947              0.08                  0.17 

rs6828477(VEGFR2) 

TT 81 (40) 8.93 (12.8) reference 66 (38) 10.24 (15.4) reference 67 (37) 7.55 (18.0) reference 

CT 100 (48) 6.27 (11.4) 0.51 86 (49) 5.13 (12.6) 0.42 88 (49) 3.96 (13.1) 0.43 

CC 26 (12) 5.53 (12.3) 0.27 23 (13) 4.13 (14.9) 0.21 26 (14) 4 (13.0) 0.68 

CT or CC 126 (60) 6.11 (11.6) 0.71 109 (62) 4.92 (13.1) 0.28 114 (63) 3.97 (13.1) 0.42 

P Linear trend+                                                      0.59                        0.19                         0.78 

rs2070296(NRP1) 

GG 151 (73) 7.54 (11.8) reference 125 (72) 7.39 (14.3) reference 134 (75) 5.29 (15.42) reference 

GA 48 (23) 5.8 (12.5) 0.63 43 (25) 5.79 (13.7) 0.33 40 (22) 4.92 (14.77) 0.15 

AA 7 (4) 11.5 (15.4) 0.14 6 (3) 8.33 (18.9) 0.42 6 (3) 11.16 (15.86) 0.38 

GA or AA 55 (27) 6.4 (13.0) 0.86 49 (28) 6.10 (14.28) 0.60 46 (25) 5.73 (14.88) 0.33 

P value Linear trend+                                       0.87  0.61   0.45   

rs9679290(EPAS1) 

GG 54 (26) 8.11 (9.0) reference 46 (27) 6.43 (11.6) reference 48 (26) 6.35 (13.7) reference 

GC 108 (53) 6.42 (13.4) 0.30 91 (52) 8.71 (14.4) 0.86 93 (52) 5.47 (14.8) 0.06 

CC 44 (21) 8.84 (11.7) 0.85 37 (21) 4.08 (15.9) 0.05 39 (22) 4.30 (17.7) 0.22 

GC or CC 152 (74) 7.12 (12.9) 0.42 128 (73) 7.37 (15.9) 0.38 132 (74) 5.12 (15.6) 0.08 

P Linear trend+                                                 0.79                 0.36                       0.59 

*P value calculated using MANN_WHITNEY U test adjusted for baseline VA; + P value calculated using linear regression based on a single 

copy of the minor allele for each SNP adjusted for baseline VA; SD: standard deviation; NA: only two samples had the CC genotype at SNP 

rs4576072 but no VA data was available at 6 months. ∆: change 
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Table 4.5: Cumulative effect of alleles of the two SNPs rs4576072(C), rs6828477(C) in the VEGFR2 gene with visual acuity 

change at 3, 6 and 12 months of anti-VEGF treatment relative to baseline 
 

  3 Months 6 Months 12 Months 

No. of Minor 

Alleles N (%) 

 Mean change 

 VA (SD) P value N (%) 

Mean change 

VA (SD) P value N (%) 

Mean change 

VA (SD) P value 

0 63 (33) 8.71 (13.4) reference 51 (31) 11.09 (15.1) reference 53 (32) 8.73 (16.8) reference 

1 88 (45.5) 7.69 (10.2) 0.82 75 (46) 7.36 (11.2) 0.69 77 (46) 5.87 (12.1) 0.89 

2** 29 (15) 3.06 (12.7) 0.12 26(15) 0 (12.5) 0.10 25 (14.9) -2.4(13.9) 0.07 

3 11 (6) 7.36 (9.8) 0.21 11 (7.4) 9.18 (12.3) 0.78 11 (6.5) 8.36 (10.3) 0.87 

4∞ 1 (0.5) 27.0 (-) 0.06 1 (0.6) NA NA 1 (0.6) 16 (-) 0.31 

Linear Trend   0.29   0.17   0.11 

 VA: mean change in visual acuity; SD: standard deviation; *P Value calculated using MANN_WHITNEY U test based on additive model of 

number of minor alleles present adjusted for baseline VA; + P Value calculated using linear regression based on a single minor allele for each 

SNP adjusted for baseline VA; NA: only one sample had 4 minor alleles but no VA data at 6 months was available; ∞ The VA is not mean change 

but exact VA as only 1 sample was present and no SD could be calculated.** One minor allele present from each SNP 
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Interestingly, the combined effect of the T major allele of rs4576072 in the VEGFR2 gene and 

the ‘A’ minor allele of rs2070296 in the NRP1 gene showed that patients with both alleles had 

a mean change of 1.26 ETDRS letters VA compared to patients with either greater (8.45 

ETDRS letters) or less than two alleles (8.11 ETDRS letters) at three months of treatment but 

this was not statistically significant (p > 0.05). It was noted that patients with 2 minor alleles 

continued to lose vision at 6 and 12 months of treatment (Mean Difference (MD) -1.64 ETDRs 

letters and -2.2 ETDRS letters from baseline respectively) compared to the other allelic 

combinations but this was also not statistically significant (p > 0.05) (Table 4.6, as per Lores-

Motta and colleagues analysis (Lorés-Motta et al., 2016). In addition, the cumulative effect 

of the minor alleles of rs4576072 and rs2070296 also showed no association with change in 

VA at 3, 6 and 12 months of anti-VEGF treatment (p > 0.05) (Table 4.7).   
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Table 4.6: Cumulative effect of alleles of the VEGFR2 rs4576072 (T) and NRP1 rs2070296 (A) SNPs with visual acuity 

change at 3, 6 and 12 months of anti-VEGF treatment as published paper 

                        3 Months 6 Months 12 Months 

No. of risk 

alleles N (%) 

Mean change 

VA (SD P value N (%) 

Mean change 

VA (SD) P value N (%) 

Mean change 

VA (SD) P value 

<2 43 (44) 8.11 (11.6) reference 37 (43) 6.49 (11.2) reference 38 (45) 3.00 (14.2) reference 

2* 15 (15) 1.26 (12.0) 0.11 14 (16) -1.64 (14.5) 0.07 13 (15) -2.2 (14.0) 0.30 

>2 40 (41) 8.45 (12.7) 0.89 35 (41) 9.20 (11.5) 0.32 34 (40) 8.56 (12.3) 0.19 

Linear trend    0.92   0.12   0.12 

VA: visual acuity; SD: standard deviation; P Value calculated using MANN_WHITNEY U test based on number of minor alleles present 

adjusted for baseline VA; + P Value calculated using linear regression based on single number of minor allele for each SNP adjusted for 

baseline VA; <2 = 0 or 1 minor alleles, 2 = 2minor alleles , >2 = more than 2 minor alleles. *One minor allele present from each SNP 
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Table 4.7: Cumulative effect of SNPs in VEGFR2 rs4576072(C), and NRP1 rs2070296 (A) with Visual acuity change at 3, 

6 and 12 months of anti-VEGF treatment  

                     3 Months 6 Months 12 Months 
rs4576072(C), 
rs2070296(A) N (%) 

Mean VA 
Change (SD) P value* N (%) 

Mean VA 
Change (SD) P value* N (%) 

Mean VA 
Change (SD) P value* 

0 109 (55) 7.23 (11.9) reference 89 (52) 7.57 (14.1) reference 97 (55) 5.99 (14.6) reference 

1 74 (37) 7.37 (11.3) 0.5257 66 (39) 7.76 (11.0) 0.79 65 (37) 4.95 (13.6) 0.826 

2* 15 (7.5) 1.26 (12.3) 0.13 14 (8.5) -1.64 (15.3) 0.07 13 (7.5) -2.2(14.3) 0.08 

3∞ 1 (0.5) 4.00 (-) 0.8376 1 (0.5) -6.00 (-) 0.255 1 (0.5) 4 (-) 0.75 
4 0    0  0   
Linear Trend+   0.22   0.08   0.16 

VA: visual acuity; SD: standard deviation; *P Value calculated using MANN_WHITNEY U test based on number of minor alleles present 
adjusted for baseline VA; + P Value calculated using linear regression based on single number of minor allele for each SNP adjusted for 
baseline VA; NA: only one sample had 4 minor alleles but no VA data at 6 months was available; *One minor allele present from each 
SNP ∞ The VA is not mean change but exact VA as only 1 sample was present and no SD can be calculated. 
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4.3.2  Morphological outcomes on OCT  

As part of this study, the influence of these 4 SNPs (rs4576072, rs6828477, rs2070296 and 

rs9679290) on the anatomic features of fluid clearance and change in CMT using OCT 

following anti-VEGF treatment response variables were assessed for the first time.  The 

clinical characteristics of retinal images obtained from OCT are detailed in Table 4.2. Fluid 

presence at 3 months of treatment was not associated with age, gender, smoking, lesion type 

and CNV size (P > 0.05) (Table 4.8). In the case of CMT changes at 3 months of treatment, it 

was shown to be inversely associated with baseline CMT (β = -0.89[CI = -1.00 to -0.78], p < 

0.001).  While all other features such as age, gender, smoking, lesion type, and CNV size was 

not associated with change in CMT at 3 months of treatment (p >0.05) (Table 4.8). 

The presence or absence of fluid on OCT after 3 months of treatment identified 70% of 

patients as dry (no fluid present) and the remaining 30% as wet (fluid presence as either intra-

retinal fluid and/or sub-retinal fluid).  The SNPs rs4576072 and rs6828477 in the VEGRF2 

gene showed no association of the minor ‘C’ allele with fluid presence or absence at 3 months 

(p = 0.94, p = 0.74, respectively).  Similarly for rs2070296 and rs9679290 in NRP1 and EPAS1 

gene, the presence of the ‘A’ or the ‘C’ minor allele were not associated with fluid presence 

or absence at 3 months of treatment, respectively (p = 0.90, p = 0.52, Table 4.9).  SNP 

rs4576072 and rs6828477 were not associated with change in CMT at 3 months from baseline 

(p = 0.66, p = 0.63).  Interestingly, for patients homozygous for the minor allele ‘A’ at SNP 

rs2070296, they showed more change in CMT (-147.50µm) compared to the GG genotype (-

120.18 µm) but this was not significant (P = 0.34).  A similar trend in increase of change in 

CMT was seen for rs6979290 in which patients with the homozygous minor ‘C’ allele had a 

change of (-100.92 µm) compared to the patients with the GG genotype (-137.19 µm), but 

again this was not significant (p = 0.41) (Table 4.9).  Upon testing other genetic models such 

as recessive, dominant and genotype, the 4 SNPs rs4576072, rs6828477, rs2070296 and 

rs9679290 showed no association with fluid presence or absence at 3 and 6 months of 

treatment (Table 4.10).  
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Table 4.8: Analysis of the influence of demographics and clinical variables on fluid clearance and central 

macular thickness after 3 months of anti-VEGF treatment  

 Fluid presencea Change in CMT, µm b 

Characteristics P-Value β (CI 95%)  P-Value β (CI 95%)  

Gender (Males Vs Female) 0.82 -0.14 (-1.16 to 0.88)  0.06 -27.93 (-52.82- 3.15) 

Age  0.06 -0.07 (-0.13 to -0.006) 0.77 -0.26 (-1.78 – 1.25) 

Baseline VA 

 
0.25 -0.01 (-0.04 to 0.008)  0.85 0.07 (-0.61 - 0.76) 

Smoking 

 
0.79 -0.16(-1.18 - 0.86) 0.90 1.67 (-22.25 – 25.60) 

Lesion Type 

 
0.84 -0.14(-1.34 – 1.06) 0.53 -11.44 (-41.57 -  18.68) 

Lesion Size 

 
0.28 -0.65(-1.65 – 0.35) 0.41 -11.76 (-35.79 – 11.97) 

Baseline CMT 

 
0.31 0.002 (-0.001 - 0.007) <0.001 -0.89 (-1.00  to -0.78) 

P value calculated using a logistica  or  linearb regression test adjusted for demographic covariates; β: coefficient of the 

regression model; CI: 95% confidence Interval; SE: Standard Error; VA: Visual Acuity; CNV: Choroidal 

Neovascularization 
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Table 4.9: Additive genetic model of association of SNPs in NRP1, VEGFR2 and EPAS1 

with retinal fluid and central macular thickness (CMT) characteristics on OCT at 3 months 

of anti-VEGF treatment  

                      Fluid Clearance                                Central Macular Thickness 

Genotype      Dry N (%) 
Wet (IRF and/or 

SRF) N (%)      N (%) 
Mean change, 

µm (SE) aP value 

rs4576072(VEGFR2) 

TT 105 (73) 43 (70) 105 (72) -116.11 (14.5) reference 

CT 38 (26) 18 (30) 40 (27) -95.525 (16.3) 0.29 

CC 2 (1) 0( ) 2 (1) -180.5 (44.1) 0.37 

CT or CC 40 (27) 18 (30) 42 (28) -99.57 (15.9) 0.50 

P valueb                                0.94                          0.66 

rs6828477(VEGFR2) 

TT 55 (38) 26 (43) 57 (38) -127.94 (17.4) reference 

CT 73 (50) 27 (44) 70 (48) -92.22 (17.6) 0.61 

CC 17 (12) 8 (13) 20 (14) -131.25 (24.2) 0.70 

CT or CC 90 (62) 35 (57) 90 (62) -100.9 (14.8) 0.78 

P valueb                            0.74                          0.63 

rs2070296(NRP1) 

GG 107 (74) 43 (70) 110 (74) -120.18 (14.1) reference 

GA 30 (21) 18 (30) 34 (23) -79.30 (16.4) 0.11 

AA 7 (5) 0 (0) 4 (3) -147.50 (51.1) 0.67 

GA or AA 37 (26) 18 (30) 38 (26) -86.47 (16.0) 0.25 

P valueb                           0.90                         0.34 

rs9679290(EPAS1) 

GG 41 (28) 13 (22) 42 (29) -137.19 (18.3) reference 

GC   73 (50) 34 (56) 75 (51) -95.16 (15.1) 0.37 

CC   31 (22) 13 (22) 29 (20) -115.82 (32.1) 0.33 

GC or CC   104 (72) 47 (78) 104 (71) -100.92 (14.1) 0.46 

P valueb                          0.52  0.41 
a P value calculated using MANN-Whitney U test adjusted for baseline CMT;  bP value 
calculated from logistic regression based on a single copy of the minor allele; SD: standard 
deviation. IRF: Intra-retinal fluid SRF: Sub-retinal fluid  
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Table 4.10: Genetic models for association of SNPs (rs4576072 and rs6828477) in the 

VEGFR2 gene, rs2070296 in the NRP1 gene and rs9679290 in the EPAS1 gene with retinal 

fluid on OCT at 3 months of anti-VEGF treatment 

Genetic Model A1 A2 Responders(dry) 

(n=145) 

Non-responder(Wet) 

(n=61) 

P Value 

rs9679290 

GENO C G 31/73/41 13/34/13 0.62 

ALLELIC C G 135/155 60/60 0.58 

DOM C G 104/41 47/13 0.38 

REC C G 31/114 13/47 1 

rs6828477 

GENO C T 17/73/55 8/27/26 0.69 

ALLELIC C T 107/183 43/79 0.82 

DOM C T 90/55 35/26 0.53 

REC C T 17/128 8/53 0.81 

rs4576072 

GENO C T 2/38/105 0/18/43 0.86 

ALLELIC C T 42/248 18/104 1 

DOM C T 40/105 18/43 0.86 

REC C T 2/143 0/61 1 

rs2070296 

GENO A G 7/30/107 0/18/43 0.10 

ALLELIC A G 44/244 18/104 1 

DOM A G 37/107 18/43 0.60 

REC A G 7/137 0/61 0.10 

A1/A2: Allele 1 and Allele 2, GENO: Genotype, DOM: Dominant, REC: Recessive. 
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4.3.3 Meta-analysis  

4.3.3.1 Study characteristics and risk of bias 

The database search revealed 202 articles and a further 15 articles from clinical trial registries 

and reference list of eligible studies (Figure 4.1). After removing the duplicate articles, 137 

records remained. The titles and abstracts of these articles were assessed, with only two 

studies meeting the eligibility criteria (see Meta-analysis in method section of this chapter) 

and were included in the meta-analysis (Figure 4.1). No studies investigating the association 

between the variants rs4576072 (VEGFR2), rs6828477 (VEGFR2), rs2070296 (NRP1) and 

rs9679290 (EPAS1) with change in CMT or presence of retinal fluid were identified.  

The two eligible articles were published on SNPs rs4576072 and rs6828477 in the VEGFR2 

gene (Hermann et al., 2014, Hagstrom et al., 2015). No eligible studies reported on change in 

VA associated with either rs2070296 (NRP1) or rs9679290 (EPAS1).  The characteristics of 

each of the included studies are shown in (Table 4.11). Hagstrom and Colleagues study 

(Hagstrom et al., 2015) consisted of two nAMD cohorts from the CATT and IVAN trial 

patients. They reported the association of rs4576072 and rs6828477 with change in VA 

separately for each cohort likewise from this study we included the data from CATT and 

IVAN cohort studies separately.  

According to the NOS quality assessment criteria both the studies reached a high quality score 

of above 7 (Table 4.12). The number of patients with each genotype (rs4576072 CT or CC or 

TT; rs6828477 CT or CC or TT) and corresponding mean change in VA at 3 and 12 months 

of treatment can be seen in Table 4.13. The VA estimates from the European study (Hermann 

et al., 2014) was adjusted for CNV lesion type to control for its effect on visual outcome. 

However, the study from the USA did not report adjusted VA estimates for both CATT and 

IVAN trials patients (Hagstrom et al., 2015). I included change in VA estimates adjusted for 

baseline VA up to 1 year of anti-VEGF treatment.  
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Figure 4.1: Flow diagram for inclusion of the published studies in the meta-analysis 
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Table 4.11: Summary of the characteristics of the two eligible studies for the meta-analysis 

First Author  Year of 
publication 

Country Ethnicity Sample 
Size(Cohort) 

Study design Recruitment 

 Method 

Mean Age, Years 
(Cohort) 

Hagstrom 
(Hagstrom et 
al., 2015) 

2015 USA Caucasians  835(CATT) Cohort based  Randomized Clinical Trial 78.5(CATT)  

 UK Caucasians 512(IVAN) Cohort based Randomized Clinical Trial 77.7(IVAN) 

Hermann 
(Hermann et al., 
2014) 

2014 Netherlands Caucasians 366 Cohort based Retrospective  76.8 
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Table 4.12: NOS based quality assessment of the two eligible studies 

Author  Published 
year 

Study 
design 

Cohort Selection Comparability Exposure/Outcome Quality 
scores 

Hagstrom 
(Hagstrom et al., 

2015) 

2015 Cohort based CATT ★★★ ★ ★★★ 7 

Hagstrom 
(Hagstrom et al., 

2015) 

2015 Cohort based IVAN ★★★ ★ ★★★ 7 

Hermann 
(Hermann et al., 

2014) 

2014 Cohort based - ★★★ ★★ ★★★ 8 
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Table 4.13: Data for the meta-analysis of the rs4576072 and rs6828477 SNPs with change in VA at 3 and 12 months after 

anti-VGEF treatment  

 3 month  12 month  

Study CT or CC 
(N) 

Mean VA 
change (SD) 

TT 
(N) 

Mean VA 
change (SD) 

CT or CC 
(N) 

Mean VA 
change (SD) 

TT 
(N) 

Mean VA 
change (SD) 

rs4576072         
Current study 59 6.3 (12.22) 148 7.58 (12.2) 59 1.8 (15.5) 130 6.67 (15.0) 
Hermann et al 2013* 107 6.5 (0.3) 259 3.5 (0.27) 107 6.5 (0.34) 259 0 (0.33) 
Hagstorm et al 2015-CATT cohort -  -  240 8.1 (13.4) 364 8.2 (14.5) 

Hagstorm et al 2015-IVAN cohort -  -  240 4.7 (12.5) 595 6 (11.9) 

rs6828477  
Current study 126 6.11 (11.6) 81 8.9(12.8) 114 3.97 (13.1) 67 7.55 (18.0) 

Hermann et al 2013* 244 4 (0.29) 122 4.5 (0.28) 244 3 (0.35) 122 0 (0.35) 

Hagstorm et al 2015-CATT cohort -  -  585 7.7 (14.1) 250 9.2 (13.7) 

Hagstorm et al 2015-IVAN cohort -  -  326 5.9 (12.1) 185 5 (12) 

             VA: visual Acuity; SD: standard deviation; *This paper showed change in VA data in logMAR and its equivalent VA in ETDRS letter has been 
calculated as described by Lores-Motta  and Colleagues (Lorés-Motta et al., 2016). 
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The participant’s recruitment criteria and mean age of the two eligible studies and our study 

was comparable. However, the Hagstrom and Colleagues (Hagstrom et al., 2015)study did 

not report on three months data for both CATT and IVAN cohorts, while for twelve months 

the treatment regimen for both cohorts were similar and included monthly or PRN 

ranibizumab or bevacizumab. However, in the Hermann and Colleagues study (Hermann et 

al., 2014), patients were treated with ranibizumab and after three monthly injections they were 

followed up on a PRN treatment regimen up to 1 year. A sensitivity analysis based on type of 

drug treatment was performed by excluding participants treated with bevacizumab. However, 

a sub-group analysis based on treatment regimen (PRN or monthly) was not possible as the 

breakdown of these data were not available in the eligible studies. 

The total number of individuals in the meta-analysis was 573 at 3 months and 1,898 patients 

at 12 months, for both rs4576072 and rs6828477, including patients from the current study.   

4.3.3.2 Change in Visual Acuity 

For rs4576072, there was no evidence of greater improvement in VA for those with the TT 

genotype compared to those with the CT or CC genotypes at either three months (2 studies, 

pooled MD 1.3 ETDRS letters, 95% CI -2.8 to 5.4) or at 12 months (4 studies, pooled MD 0.3 

ETDRS letters, 95% CI -5.1 to 5.7, Fig 1). There was a high degree of statistical heterogeneity 

between studies at both time points (I^2= 81% and 97%, respectively). 

Similarly, for rs6828477, there was no evidence of greater improvement in VA for those with 

the TT genotype compared to those with the CT or CC genotypes at either three months (2 

studies, pooled MD -1 ETDRS letter, 95% CI -2.8 to 0.8) or at 12 months (4 studies, pooled 

MD 0.2 ETDRS letters, 95% CI -2.7 to 3.1, Fig 2). There was a relatively low degree of 

statistical heterogeneity between studies at three months (I^2= 41%) but a high degree of 

statistical heterogeneity at 12 months (I^2= 90%). 
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Figure 4.2: Meta-analysis showing association of SNP rs4576072 with change in visual acuity from baseline after (A) 3 months (B) 

12 months of anti-VEGF treatment; CI = 95% confidence interval 
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Figure 4.3: Meta-analysis showing association of SNP rs6828477 with change in visual acuity after (A) 3 months and (B) 12 months  of 

anti-VEGF treatment. CI= 95% confidence Interval 
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A subgroup meta-analysis was undertaken to assess the association of rs4576072 and 

rs6828477 with change in VA at 12 months for patients treated with ranibizumab only. For 

rs4576072 no association was evident in patients with the TT genotype versus CT or CC 

genotypes with change in VA at 12 months of ranibizumab treatment (4 studies, pooled MD 

0.9 ETDRS letters, 95% CI -4.03 to 6.01, S2 Fig) and a high degree of heterogeneity was 

detected (I^2= 94%). For rs6828477, no evidence of association was observed in ranibizumab 

treated subjects with the TT genotype versus the CT or CC genotypes with change in VA at 

12 month of therapy (4 studies, pooled MD 2.04 ETDRS letters, 95% CI -0.09 to 4.17, Figure 

4.4). A high degree of heterogeneity was also noted in this analysis (I^2= 94%).  
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Figure 4.4: Meta-analysis of rs4576072 (A) and rs6828477 (B) with change in VA at 12 months of ranibizumab treatment. CI = 

95% Confidence Interval  
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4.4 Discussion  

In this study, we evaluated the four SNPs rs4576072, rs6828477, rs2070296 and rs9679290 

with response to anti-VEGF therapy in nAMD patients.  Two SNPs, rs4576072 and 

rs6828477, were present in the VEGFR2 gene which is a receptor of VEGFA and functions 

as a key component of the neovascularization process (Waltenberger et al., 1994).  We did 

not find association of rs4576072 and rs6828477 with change in VA at 3, 6 and 12 months of 

anti-VEGF treatment. This may be due to lack of enough statistical power to detect significant 

association with modest cohort size (n=215). However, these results are in agreement with 

Hagstrom and colleagues (Hagstrom et al., 2015) where, they investigated two large anti-

VEGF treated cohorts of the CATT (835 patients) and IVAN (512 patients) trials with 80% 

statistical power to detect significant results, and reported no association of rs4576072 and 

rs6828477 with change in VA at 12 months of ranibizumab or bevacizumab treatment.  In 

contrast, a European study (Hermann et al., 2014), reported significant association of 

rs4576072 and rs6828477 with change in VA at 3 and 12 months of ranibizumab treatment.  

Interestingly, in Hermann et al study, both SNPs rs4576072 and rs6828477 had a protective 

effect and showed improved VA in all individuals when the minor ‘C’ allele was present at 3 

and 12 months of treatment. Furthermore, the reported minor allele frequency (MAF) of 

rs4576072 and rs6828477 was 0.16 and 0.40 respectively, similar to the current study of 0.14 

and 0.37 respectively and also matches that of both the CATT (rs4576072 MAF = 0.15 and 

rs6828477 MAF = 0.42) and IVAN (rs4576072 MAF = 0.16 and rs6828477 MAF = 0.42) 

trials (Hagstrom et al., 2015). The pharmacogenetic findings reported (Hermann et al., 2014) 

are therefore at odds with other studies (including our current study). They also did not find 

association of change in VA with baseline VA, which is again at odds with all other studies 

and may suggest phenotypic differences in their results. 

The meta-analysis of our data and two previously published studies (Hermann et al., 2014, 

Hagstrom et al., 2015) confirmed that no association of rs4576072 and rs6828477 was 

apparent with change in VA at 3 and 12 months of anti-VGEF treatment.  However, the risk 

of bias potentially exists across studies  due to different treatment regimens, missing data in 

the current study at 12 months time point, different study designs such as CATT and IVAN 

being prospective cohorts while Hermann et al 2013 and our data were collected 

retrospectively and unadjusted VA estimates from Hagstrom and colleagues study  (Hagstrom 

et al., 2015) contributing to high heterogeneity. No potential bias was detected while looking 
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at quality of papers but this may due to the limited number of eligible studies for the meta-

analysis. However, our study met the recommended criteria of having 2 minimum studies for 

meta-analysis (Pigott, 2012) 

Hermann and colleagues (Hermann et al., 2014) also performed analysis for the cumulative 

effect of rs4576072 and rs6828477 in patients with 1 - 3 minor alleles, which indicated 

improved vision in the range of 1 to 3 lines on an ETDRS chart compared to patients with no 

minor allele.  However, we did not find significant or suggestive association of such a finding 

in our cohort and interestingly, the direction of visual acuity improvement was in the opposite 

direction with maximum improvement of 8.71 EDTRS letters of VA for patients with no 

minor allele.  This was also consistent with the CATT and IVAN clinical studies. Furthermore, 

while no previous study has examined association of these SNPs with change in retinal 

anatomical features, we did not observe any association with either fluid clearance or CMT 

change at 3 months of anti-VEGF treatment.  

SNP rs2070296 is present in the NRP1 gene which is an isoform-specific receptor of 

VEGFA165 and a variant in this gene is known to influence bevacizumab treatment response 

in ovarian cancer (Schultheis et al., 2008). However, we did not find significant association 

of rs2070296 with change in VA at 3, 6 and 12 months of treatment in nAMD.  In contrast, 

only one study has published association of this SNP with VA change at 3, 6 and 12 months 

of anti-VEGF treatment in AMD (Lorés-Motta et al., 2016).  This prior study also reported 

association of the combined effect of rs2070296 (minor allele ‘A’) and rs4576072 (major risk 

allele T) and demonstrated that patients with less than 2 risk minor alleles gained VA of 10 

EDTRS letters compared to patients having 2 risk alleles where there was a gain in VA of 4.5 

EDTRS letters and those with >2 alleles gained only 1 ETDRS at 3 months of treatment 

(Lorés-Motta et al., 2016).  When we replicated this combination of alleles in our cohort for 

both rs2070296 and rs4576072, no association was observed and the direction of VA was also 

in the opposite direction with patients having less, as well as greater, than 2 alleles gaining 

similar VA of 8 EDTRS letters at 3 months of treatment. The MAF of rs2070296 in the study 

and our data was exactly the same at 0.16. In addition, Lores-Motta and colleagues (Lorés-

Motta et al., 2016) also suggested that the analysis of rs2070296 with anatomic features on 

OCT such as fluid clearance should also be evaluated.  We performed this analysis on our 
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data and found no association of rs2070296 with fluid clearance and CMT changes after 3 

months of anti-VEGF treatment.  

The SNP rs9679290 is present in the EPAS1 gene (HIF2A) which is very important in the 

vascularization process in response to hypoxia and the knockout mouse of EPAS1-/- gene leads 

to loss of development of retinopathy and loss of vision at 1 month of age (Ding et al., 2005).  

In the literature, two studies have published the effect of rs9679290 with anti-VEGF treatment 

response in AMD.  First, Lotery and colleagues (Lotery et al., 2013) reported association of 

rs9679290 with less improvement in total retinal thickness (TRT) after 12 months of anti-

VEGF treatment (uncorrected P =0.002) but failed to show association after correction for 

multiple testing.  Contrary to this, when the CATT trial analyzed SNP rs9679290 in their 

cohort they did not find association with TRT at 1 year of anti-VEGF treatment (Hagstrom et 

al., 2014a).  We did not have TRT data available but analysis of rs9679290 with CMT showed 

no association. Interestingly the MAF of rs9679290 was similar in the CATT trial (0.46), the 

IVAN trial (0.43) and our current study (0.46).  In addition, they also indicated that the 

primary variable for anti-VEGF treatment should be morphological characteristics on OCT 

such as fluid clearance and CMT and that secondary variable should be VA.  We analyzed 

both fluid clearance and CMT changes at 3 months and VA changes at 3, 6 and 12 months 

data with rs9679290 and found no association. 

In summary, we performed an association study of 4 SNPs rs4576072 (VEGFR2) and 

rs6828477 (VEGFR2), rs2070296 (NRP1) and rs9679290 (EPAS1) with change in VA, fluid 

clearance and CMT on OCT after anti-VEGF treatment in AMD patients.  All previously 

reported studies analysed the association of these SNPs only with VA as the outcome variable 

except for rs9679290 which was also analysed using TRT as a treatment outcome. In the 

current study, no association of these SNPs was evident with change in VA after 3, 6 and 12 

months of anti-VEGF treatment. In addition, also showed that meta-analysis of rs4576072 

and rs6828477 in a large cohort of 1,893 patients with change in VA and observed no 

association.  To date, this is the first report of an association study for SNPs rs4576072, 

rs6828477, rs2070296 and rs9679290 with fluid clearance and CMT change on OCT at 3 

months of anti-VEGF treatment.  

In conclusion, we did not find association of variants in VEGFR2, NRP1 and EPAS1 genes 

with anti-VEGF treatment response in nAMD patients previously reported by (Lorés-Motta 
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et al., 2016, Hermann et al., 2014, Lotery et al., 2013) but did agree with the findings from 

the CATT and IVAN studies (Hagstrom et al., 2015). This suggests that if genetic variants are 

involved in an anti-VEGF treatment response then it most likely exists outside the known 

AMD risk and VEGF signalling pathway genes. To address this question, I undertook a range 

of sophisticated genetic techniques including GWAS (chapter 5 and 6) and exome sequencing 

(Chapter 7) using bioinformatics approaches for data analysis to identify potentially novel 

variants involved in anti-VEGF treatment response in nAMD patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

 Genome-wide association study using a DNA pooling strategy 

identifies an association of variant rs4910623 in the OR52B4 gene with anti-

VEGF treatment response in neovascular AMD  

5.1 Introduction  

Neovascular AMD (nAMD) is responsible for 90% of severe vision loss attributed to AMD 

(Ferris et al., 1984). Currently, nAMD is treated with anti-VEGF agents that includes 

ranibizumab, aflibercept and the off-label bevacizumab. These drugs provide for good visual 

outcomes but individual response to anti-VEGF treatment varies. Approximately, 10-15% of 

patients showed no improvement in visual acuity (VA) (loss of > 15 ETDRS letters), and 

exhibited a continuous decline in VA over two years of treatment (Heier et al., 2006b, 

Rosenfeld et al., 2006). The reason for this variable treatment response in part could be 

explained by genetics. Several studies reported association of variants with visual outcome 

variable after anti-VEGF treatment, but reported inconsistent results. These studies were 

limited in their investigation to genetic variants in candidate genes such as CFH, VEGFA and 

ARMS2 (Riaz and Baird, 2017, Fauser and Lambrou, 2015, Finger et al., 2014). 

Only one GWAS has been published where recruited small size of 65 ranibizumab treated 

nAMD patients was recruited (Francis, 2011). They investigated ~550,000 variants by chip 

array and found no significant association of any variant (genome wide significance) with 

change in VA (primary outcome measure) after1 year of treatment. However, two variants 

rs1065489 (CFH) and rs9399005 (CTGF) were associated with less VA improvement after 

12 month of ranibizumab treatment (corrected, P = 0.04, P=0.03, respectively) (Francis, 

2011). This study did not undertake replication of their findings but it did suggest the potential 

use of GWAS for future pharmacogenetics studies in nAMD patients. 

In the GWAS approach, associations of genetic variants with a phenotype or trait of interest 

is performed in a hypothesis-free manner. A GWAS based on a DNA pooling strategy was 

initially used which represents a cost-effective alternative to conventional GWAS (Macgregor 

et al., 2008, Macgregor et al., 2006). Pooled DNA GWAS has been successfully implemented 

in several diseases including eye disorders such as glaucoma and Brittle Cornea Syndrome 

(Lu et al., 2010, Khan et al., 2010).  

In the current chapter of my thesis I investigated whether the genetic factors influencing anti-

VEGF treatment outcomes in nAMD patients could be identified through initial use of a 
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GWAS through a DNA pooling strategy followed by technical validation and subsequent 

replication of SNPs of interest in an independent anti-VEGF treated nAMD cohort. 

5.2 Methods  

5.2.1 Patients recruitment  

5.2.1.1 Melbourne Discovery Cohort  

A total of 297 patients were recruited from the retinal clinic of the RVEEH (a detailed 

inclusion and exclusion criteria is provided in ‘Methodology’ section of the thesis (chapter 3). 

Briefly, inclusion criteria were patients with CNV secondary to AMD who received 

intravitreal anti-VEGF injections. All patients received anti-VEGF injections for the first three 

months and ongoing retreatment was based on evaluation by a retinal specialist, where loss ≥ 

5 EDTRS letters of VA, the presence of fluid on an OCT scan or presence of chronic or new 

retinal haemorrhage were considered as indicators.  

For the functional outcome measure (VA) the data were available for 297 patients at baseline 

(at the time of treatment) as well as 3, 6 and 12 months of treatment. The change in VA was 

the main outcome measure and non-responders were classified as those who showed loss of 

≥5 EDTRS letters VA following 6 months of ranibizumab treatment whereas all remaining 

patients were classified as responders (See below first phase of the study). 

Subsequent collection of anatomical data that included retinal fluid clearance and CMT as 

measured on OCT was available for 140 patients at 3 months of anti-VEGF treatment (see 

‘Methodology’). Anatomical variables on OCT for patients were classified as responders 

(retinal fluid absent) or non-responders (retinal fluid present) after 3 months of treatment 

compared to baseline (at the time of first injection).  In addition change in CMT was recorded 

as difference of CMT from baseline after three months of anti-VEGF treatment.  

5.2.1.2 Replication Cohort 

The replication cohort consisted of 376 treatment naïve patients of European descent with 

CNV secondary to AMD. Patients were diagnosed by retinal specialists based on ophthalmic 

examination and by spectral-domain OCT (Spectralis HRA+OCT, Heidelberg Engineering, 

Heidelberg, Germany) or fluorescein angiography (FA) (Spectralis HRA+OCT, Heidelberg 

Engineering, Heidelberg, Germany; or Imagenet, Topcon Corporation, Tokyo, Japan). Ethical 

approval for the replication cohort was obtained from the local ethic committees of the 
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Radboud university medical centre, University of Cologne, and McGill University Health 

Centre.  All included patients were over the age of 50 years, had not undergone any previous 

ophthalmic surgery, except for cataract removal, and did not have other retinal disorders 

besides AMD. Written informed consent was acquired from all participants.  

A total of 144 patients were treated at the Department of Ophthalmology of the Radboud 

university medical centre, Nijmegen, the Netherlands and 182 at the University of Cologne, 

Germany.  These patients were included in the European Genetic Database (EUGENDA), a 

multicentre database for the clinical and molecular analysis of AMD.  The remaining 50 

patients were treated at the McGill University Health Centre, Montreal, Canada.  All patients 

received the loading dose of three consecutive monthly intravitreal injections of 0.5 mg 

ranibizumab (Lucentis; Novartis Pharma AG, Basel, Switzerland). Afterwards, they were 

followed up monthly and treated on a pro re nata (PRN) regimen at the clinics of Nijmegen 

and Cologne and on a treat and extend (T&E) regimen at the clinic of Montreal.  In Nijmegen 

and Cologne, cases of persistence or recurrence of choroidal neovascularization, which was 

defined as loss of VA of ≥ 5 ETDRS letters, leakage seen on FA, fluid seen by OCT, or new 

macular haemorrhage or fluid led to the administration of three consecutive monthly 

ranibizumab injections. The VA (functional outcome) was assessed before treatment and after 

the three loading injections for all patients. VA was also recorded after 6 months of treatment 

for 262 patients. However, the VA data was not available for the12 month time point after 

anti-VEGF treatment. For 303 patients, Snellen VA measurements were recorded 

retrospectively and 73 patients were followed up prospectively using ETDRS VA. Baseline 

variables were collected using questionnaires or retrieved from patient files. One eye was 

selected per patient; if both eyes received treatment, the first eye treated was selected and if 

treatment started simultaneously, the study eye was chosen randomly. However, anatomical 

variables data on OCT, such as retinal fluid clearance and CMT were not available for the 

replication cohort. 

5.2.2 First phase - Pooled DNA based GWAS in the Melbourne Discovery Cohort 

In the first phase of the study, a GWAS using a DNA pooling approach was conducted 

(Macgregor et al., 2008). A peripheral blood sample was collected from each patient and DNA 

was extracted (Qiagen, Victoria, Australia).  Genomic DNA was quantified by Nanodrop 

Spectrophotometer (Thermo Scientific) for a DNA concentration ≥175ng/µL.  A total of 285 

samples were selected for the pooling cohort (12 samples were excluded due to a low DNA 
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concentration required for pooling).  Each pool was given a unique ID number, based on 

presenting VA.  Non-responders from each pool were classified as those who showed loss of  

≥5 EDTRS letters VA following 6 months of ranibizumab treatment and all remaining patients 

were classified as responders.  Six equimolar DNA pools were generated with a pool size 

varying from 9 to 133 samples (Table 5.1).  An equal amount of DNA from each sample 

(varying from 0.2µg to 0.6µg) was added to the appropriate pool, with a minimum volume of 

5µl per sample to reduce pipetting errors at low volume.  Pooled genomic DNAs were assayed 

using the commercially available Illumina Human Omni5-Quad Bead Chip that captured 4.3 

million SNP markers. The quality control and discovery phase association testing was 

conducted by collaborators at the Queensland Institute of Medical Research (QIMR). Briefly, 

Pooled samples were randomized on the genotyping arrays to avoid spurious associations that 

may arise from array position.  Approximately 4,600 indels or copy number variants were 

removed from the analyses. Stringent quality control (QC) criteria were used as described by 

Lu and colleagues (Lu et al., 2012). SNPs with minor allele frequency (MAF) <1% from the 

reference panel of CEU (Utah residents with ancestry from northern and western Europe) 

samples in the 1000 Genome Project were excluded.  Thus, the number of SNPs was reduced 

to 2.5 million.  Further QC criteria for excluding SNPs from the analysis were: 1) SNPs with 

more than 10% negative probe scores; 2) a sum of the mean raw red and green intensity values 

less than 1200 for each array (to ensure calibration); 3) SNPs with a small number of expected 

probes in pools (SNPs with MAF between 1-5% required at least half of the expected number 

of probes, and SNPs with MAF a  > 5% required at least a third of probes to be present; the 

expected number of probes was calculated as the average number of probes per pool per SNP 

multiplied by the number of  samples in each pool); 4) non-autosomal SNPs; 5) SNPs where 

the variance of the estimated allele frequency was significantly different between all pools. 

After applying these QC filters, a total of 1,940,408 SNPs were retained for further analysis. 

A GWAS was carried out between responders and non-responders reflecting the use of three 

different baseline VA categories and then results were combined in a meta-analysis, which 

included 225 responders and 60 non-responders. 

5.2.3 Second Phase - Technical Replication in the Melbourne Discovery Cohort 

In the 2nd phase, the most interesting genetic associations found in the pooled DNA GWAS 

were validated by undertaking individual genotyping of the original 285 samples, plus the 

inclusion of the an additional 12 patient samples that subsequently became available whose 
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initial concentration was not enough for the pooling GWAS strategy. These samples were 

genotyped individually for 44 SNPs  using the iplex MassArray platform  as per manufactures 

provided protocol (Agena Bioscience, San Diego, CA), as described in chapter 3. Briefly, 

locus specific PCR primers for 44 SNPs (Table 5.2) were designed according to the guidelines 

of the SDS software (Agena Inc). Firstly 10ng/µL DNA was amplified in a PCR and then an 

allele specific extension was performed using iplex chemistry.  Finally, the genotype call for 

each SNP was performed using Typer software (Provided by Agena) and then transferred into 

an excel file for further analysis.    

5.2.4   Third Phase - Replication in an Independent Cohort of European Descent 

In the third phase of the study, SNPs that showed association (p<0.05 after correction for 

multiple testing) in the 2nd phase of the study were analysed in an independent ranibizumab-

treated AMD cohort of European descent.  DNA was extracted and quantified in Nijmegen, 

the Netherlands.  Subsequently, DNA samples of a total of 376 AMD patients were genotyped 

in Melbourne using the MassArray platform (Agena Bioscience, San Diego, CA) as described 

in chapter 3.  
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Table 5.1: Design of DNA pools, pool comparisons and meta-analysis in pooled GWAS in the Melbourne discovery cohort (1st phase of study). 

Pool ID 

(responder) 

Presenting VA 

ETDRS Letters 

Pool 

size 

(n=225) 

Male/Female n 

(%) 

Mean age 

 SD 

(years) 

 

Pool ID 

(non-

responders) 

Presenting VA 

ETDRS Letters 

Pool 

size 

(n=60) 

Male/Female 

N (%) 

Mean age 

 SD 

(years) 

1 
= 36 -69 

133 48(17.0)/85(29.9) 78.96.3 

VS 

2 =36 -69 44 21(7.4)/23(8.0) 79.08.6 

3 
≤ 35 

46 23(8.0)/23(8.0) 79.97.0 
4 ≤ 35 7 1(0.3)/6(2.1) 80.87.6 

5 
≥ 70 

46 19(6.6)/27(9.5) 79.87.7 
6 ≥ 70 9 3(1.1)/6(2.1) 80.78.0 

Meta-analysis of pool comparisons Responder/Non-responders  

 1, 3,5  vs   2,4,6  (225 individuals)/ (60 individuals) 

Different pool sizes lead to differences in pooling variance; thus pools were combined to have similar sizes and then association of genetic variants between responders 

and non-responders were determined. Mean age (at time of first treatment with anti-VEGF). SD=standard deviation 
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Table 5.2: Primer Sequences of 44 SNPs selected from pooled GWAS for validation in Phase 2 

SNP_ID Forward primer Sequence  Reverse Primer Sequence  Extension Primer sequence  

rs7857431 ACGTTGGATGCTCCTGCATACACCAGAAAC ACGTTGGATGTGGGATATCAAGGAGAAGCG CACTCATCCCTTCCC 
rs59741976 ACGTTGGATGCTTCAGCTTATCCAGAGTCC ACGTTGGATGCCTTGATCTCACACTGATG CAGAACCCTCCTCCC 
rs10050214 ACGTTGGATGTCACTACTTTCCGCACACTG ACGTTGGATGGCCATTAAGTAGATGTTAGC GGCTAGCCTTTCTCC 
rs34677 ACGTTGGATGGACTTACAGGACAGCAGATG ACGTTGGATGACGCGTGATGTTCACTTACC GAGCAATAGAACCCCA 
rs12117294 ACGTTGGATGCCCTTCTTTCATCCTCTCAC ACGTTGGATGACTGCTACCCTTTAGCATAC CTCACTTCCACTCGAAA 
rs794009 ACGTTGGATGCTCTAGTGTCATGAAGGCTG ACGTTGGATGCCACAATAAGACACCATTTC ATGAAGGCTGCAAAAAT 

rs4655583 ACGTTGGATGACCAGATGAGCAAAATCACG ACGTTGGATGCTGGAAGAATATTCACCCTC CCGCTCAAGTTCTCACTC 
rs141659302 ACGTTGGATGGCCTAAGGGCATAAACTGTC ACGTTGGATGTGCTGAATCTGGGACCTATG CCCTCCTAGTGATCAGAT 
rs659910 ACGTTGGATGAATTGCCACTGTCCAAAGC ACGTTGGATGTAGAAAGGTCACACTGGGTC TGTCCAAAGCAGGTAACT 
rs4449299 ACGTTGGATGAAAGGAGCCCAGAACCTCCA ACGTTGGATGATTCCAGCCCAAAGCATCAG TGATCCTCACCTTCTGCCA 
rs13154178 ACGTTGGATGGTTGGCCTTTTGAGGTTTTC ACGTTGGATGGTGAGGGATGCATTGAAAGG CTTGAGGTTTTCTGGACTA 
rs7432690 ACGTTGGATGGAAAAATCCTGCTCTGGGTG ACGTTGGATGCTCTGCAGTAGTACATGAC TGGATTGACTATGAGCTTA 
rs4909963 ACGTTGGATGGGTATGCATAGTACTTAGCAC ACGTTGGATGGAGACACTGAGAGCATACTG CCCACTTAGCACAGTGCATT 
rs291477 ACGTTGGATGTACTGATCACAGACCCCGAA ACGTTGGATGCTGCCTAGGAAAGACTTATC AGCATATTCTAATTCCCCATA 

rs10141328 ACGTTGGATGGTATTTCTGTCTTCCCAATG ACGTTGGATGGGGAAAGAGGCAATTATGAC GAGTTTACCTACATTTTCCAC 
rs3784588 ACGTTGGATGTGTGATACATGGACAGGAC ACGTTGGATGCAGGGGATAGGAAATAGTGC CCTGGACAGGACAAATCAGAT 
rs10767060 ACGTTGGATGCAAATGCGGTCTGAAGTCAC ACGTTGGATGCTGTCTGTATTTGACTGGAG AAGTCACTGCATGAATGAAGA 
rs1353892 ACGTTGGATGTCCTCTTGCTGATACCCTAC ACGTTGGATGGTTCCCATCTCAAGTGACTC ACTGTCTTCCTATTATTATTGG 
rs2110470 ACGTTGGATGAAGCAGCACTGGACGTTCAT ACGTTGGATGATGTTTACAAGAGACGTGGG GGGATGGACGTTCATGAGTTTA 
rs79966776 ACGTTGGATGGCCAGGCAATACTCTAACTG ACGTTGGATGGGCATCTGTATGAAATTGGG ACATGTTATGTCATTTACTACCA 
rs772433 ACGTTGGATGCTGGCTCATTTCAAATGGTC ACGTTGGATGCTTTTACTGTCCTGCTAGTG GGTCTCATGTTACTTTGATGCTG 
rs9323992 ACGTTGGATGTGACTCTCACAGAAAGCACG ACGTTGGATGGAATCATACTGTAAGGCCCG AAACCAGAAAGCACGATCTTAGA 
rs12638297 ACGTTGGATGGGTGATGGACTCTATGAAC ACGTTGGATGCATTTTGCAGATCTTCAGGG ATCTATGAACATCTTTTTCATTCAC 

rs4910623 ACGTTGGATGCTGGCTGTCATTCATTAGAG ACGTTGGATGAGGAGCTTATGGCATATTCC ATGTTATTTACATGTTCAAAGAAGA 
rs11131078 ACGTTGGATGCCAGACATTCCCTAGTCTTC ACGTTGGATGGGAGTAGGCTAGAAAAAGTC CTGAGTCCCAGCTTTCACTCGAATCA 
rs7320683 ACGTTGGATGATCTCATCACACAGGACTTG ACGTTGGATGGTATTGAAAGTTATGCAAATG TCCTGTATAATCTCACATGATAACAAG 
rs3806586 ACGTTGGATGTGGTGCCGTTCAGAAAGATG ACGTTGGATGAACAGGTGTCTTTTCCCAGC CTTTCAGAAAGATGAGTTGATACTATC 
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rs323085 ACGTTGGATGCTTCACTGTCTTTCACCTAC ACGTTGGATGCTGCTGGGAGAATCAATTTG CACCTACTTTTATATTATTTAATTTACC 

rs292998 ACGTTGGATGGGTAGGCCCCAATCCAATAT ACGTTGGATGCAGTGCAGCCCATTGAAAAC TGACTATGTCCTTATAAAAAGAAGAAAT 

rs9644866 ACGTTGGATGTCCTAACTCCTCCAACACAG ACGTTGGATGGGAAGTCACATTCACTGGAG GGCCTCTAGCGTGGT 

rs17659179 ACGTTGGATGCCTTACCGAGGAGTGTGAAG ACGTTGGATGATCACAGGGAGGAGACACTT TGAAGGCTTGTCGAGT 

rs3877899 ACGTTGGATGTGACCCTTGTGCTTATGGTG ACGTTGGATGTCAGAGAATCAGCAACCAGG GCAGGATGAGTAGGAG 

rs6917419 ACGTTGGATGTCCTTGTTTTGTAAGAGCCG ACGTTGGATGAAACAGACTCGTCGGGAATA CGTTCACTAACACAACC 

rs10158937 ACGTTGGATGCATGGTGTATTTATACCACAG ACGTTGGATGCGCAATTCCCAACTGCATAG ACTCATCAGTTGATGAGC 

rs17673268 ACGTTGGATGAACAAACTAGCATCAGCCCG ACGTTGGATGTGTTCGTTTCCCTCCTTACC GAGAAGATGCTAGCAATG 

rs4148732 ACGTTGGATGAGCCAATACAGCAACAGAC ACGTTGGATGTGGCTAACTCACTAAGCGAC AGTTGTGTGAAATGGTGA 

rs3804938 ACGTTGGATGCAATATCATGGTGAGTCTGG ACGTTGGATGGCCGTAAGAACCGTTTTTCC CATGGTGAGTCTGGAATATA 

rs17770298 ACGTTGGATGTGGCCATTCACTCTAGGGAT ACGTTGGATGTGAGCTAGTCAAAAGGGAGG ATTCACTCTAGGGATTTGAAA 

rs10234065 ACGTTGGATGCATGTGTATGGCTATGGGAG ACGTTGGATGGTATAAGTTCCCTGGTAGC TGTATGGCTATGGGAGATTATA 

rs1573317 ACGTTGGATGCCCTTCCTGTGTTAAGTTAG ACGTTGGATGCTGGGCATGAAAAGCAGAAA TCCTTTGTTAAGTTAGGGAGTCC 

rs1447830 ACGTTGGATGCAAAGATTTACTGGGTCTGC ACGTTGGATGTGAACATCATCAGCGAGCA CCCAGAAGCCCAATGGATAGGAG 

rs1892535 ACGTTGGATGAGCTTTCTTTGCTCACCTTC ACGTTGGATGAGAGGGCTAATGAGAAGTGG CTTCCAATTGTTTTCTATCTTTTA 

rs510549 ACGTTGGATGGCGGGTAAATCTGAATGTTG ACGTTGGATGCACAATGCGGTAGGAATTTC GGAATGTTGATTGATACTGTTTAG 

rs2475779 ACGTTGGATGGCTGGAAGGTAGTATGCAAA ACGTTGGATGGGGAACTGGATTATTGCTTC CAAGATCTTTATTTTTTTTTTCTTTATG 

Primers designed using SDS software by Agena Bioscience 
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5.2.5 Statistical analysis  

Linear regression was undertaken to assess the role of non-genetic factors (potential 

cofounders), including age, sex, smoking status, CNV size, lesion type, number of injections 

and baseline VA, on the dependent variable “change in VA” at 3, 6 and 12 months 

respectively.  

The GWAS of pooled DNA was undertaken at the QIMR, Brisbane, Australia, as previously 

described (Macgregor et al., 2008). A customised pipeline developed at QIMR was used for 

data analysis (Lu et al., 2012, Macgregor et al., 2008).  Briefly, a GWAS was run within each 

pool comparison, i.e. a linear model based approach was used for association between SNP 

and allele frequency difference in responder compared to non-responder pools accounting for 

pooling errors.  A meta-analysis was performed summarizing the GWAS results from the 

multiple pool comparisons, weighted by inverse variances. Finally, we applied post-analysis 

checks to the meta-analysis results in order to reduce the chance of false positive findings, 

filtering any SNP that had results from only one of the multiple pool comparisons and those 

with large discrepancies in association results of the SNP itself and its proxies. 

For individual genotyping data, logistic regression was used to assess differences in allele 

frequency between the responder and non-responder groups (defined in the same manner as 

for the GWAS) and adjusted for baseline VA in the discovery cohort and baseline VA and 

age at first injection in the replication cohort. In the replication cohort, different treatment 

regimens were administered after the 3 initial monthly injections. Therefore, two separate 

analyses were performed firstly for all the samples and secondly, following stratification for 

the replication cohort based on treatment regimen; PRN and T&E. These groups consisted of 

215 PRN (Nijmegen and Cologne) and 47 T&E (Montreal) patients respectively. To prevent 

any possible confounding, the analyses performed in both the Melbourne discovery and the 

replication cohort were corrected for baseline VA. For the analyses, the statistical software 

PLINK V1.07 (Purcell et al., 2007) (http://pngu.mgh.harvard.edu/~purcell/plink/) was used.  

Meta-analysis of the discovery and replication cohorts was performed using Metal software 

(Willer et al., 2010). For 3 months treatment meta-analysis, all the patients from the 

Melbourne discovery and the replication cohort were included, as they were all treated with 3 

initial doses of anti-VEGF injections. In the case of 6 months analysis, I performed two 
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separate analyses based on treatment regimen; firstly a meta-analysis for all the patients in 

both the Melbourne discovery and replication cohorts (Nijmegen, Cologne and Montreal) was 

undertaken. Secondly, patients from the Melbourne discovery cohort and only the 215 PRN 

treated patients from Nijmegen and Cologne were included in an analysis as the reaming 47 

patients from Montreal followed a T&E regimen and were excluded from this sensitivity 

analysis.  

In addition, for the Melbourne discovery cohort, logistic regression was undertaken for three 

variants from the validation phase to determine association with retinal fluid absence 

(responders) and presence (non-responder) after three months of anti-VEGF treatment. 

Furthermore, a linear regression model was used to evaluate the association of these same 3 

SNPs with change in CMT at 3 months of therapy.  

5.3 Results  

The demographic characteristics of patients of the Melbourne discovery cohort and the 

replication cohort are shown in Table 5.3.  A total of 297 patients from the Melbourne 

discovery cohort (285 individuals used initially in the pooled GWAS, plus an additional 12 

ranibizumab-treated AMD patients were included, giving a total of 297 individuals) and 376 

patients from the replication cohort met the study inclusion criteria with a mean age of 79.2 

years and 77.1 years, respectively.  A mean baseline VA (at the time of first injection) of 51 

ETDRS letters was observed in the Melbourne discovery cohort and 52.6 ETDRS letters in 

the replication cohort (Table 5.3).  In the Melbourne discovery cohort, sex, smoking, type of 

lesion, size of CNV and number of injections up to 12 months of treatment, showed no 

significant association with change in VA at 3, 6 and 12 months of treatment (p>0.05).  

Baseline VA showed a consistent negative association with change in VA at 3, 6 and 12 

months (p<0.001) in the Melbourne discovery cohort and 3 and 6 months in the replication 

cohort.  In addition, age at the time of nAMD treatment was associated with change in VA at 

3 months (p<0.001) but not at 6 months in the replication cohort (p>0.05) (Table 5.4).  Both 

the discovery and replication cohorts presented with similar demographic and clinical 

characteristics except for the size of the CNV.  
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Table 5.3: Patient demographics and clinical characteristics of the Melbourne discovery 

cohort and the replication cohorts 

 Discovery  Cohort 

(Melbourne) 

(n=297) 

Replication Cohort  

(Nijmegen/Cologne/Montreal) 

 (n=376) 

Sex   

   Female 181 (60.9%) 214 (56.9%) 

Male 116 (39.1%) 162 (43.1%) 

 

Age (years), mean±SD 

Range 

 

79.2±7.1 

(53-102) 

 

77.1±7.4 

(53-97) 

 

Baseline Visual Acuity (ETDRS letters), 

mean ±SD 

Range 

 

 

51.0±17.5 

(2-88) 

 

 

 

52.6±18.0 

(1-85) 

 

Type of lesion 

Predominantly Classic 

Non-Predominantly Classic 

Missing Data 

 

  

23% 

77% 

11%  

 

 

19.4% 

69.7% 

10.9% 

 

*+Size of CNV 

< 2 optic-disc area 

> 2 Optic-disc area 

Missing Data 

 

44%  

29% 

27% 

 

 

24.5% 

51.3% 

24.2% 

Number of Injections  at 6 months,    

mean ±SD  4.7 ± 1.3 NA 

 

^Number of Responders/Non-responders 

                          3 Month 

                          6 Month 

 

84%/16% 

79%/21% 

 

82%/18% 

76%/24% 

                         12 Months 76%/24% NA 

SD = Standard Deviation, ETDRS = Early Treatment Diabetic Retinopathy Study, *In the discovery cohort, 

one optic-disc area is equal to 2.54 mm², based on an optic disc diameter of 1.8mm, + In the replication 

cohort optic disc measurement is based on each patients optic disc area, NA = Not available, ^Non-

responders classified as those who showed loss of ≥5 EDTRS letters VA from baseline; all remaining 

patients were classified as responders. Snellen visual acuity values were first converted into approximate 

ETDRS letters using a chart that has all three measurements to read the equivalent number of ETDRS letters. 

It is based on the formula ETDRS letters = 85-(-(logSnellen)/0.02) (Gregori et al., 2010)”. The 12 month 

data was not available for replication cohort. 
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Table 5.4: Analysis of the influence of demographics and clinical variables on the change in VA after 3, 6 and 12 month of anti-VEGF treatment 

in the discovery Melbourne and European cohorts 

 Discovery Melbourne Cohort Replication Cohort 

 
3 Months 

(n=297) 

6 Months 

(n=297) 

12 Months 

(n=266) 

3 Months  

(n=376) 

6 Months  

(n=262) 

Characteristics P-Value β (CI 95%) SE P-Value β (CI 95%) SE P-Value β (CI 95%) SE P-Value β (CI 95%) SE P-Value β (CI 95%) SE 

Gender (Males 

vs Female) 
0.86 

-0.26 (-2.7-

2.1 )0.93 
0.84 

-0.31 (-3.4- 

2.84)1.58 
0.77 

0.52(-2.5-3.6) 

1.87 
0.89 

0.33 (-1.13 - 4.78) 

2.26 
0.33 

2.78 (-2.88 – 

8.45) 

Age 0.27 
-1.10 (-0.2-

0.05).10 
0.45 

-0.07 (-0.2- 

0.13) 0.10 
0.56 

-0.07(-0.29-

0.14) 0.13 
<0.01 

-0.42 (-0.70 - -0.13) 

0.14 
0.06 

-0.37 (-0.75 – 

0.11) 

Baseline VA <0.001 
-0.24 (-0.3 to 

-0.17)0.03 
<0.001 

-0.32 (-0.32 to -

0.15) 0.04 
<0.001 

-0.24(-0.3-0.1) 

0.05 
0.001 

-0.21 (-0.33 - -0.09) 

0.06 
0.04 

-0.18 (-0.35 – - 

0.007) 

Smoking 0.71 
0.53 (-1.9-

2.9) 1.48 
0.42 

1.27 (-1.84 - 

4.38) 1.58 
0.64 

0.86(-2.2-3.94) 

1.8 
0.33 

2.21 (-2.29 - 6.71) 

2.28 
0.37 

2.61 (-3.14 – 

8.36) 

Type of lesion 0.30 
2.1 (-1.2-5.5 

)2.0 
0.45 

-1.74 (-6.2 -

2.78)2.2 
0.14 

3.86(-0.4-8.2) 

2.63 
0.63 

1.23 (-3.87 – 6.33) 

2.58 
0.50 

-2.21 (-8.68 – 

4.27) 

Size of CNV 0.91 
0.18 (-2.8-

3.2)1.83 
0.53 

-1.27(-5.2 - 

2.73)2.0 
0.24 

-2.74(-6.4-1.1) 

2.3 
0.12 

-0.48 (-1.08 – 0.133) 

0.31 
0.08 

-0.71 (-1.51 - 

0.09) 

Number of 

injections 
- - 0.25 

-3.4(-5.9 to -

1.9)0.71 
0.001 1.9(0.9-2.8) 0.57 - - - - 

P value calculated using a linear regression test for change in VA and non-genetic covariates,  β: coefficient of the linear regression, CI: confidence Interval, SE: Standard 

Error,  VA: Visual Acuity, CNV: Choroidal Neovascularization 
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5.3.1 First Phase- Genome wide association Study 

 

First phase results from the pooled GWAS are shown in a Manhattan plot in Figure 5.1.  A 

total of 44 SNPs from the pooled GWAS were selected for technical validation through 

independent individual genotyping on the basis of a genome-wide significant p-value (37 

SNPs, p<9x10-8), SNPs in genes involved in drug resistance response (‘pharmagenes’) (2 

SNPs, p<5.0x10-6) and SNPs leading to a missense change in a coding region of a gene (5 

SNPs, p<1.0x10-4) (Table 5.5). The regional plot of the top three variants rs4910623, rs323085 

and rs10158937 around ±500Kb flanking region is shown in Figure 5.2, 5.3 and 5.4 

respectively. 
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Figure 5.1: Manhattan plot of SNPs tested in a pooled GWAS for response to anti-VEGF 

treatment. The X-axis indicates the chromosomal position of the SNPs and the Y-axis shows 

their corresponding p-value (-log10). The red line indicates the threshold for genome-wide 

significance (p<5×10-8) and the blue line indicates the threshold for suggestive association 

(p<1x10-5). 
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Table 5.5: Selected SNPs from the pooled GWAS comparing responders and non-responders 

at 6 months ranibizumab treatment and validation results using an independent genotyping 

technique in the Melbourne discovery cohort 

SNP  Chr. Position+ Gene Effect Allele Pooled GWAS Technical Replication  

Pooled GWAS SNPs reaching P ≤ 9x10-8  P Value OR  P Value OR(95% CI) 

rs4910623 11 4389639 OR52B4 G 3.69x10-9 3.14 5.65x10-5 2.58 (1.63-4.10) 

rs323085 18 49290621 LOC100287225 C 3.29x10-8 0.22 6.53x10-4 0.16 (0.06-0.46) 

rs10158937 1 66144876 LEPR C 5.36x10-8 0.28 1.30x10-3 0.32 (0.17-0.65) 

rs2475779 5 157541895 CLINT1 T 1.59x10-9 0.29 1.36x10-3 0.40 (0.23-0.70) 

rs59741976 3 74593662 CNTN3 T 2.65x10-8 0.32 1.84x10-3 0.31 (0.15-0.65) 

rs4655583  1 66155407 LEPR A 1.37x10-8 0.28 2.38x10-3 0.34 (0.17-0.69) 

rs7857431 9 132529504 PTGES T 3.36x10-8 0.25 4.58x10-3 0.12 (0.03-0.53) 

rs794009 4 40139719 N4BP2 A 6.91x10-8 0.35 5.47x10-3 0.40 (0.22-0.77) 

rs10234065 7 19547138 TWISTNB T 1.37x10-8 0.31 5.61x10-3 0.13 (0.03-0.56) 

rs1447830 3 74613171 CNTN3 T 7.56x10-9 0.30 5.63x10-3 0.35 (0.17-0.74) 

rs2110470 7 19509870 TWISTNB A 3.35x10-8 0.35 5.65x10-3 0.40 (0.21-0.77) 

rs1892535 1 66097181 LEPR T 6.50x10-8 0.31 6.50x10-3 0.38 (0.19-0.77) 

rs1573317 18 382268 COLEC12 T 1.11x10-9 0.27 7.60x10-3 0.36 (0.18-0.77) 

rs13154178 5 42828101 SEPP1 A 2.09x10-8 0.36 8.20x10-3 0.49 (0.30-0.83) 

rs4909963 11 11119228 GALNTL4 T 9.85x10-9 0.24 8.32x10-3 0.20 (0.06-0.67) 

rs79966776 3 74582701 CNTN3 A 1.61x10-8 0.32 9.72x10-3 0.42 (0.22-0.81) 

rs510549 3 111700305 ABHD10 T 1.60x10-9 0.34 1.07x10-2 0.53 (0.33-0.87) 

rs6917419 6 27243480 PRSS16 T 3.80x10-8 0.33 1.41x10-2 0.32 (0.13-0.80) 

 rs12117294 1 209814879 LAMB3 T 1.89x10-8 0.34 1.84x10-2 0.46 (0.25-0.88) 

rs10767060 11 23468443 LOC100500938 T 8.72x10-8 0.38 2.23x10-2 0.58 (0.37-093) 

rs17770298 9 101208288 GABBR2 A 7.44x10-9 0.18 2.40x10-2 0.19 (0.05-081) 

rs11131078 3 7548067 GRM7 T 3.23x10-9 0.13 2.63x10-2 0.58 (0.37-0.94) 

rs292998 5 58032485 RAB3C G 3.86x10-9 0.38 2.94x10-2 0.61 (0.39-0.95) 

rs772433 2 7838257 LOC339788 A 5.06x10-8 0.36 4.24x10-2 0.62 (0.40-0.98) 

rs3806586 2 128433897 LIMS2 T 1.16x10-9 0.26 4.96x10-2 0.52 (0.28-1.00) 

rs9644866 9 2290590 SMARCA2 T 3.72x10-9 0.17 5.60x10-2 0.63 (0.40-1.01) 

rs10050214 4 78733015 CNOT6L T 4.22x10-8 0.38 6.35x10-2 0.40 (0.28-1.04) 

rs12638297 3 29748169 RBMS3 T 4.29x10-8 0.31 6.40x10-2 0.50 (0.25-1.04) 

rs4449299 3 14598965 GRIP2 A 5.50x10-8 0.39 8.79x10-2 0.64 (0.39-1.07) 

rs1353892 12 90716019 C12orf37 T 1.06x10-9 0.34 9.71x10-2 0.67 (0.42-1.07) 

rs659910 11 131769454 NTM T 1.27x10-8 0.39 1.67x10-1 0.71 (1.00-1.03) 

rs10141328 14 96752555 ATG2B C 7.78x10-8 0.16 1.90x10-1 0.73 (0.47-1.16) 

rs9323992 14 98649816 C14orf64 T 4.59x10-8 0.38 5.14x10-1 0.84 (0.50-1.41) 

rs7432690 3 77450363 ROBO2 T 9.91x10-10 0.14 6.81x10-1 1.09 (0.72-1.67) 

rs141659302 11 128802177 TP53AIP1 T 3.79x10-8 0.41 9.99x10-1 0.74 (0.00-0.00) 

rs7320683 13 71787948 DACH1 A 5.38x10-8 2.86 1.00 1 (-) 

rs291477 3 73807858 PDZRN3 G 1.85x10-10 2.91 1.00 1 (-) 
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Pooled GWAS SNPs in known pharmagenes showing suggestive significance 

rs3804938 3 7550294 GRM7 C 1.35x10-7 0.13 1.01x10-2 0.54 (0.34-0.87) 

rs4148732 7 87234049 ABCB1 G 2.72x10-6 0.22 1.00x10-3 0.08 (0.02-0.38) 

Pooled GWAS SNPs leading to a missense change in gene 

rs3877899 5 42801268 SEPP1 A 9.02x10-7 0.36 1.15x10-3 0.34 (0.18-0.66) 

rs34677 5 33998768 AMACR T 3.22x10-5 0.35 3.0x10-3 0.26 (0.11-064) 

rs3784588 15 31294654 TRPM1 T 4.73x10-5 0.27 9.96x10-1 0.04 (1.00-1.03) 

rs17659179 18 47511113 MYO5B A 8.20x10-5 0.28 4.75x10-2 0.29 (0.09-0.99) 

rs17673268 9 368128 DOCK8 T 1.54x10-5 0.41 2.44x10-1 0.63 (1.00-1.03) 

For technical replication P values were calculated using logistic regression adjusted for baseline visual acuity, OR = odds 

ratio, SNP: single nucleotide polymorphism, Chr: chromosome, BP: base pair position on chromosome. SNPs that 

remained significantly associated after Bonferroni correction for multiple testing are highlighted in bold.+ Representing 

position from phase 3 1000G CEU reference panel  
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Figure 5.2: Regional plot of the association signal of the variant rs4910623 from the pooled 

DNA GWAS discovery phase. X-axis shows variants around the ±500Kb region of the SNP 

rs4910623, Y-axis indicates the –log10(p-value) of the association responders and non-

responders at six months of the anti-VEGF treatment. The linkage-disequilibrium (LD) 

threshold is displayed by colours, red is high LD (r2≥ 0.8) and purple is no LD (r2 ≤ 0.2). Blue 

lines shows recombination rate (right hand axis). Bottom part of the figure shows gene with the 

arrow indicates the direction of transcription.  
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Figure 5.3: Regional plot of the association signal of the variant rs323085 from the pooled 

DNA GWAS discovery phase. X-axis shows variants around the ±500Kb region of the SNP 

rs323085, Y-axis indicates the –log10(p-value) of the association responders and non-

responders at six months of the anti-VEGF treatment. The linkage-disequilibrium (LD) 

threshold is displayed by colours, red is high LD (r2≥ 0.8) and purple is no LD (r2 ≤ 0.2). Blue 

lines shows recombination rate (right hand axis). Bottom part of the figure shows gene with 

the arrow indicates the direction of transcription 
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Figure 5.4: Regional plot of the association signal of the variant rs10158937 from the pooled 

DNA GWAS discovery phase. X-axis shows variants around the ±500Kb region of the SNP 

rs10158937, Y-axis indicates the –log10(p-value) of the association responders and non-

responders at six months of the anti-VEGF treatment. The linkage-disequilibrium (LD) threshold 

is displayed by colours, red is high LD (r2≥ 0.8) and purple is no LD (r2 ≤ 0.2). Blue lines shows 

recombination rate (right hand axis). Bottom part of the figure shows gene with the arrow 

indicates the direction of transcription 
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5.3.2 Second Phase- Validation  

In the second phase, all 44 SNPs from the first phase were genotyped in the 297 patients (the 

same cohort as in phase 1 but including the additional 12 extra patient samples who became 

available between the time of phase1 and phase2). This individual genotyping confirmed the 

3 SNPs (rs4910623, rs323085, rs10158937) to be significantly (p<0.05) associated with 

response at 6 months of ranibizumab treatment after Bonferroni correction for 44 independent 

tests. SNP rs4910623 showed the highest significance (p=5.7x10-5), in which the ‘G’ risk 

allele led to a worse response (OR=2.58 [95% CI=1.63-4.10]). While the C allele of both 

rs323085 and rs10158937 (p=6.5x10-4 and p=1.30x10-3, respectively) appeared protective 

(OR=0.16 [95% CI= 0.06-0.46] and OR=0.32 [95% CI=0.17-0.65], respectively) (Table 5.6). 

Since a loading dose of three monthly injections was prescribed to all patients, we also sought 

to determine if the effect of these three selected SNPs in treatment outcome could also be seen 

at this time point. The G allele of rs4910623 showed an association with worse outcome at 

three months of treatment (p=1.5x10-3, OR=2.23 [95% CI=1.36-3.66]). 

SNP rs10158937 showed an association with the C allele leading to a better response after 3 

months (p=9.0x10-3, OR=0.36 [95% CI=0.17-0.77]), consistent with the six months result. 

However rs323085 did not show significant association at three months (Table 5.6). 

Significant association of the G allele of SNP rs4910623 with worse VA outcome response  

(adjusted for number of injections) was also evident after 12 month of anti-VEGF treatment 

(p= 1.5x10-3, OR = 2.2 [95% CI=13-3.6]). Similarly, the C allele of the variant rs10158937 

was associated with improved VA outcome (p = 9.0x10-3, OR= 0.3 [95% CI = 0.17-0.77]) at 

12 months of therapy. In contrast, no significant association was observed for rs323085 at 1 

year of treatment (p>0.05) (Table 5.7).  
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Table 5.6: Genotypic distribution and allele frequency of rs4910623, rs323085 and rs10158937 and association with VA response 

at six and three months of anti-VEGF treatment in the Melbourne discovery cohort 

6 Month  

SNP A1  A2 Genotype frequency * Allele frequency  + P-Value OR (95% CI) 

   Responders Non-responders Responders Non-Responders   

rs4910623 G A 0.23/0.52/0.25 0.54/0.36/0.10 0.49/0.51 0.72/0.28 5.7x10-5 2.58 (1.63-4.10) 

rs323085 C T 0.30/0.28/0.69 0/0.70/0.93 0.17/0.83 0.03/0.97 6.5x10-4 0.16 (0.06-0.46) 

rs10158937 C A 0.06/0.33/0.61 0/0.17/0.83 0.23/0.77 0.08/0.92 1.3x10-3 0.32 (0.17-0.65) 

3 Month         

rs4910623 G A 0.25/0.51/0.24 0.52/0.37/0.11 0.51/0.49 0.71/0.29 1.5x10-3 2.23 (1.36-3.66) 

rs323085 C T 0.02/0.25/0.73 0.02/0.22/0.76 0.14/0.86 0.13/0.87 0.81 0.92 (0.47-1.81) 

rs10158937 C A 0.06/0.33/0.62 0.02/0.13/0.85 0.22/0.78 0.09/0.91 9.0x10-3 0.36 (0.17-0.77) 

Definition of response was the same as in the pooled GWAS: Non-responders are patients who lost ≥ 5 ETDRS letters and the remainder 

were classified as responders. P-Value: Calculated using logistic regression adjusted for baseline visual acuity, OR = odd ratio, representing 

trend per copy effect of risk or minor allele on VA outcome, highlighted in bold for each SNP, CI: 95% Confidence Interval, * Genotype 

frequency A1A1/A1A2/A2A2, +Allele frequency A1/A2.. 
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Table 5.7: Genotypic distribution and allele frequency of the three significantly associated SNPs following technical replication 

in responders and non-responders at longer term (12 month) of anti-VEGF treatment in the Melbourne discovery  cohort 

12 Months  

SNP A1  A2 Genotype%* Allele frequency% + P-Value OR (95% CI) 

   Responders Non-responders Responders Non-Responders 

rs4910623 G A 0.25/0.49/0.26 0.46/0.44/0.10 0.50/0.50 0.68/0.32 1.5x10-3 2.2 (1.3-3.6) 

rs323085 C T 0.02/0.25/0.73 0.03/0.18/0.79 0.14/0.86 0.12/0.88 0.81 0.9 (0.4-1.8) 

rs10158937 C A 0.07/0.33/0.60 0.0/0.20/0.80 0.23/0.77 0.10/0.90 9.0x10-3 0.3(0.17-0.77) 

P-Value: Calculated using logistic regression adjusted for baseline visual acuity, OR = odd ratio, representing trend per copy effect 

of risk or minor allele on VA outcome, highlighted in bold for each SNP, CI: 95% Confidence Interval, * Genotype frequency 

A1A1/A1A2/A2A2, +Allele frequency A1/A2.. 
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I also evaluated the association of SNPs rs4910623, rs323085 and rs10158937 with 

anatomical variables on OCT such as retinal fluid clearance and CMT change after 3 month 

of anti-VEGF treatment. Out of a total of 140 patients, 76% had no retinal fluid (responders) 

and the remaining 24% had retinal fluid present (non-responders) after 3 months of anti-VEGF 

treatment. SNP rs4910623 showed no significant association with retinal fluid clearance 

(responders) and presence (non-responders) after 3 months of treatment (p = 0.53). The 

frequency of the G allele in responders was 50% compared to non-responders (55%) for the 

SNP rs4910623 (Table 5.8). Similarly, variants rs323085 and rs10158937 had no effect on 

fluid clearance after three monthly anti-VEGF injections (p= 0.68 and p = 0.75, respectively) 

(Table 5.8). Furthermore, rs4910623 had no significant association with change in CMT after 

three months of treatment (p = 0.39). Patients with the GG genotype had -142.05µm CMT 

change while those with the AA or GA genotype had -106.0 µm and -69.0 µm CMT change 

from baseline respectively, (Table 5.9). In addition, no significant association was observed 

for SNP rs323085 and rs10158937 with change in CMT (Table 5.9).  
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Table 5.8: Association of SNPs rs4910623, rs323085 and rs10158937 with retinal fluid on OCT after three month of 

anti-VEGF treatment 

3 Month 

SNP A1 A2 Genotype frequency * Allele frequency  + P-Value OR 95% CI 

   Responders Non-responders Responders Non-Responders  

rs4910623 G A 0.25/0.50/0.25 0.34/0.41/0.24 0.50/.50 0.55/0.45 0.53 1.20(0.67-2.13) 

rs323085 C T 0.01/0.31/0.67 0.10/0.17/0.72 0.16/0.84 0.19/0.81 0.68 1.16(0.55-2.47) 

rs10158937 C A 0.04/0.27/0.67 0.06/0.28/0.65 0.18/0.82 0.20/0.80 0.75 1.11(0.57-2.17) 

Definition of response was based on retinal fluid absence  (responders) or fluid presence (non-responders).P-Value: Calculated using 

logistic regression, OR = odd ratio, representing trend per copy effect of risk or minor allele on retinal fluid presence, highlighted in 

bold for each SNP, CI: 95% Confidence Interval, * Genotype frequency A1A1/A1A2/A2A2, +Allele frequency A1/A2. 
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Table 5.9: Association of SNPs rs4910623, rs323085 and rs10158937 with change in central 

macular thickness (CMT) after three months of anti-VEGF treatment.  

3 Month 

SNP A1 A2 Genotype Frequency * Mean CMT change (µm) P-Value 

rs4910623 G A 0.19/0.48/0.31 -142.05/-106.0/-69.0 0.39 

rs323085 C T 0.04/0.28/0.67 -110.25/-101.12/-121.6 0.36 

rs10158937 C A 0.07/0.25/0.67 -112.71/-96.52/-122.18 0.37 

P-Value: Calculated using linear regression, * Genotype frequency A1A1/A1A2/A2A2 
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5.3.3 Third Phase- Replication 

In the third phase, we analyzed the association of the three SNPs with treatment outcome in a 

replication cohort of European descent, consisting of 376 ranibizumab-treated nAMD 

patients.  The effect of rs4910623 replicated at six months of treatment (p=4.6x10-2, OR=1.53 

[95% CI=1.00-2.30]). While the two other SNPs rs323085 and rs10158937 showed no effect 

on change in VA at six months of anti-VEGF treatment (P > 0.05) (Table 5.10). 

Subsequently, replication cohort stratification on the treatment regimen was performed on 215 

ranibizumab-treated nAMD patients followed on the PRN treatment regimen and 47 patients 

on the T&E protocol. For the former, the rs4910623 remained significantly associated with 

change in VA at six months of treatment (p=3.5x10-2, OR=1.71 [95% CI=1.04-2.80]). While 

for the patients on T&E regimen, rs4910623 revealed no significant association with change 

in VA (p > 0.05) at 6 month of anti-VEGF treatment. The variants rs323085 and rs10158937 

were not associated with change in VA with both PRN and T&E treatment regimen patients 

after 6 month of treatment (Table 5.11). 

At the 3 month treatment time point, all replication patients were included in the analysis (n 

= 376) as they were all treated in a similar manner to the discovery cohort. The effect of SNP 

rs4910623 on treatment response was also similar at this time point (p=2.4x10-3, OR=1.8 

[95% CI=1.24-2.71]). SNPs rs323085 and rs10158937 were not associated with treatment 

response in the replication cohort (Table 5.10). 

The frequency of the rs4910623 risk allele (G)  in the Melbourne discovery cohort was 71% 

and 72% for the non-responder group (3 and 6 months respectively) in comparison to 51% 

and 49% in the responder group (3 and 6 months, respectively) (Table 5.6). A similar change 

in allele frequency was also seen in the replication cohort with the frequency of the risk allele 

G being 62% in the non-responder group compared to 48% in the responder group at 6 months 

for patients on PRN treatment regimen (Table 5.11). The overall distribution of change in VA 

corresponding to each genotype of rs4910623 in both cohorts (all patients) are shown in 

Figure 5.5 and PRN treated patients is shown in Figure 5.6. 
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Table 5.10: Genotypic distribution and allele frequency of rs4910623, rs323085 and rs10158937 and association with VA response at 

six and three months of anti-VEGF treatment in the replication cohort 

SNP  A1  A2 Genotype frequency * Allele frequency  + P-Value OR 95% CI 

   Responders Non-responders Responders Non-Responders   

6 Month 

rs4910623 G A 0.23/0.47/0.29 0.34/0.49/0.17 0.47/0.53 0.58/0.42 4.6x10-2 1.53 (1.01–2.30) 

rs323085 C T 0.02/0.23/0.75 0.0/0.22/0.78 0.14/0.86 0.11/0.89 0.48 0.79 (0.40-1.50) 

rs10158937 C A 0.05/0.30/0.65 0.02/0.32/0.66 0.20/0.80 0.18/0.82 0.66 0.88 (0.50-1.50) 

3 Month         

rs4910623 G A 0.22/0.50/0.28 0.39/0.46/0.15 0.47/0.53 0.62/0.38 2.4x10-3 1.83 (1.24–2.71) 

rs323085 C T 0.03/0.24/0.73 0/0.23/0.77 0.15/0.85 0.11/0.89 0.34 0.74 (0.50–1.33) 

rs10158937 C A 0.04/0.32/0.64 0.06/0.35/0.59 0.20/0.80 0.23/0.77 0.25 1.31 (0.83-2.06) 

Definition of response was the same as in the pooled GWAS: Non-responders are patients who have lost ≥ 5 ETDRS letters and the remainder 

were classified as responders P-Value: Calculated using logistic regression adjusted for baseline visual acuity and age, OR = odd ratio, 

representing trend per copy effect of risk or minor allele on VA outcome, highlighted in bold for each SNP, CI: 95% Confidence Interval, * 

Genotype frequency A1A1/A1A2/A2A2, +Allele frequency A1/A2. 
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Table 5.11: Genotypic distribution and allele frequency of rs4910623, rs323085 and rs10158937 and association with VA response 

at six of anti-VEGF treatment stratified by treatment regimen in the replication cohort 

6 Month – Nijmegen and Cologne (n=215),  

SNP A1  A2 Genotype frequency * Allele frequency  + P-Value OR 95% CI 

   Responders Non-responders Responders Non-Responders   

rs4910623 G A 0.24/0.48/0.28 0.34/0.54/0.12 0.48/0.52 0.62/0.38 3.5x10-2 1.71(1.04-2.80) 

rs323085 C T 0.02/0.25/0.74 0.00/0.21/0.79 0.14/0.86 0.10/0.90 0.46 0.74(0.34-1.63) 

rs10158937 C A 0.05/0.32/0.63 0.02/0.30/0.67 0.21/0.79 0.17/0.83 0.58 0.84(0.45-1.57) 

6 Month – Montreal (n=47) 

rs4910623 G A 0.23/0.42/0.36 0.31/0.38/0.31 0.44/0.56 0.50/0.50 0.49 1.34(0.58-3.11) 

rs323085 C T 0.07/0.13/0.81 0.00/0.25/0.75 0.13/0.87 0.13/0.88 0.73 0.81(0.24-2.72) 

rs10158937 C A 0.07/0.19/0.74 0.00/0.38/0.63 0.16/0.84 0.19/0.81 0.56 1.42(0.44-4.55) 

Definition of response was the same as in the pooled GWAS: Non-responders are patients who have lost ≥ 5 ETDRS letters and the 

remainder were classified as responders P-Value: Calculated using logistic regression adjusted for baseline visual acuity and age, OR = 

odd ratio, representing trend per copy effect of risk or minor allele on VA outcome, highlighted in bold for each SNP, CI: 95%  Confidence 

Interval, * Genotype frequency A1A1/A1A2/A2A2, +Allele frequency A1/A2. 
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Figure 5.5: Mean change in visual acuity (VA) after three and six months of treatment stratified 

by rs4910623 genotype for the Melbourne discovery and replication cohorts. Vertical lines 

represent the standard error (SE) of the mean change in VA. 
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Figure 5.6: Mean change in visual acuity (VA) after three and also the six month time period 

(PRN treated only) of treatment stratified by rs4910623 genotype for the Melbourne discovery 

and replication cohorts. Vertical lines represent the standard error (SE) of the mean change in 

VA. 
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5.3.4 Meta-Analysis 

A meta-analysis of SNP rs4910623 in both the Melbourne discovery cohort and the replication 

cohort showed significant differences in allele distribution between responders and non-

responders at 3 months (p=1.2x10-5) and 6 months (1.7x10-5) of treatment. In addition, meta-

analysis stratified by the PRN regimen for both the Melbourne discovery and replication 

cohorts (only PRN patients) revealed significant association with change in VA (p=9.3x10-6) 

at six month of anti-VEGF therapy. This indicates the influence of rs4910623 on outcome of 

ranibizumab treatment in AMD patients (Table 5.12).  
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Table 5.12: Meta-analysis of the Melbourne discovery cohort and the replication cohort for 

SNP rs4910623 at 3 and 6 months of ranibizumab treatment in AMD patients 

Meta-Analysis  

3 Month  

SNP Gene A1 A2 N P value   Direction Z score  

rs4910623 OR52B4 G A 673 1.2x10-5 ++ 4.37 

6 Month   

rs4910623 OR52B4 G A 559 1.7x10-5 ++ 4.30 

6 Month*   

rs4910623 OR52B4 G A 512 9.3x10-6 ++ 4.43 

Meta-analysis was performed using METAL, * For the replication cohort only PRN 

samples were included  
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5.3.5 In silico approach for OR52B4 gene function  

Using the HaploReg database (Ward and Kellis, 2012), SNP rs4910623 is predicted to alter 

the GATA and TCF4 regulatory motifs 22bp upstream of the OR52B4 gene. We also analyzed 

the surrounding variants within its linkage disequilibrium (LD) block from the 1000 Genomes 

Project (r2 = 0.8, 250Kb).  A number of the identified SNPs in this LD block are predicted to 

alter transcriptional binding sites (Table 5.13).  Thus, this region may play an important role 

in transcriptional regulation of this gene.  

The OR52B4 protein (Q8NGK2, UniprotKB accession number) consists of 314 amino acids 

(aa) and is a member of the G-coupled protein receptor (GPCR) family, which is located in 

the plasma membrane of the cell. Interestingly we find the conserved domain of Q8NGK2 

(Marchler-Bauer et al., 2014) is a 7-transmembrane domain (7tm) region which is highly 

conserved with the 7tm_4 super family domain of all the olfactory receptors (33-321 aa) and 

also the 7tm_1 domain of the 7 transmembrane receptor (rhodopsin family) (43-294 aa) as 

indicated using the NCBI Conserved Domain Database (CCD) 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?seqinput=NP_001005161.2).  

To assess expression of the OR52B4 gene in human eye tissue, we used the online resource: 

“The Ocular Tissue Database”(Wagner et al., 2013). Expression of the OR52B4 gene was 

present in the retina, optic nerve and choroid (Table 5.14) 
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Table 5.13: HaploReg database showing variants located within predicted regulatory regions and in LD (r² > 0.8) with 

rs4910623 (+/- 250Kb) 

Chr 

Position 

(hg19) LD(r²) Variant Ref Alt 

EUR 

(freq) Motifs Changed RefSeq Genes 

Functional 

Annotation  

11 4372783 0.87 rs4910613 A C 0.49 - 16kb 3' of OR52B4 - 

11 4377981 0.94 rs10835954 C T 0.5 Pou5f1 11kb 3' of OR52B4 - 

11 4387760 0.99 rs12293167 G T 0.5 5 altered motifs 731bp 3' of OR52B4 - 

11 4389587 1 rs7929171 G C 0.51 DMRT1,DMRT4,LUN-1 OR52B4 5'-UTR 

11 4389639 1 rs4910623 G A 0.51 GATA,TCF4 22bp 5' of OR52B4 - 

11 4395551 0.91 rs1895914 C T 0.51 Nkx2,Sox 5.9kb 5' of OR52B4 - 

11 4396029 0.92 rs12575038 T C 0.51 TR4 6.4kb 5' of OR52B4 - 

11 4399936 0.88 rs7124081 A C 0.52 CEBPB 6.2kb 3' of TRIM21 

 
HaploReg  http://www.broadinstitute.org/mammals/haploreg/haploreg.php. Chr: chromosome, LD: Linkage disequilibrium, Ref/Alt: 

reference/Alternate allele, EUR Freq: Frequency in European population, RefSeq: reference Sequence gene 

http://www.broadinstitute.org/mammals/haploreg/haploreg.php
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Table 5.14: The Ocular Tissue Database shows expression of the OR52B4 gene in adult human eye tissues 

Seq name start stop strand Probe Id  GENE 1PLEIR Score in different tissues of Eye 

      

Choroid 

& RPE 

Optic 

nerve 

Optic nerve 

head Retina 

chr11 4388614 4391330 - 3360136 OR52B4 17.3781 22.4866 22.9475 25.5724 

1: Expression of genes in the Ocular Tissue Database (https://genome.uiowa.edu/otdb/) is represented as an Affymetrix 

Probe Logarithmic Intensity Error (PLIER) number. RPE: retinal pigment epithelium 
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5.4 Discussion  

The aim of this chapter of the thesis was to identify genetic variants that influence the 

ranibizumab treatment response in AMD using a pooled DNA GWAS approach. SNP 

rs4910623 in the promoter region of the OR52B4 gene was associated with a worse response 

to ranibizumab treatment.  The association was validated in the same cohort through 

individual technical genotyping and confirmed in an independent replication cohort of AMD 

patients of European descent. Individuals carrying the risk allele G did not respond as well to 

ranibizumab treatment in either cohort after 3 or 6 months of treatment compared to those 

with the A allele. In the Melbourne discovery cohort, rs4910623 was also significantly 

associated with worse VA outcome at longer-term (12 month) of anti-VEGF treatment. 

However, SNP rs4910623 revealed no significant effect on anatomical variables on OCT such 

as fluid clearance and CMT change after three months of anti-VEGF treatment in the 

Melbourne discovery cohort.     

In the replication cohort, significant association of rs4910623 with change in VA was 

observed in all patients at 3 and 6 months of treatment. In addition, analysis of the replication 

cohort was stratified for treatment regimen (for 6 month data only), 215 samples from 

Nijmegen and Cologne were treated on PRN protocol and 47 patients from Montreal were 

followed on a T&E regimen. The SNP rs4910623 remained significantly associated with 

change in VA in patients on the PRN regimen but showed no significant association in patients 

on the T&E protocol. As this group consisted of only 47 patients it was too small to draw any 

conclusive conclusions about whether this treatment protocol significantly affected the 

association of the G allele of rs4910623 with change in VA. 

In the meta-analysis, rs4910623 revealed significant association with change in VA at both 3 

and 6 months of treatment. In addition the meta-analysis was stratified for treatment regimen 

at 6 month for the replication cohort as above (only PRN treated patients included). SNP 

rs4910623 remained significantly associated with change in VA at 6 months of treatment. It 

confirmed the role of rs491023 in influencing outcome after anti-VEGF treatment in nAMD 

patients.   

Two other SNPs, rs323085 and rs10158937, located 202kb 3' of LOC100287225and 42kb at 

3' of LEPR gene respectively, did not remain associated with change in VA after replication.  
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The inconsistency in the results for these two SNPs could indicate that they are false positive 

findings. 

The baseline characteristics of both cohorts did not reveal significant association with change 

in VA except baseline VA in both the discovery and replication cohorts at 3 and 6 months of 

treatment. Furthermore, in the Melbourne discovery cohort the baseline VA was associated 

with change in VA at long term (12 month) of anti-VEGF treatment. Baseline VA was 

negatively associated with change in VA, thus lower baseline VA led to a greater VA gain 

after treatment and vice versa. Therefore our findings are in agreement with the ANCHOR 

and MARINA trials where higher VA at baseline was associated with a smaller gain in VA at 

12 and 24 months of treatment, respectively (Tsilimbaris et al., 2016).  This in-turn reflects a 

floor and ceiling effect of baseline VA (Tufail et al., 2014). Based on the definition of response 

in our study there may be floor effect of baseline VA where individuals with higher baseline 

VA have limited chance to gain vision after treatment and vice versa. On the other hand, 

baseline VA is also reported as one of the predictors of treatment outcome for ranibizumab 

(Kaiser et al., 2007). To overcome these potential issues, baseline VA was therefore 

incorporated as a covariate into our analysis.  

The OR52B4 protein (Q8NGK2, UniprotKB accession number) is a member of the G-coupled 

protein receptor (GPCR) family, which is expressed in the plasma membrane of the cell.  

Rhodopsin is also a member of the GPCR family and it functions to capture photons of light 

and trigger the intra-cellular photo-transduction cascade, forming the molecular basis of 

vision (Baylor and Burns, 1998) GPCRs are highly selective and expressed in specific tissues 

and cells, making them particularly important as potential drug targets as >50% of therapeutic 

agents in the market target these receptors  (Flower, 1999). 

The identification of olfactory gene expression in the eye is relatively new, but not surprising, 

as Pronin and Colleagues (Pronin et al., 2014) published expression profiling of a number of 

olfactory receptors (olfr) in mouse cornea, retina and choroid.  Their analysis of eye tissue 

expression confirmed the presence of many olfr, with one of them, olfr547 representing a 

homolog of the human OR52B4 gene (85% identity).  In addition, olfr547 is a close relative 

of olfr78, which has recently been shown to function in regulation of blood pressure in smooth 

muscle cells (Pluznick et al., 2013, Sherva et al., 2010).  Expression of genes in the olfr 



132 

 

pathway in mouse ocular tissues is mediated by the olfaction specific Gα protein, localised in 

the nuclear layer of the retina and previously thought to be only expressed in the olfactory 

epithelium (Pronin et al., 2014).  Interestingly, another olfactory receptor (OR10J5) was 

recently reported by Kim and colleagues (Kim et al., 2015) to control cell migration and 

phosphorylation of signalling during angiogenesis in mice.  However, the functional role of 

the OR52B4 gene in angiogenesis needs to be elucidated and until the current study it had not 

previously been reported as associated with pharmacogenetic response to AMD.  

Previous studies investigating genetic factors in anti-VEGF treatment outcome have assessed 

known AMD risk-associated genes and genes encoding components of the neovascularization 

pathway (Riaz and Baird, 2017, Fauser and Lambrou, 2015, Finger et al., 2014).  However, 

most of these studies have produced variable results; for example, the SNP rs1061170 

(Y402H) variant in the CFH gene has been associated with poor VA outcome in some studies 

but in other studies has been reported to show no association with VA.  Similarly, inconsistent 

results of association were reported for variant rs11200638 in the ARMS2/HTRA1 locus 

(Fauser and Lambrou, 2015, Leveziel et al., 2010).  In pooled GWAS findings two variants 

rs7529589 and rs9322575 that are in high LD with SNP rs1061170 and rs11200638 (r2 > 0.8) 

in the CFH and HTRA1 genes respectively, showed no association with change in VA (p > 

0.05). Similarly other SNPs in the previously associated known AMD risk or anti-VEGF 

treatment response genes CFH, VEGF-A, HTRA1/ARMS2, VEGF, VEGR2 and NRP1 did not 

reveal association with change in VA at genome-wide significance level (Appendix C-

1).These findings are in agreement with our previous study (Abedi et al., 2013b) and the 

CATT study, the largest current cohort in which major AMD risk alleles have been 

investigated for treatment outcome following treatment with bevacizumab, where no 

association with the CFH, VEGF, VEGFR2 and HTRA1/ARMS2 genes was identified with 

anti-VEGF treatment response {Riaz, 2017 #907;Hagstrom, 2015 #912;Fauser, 2015 

#675;Finger, 2014 #674. To date, only one prior GWAS has been undertaken to identify 

genetic risk factors for treatment response to AMD.  That study was conducted on 65 patients 

and reported SNP rs7607942 near the ERBB4 gene to be associated with poor VA outcome 

after 6 months of treatment, although this SNP did not reach genome-wide significance 

(uncorrected p=6.692x10-6) (Francis, 2011). Major drawbacks of that study were the small 

sample size and lack of replication of the reported association in an independent ranibizumab-
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treated AMD cohort.  We did not find any association of that reported SNP in the current 

study (p>0.05). 

I used a pooled DNA GWAS strategy to investigate response to anti-VEGF treatment in AMD 

as this provided a cost-effective and efficient approach to identify genetic associations (Sherva 

et al., 2010, Earp et al., 2014, Skibola et al., 2009, Schrauwen et al., 2009, Pearson et al., 

2007).  We were able to technically validate ~70% of the 44 SNPs that were identified in the 

pooling strategy at a nominal significance level.  Whilst most SNPs replicated, the level of 

significance of the SNPs diminished following technical validation.  Possible explanations for 

the diminished significance may be due to experimental error during pool construction, array-

specific errors resulting from the use of a limited number of arrays per pool, variation in allele 

frequency due to small sample size in some of the pools, allele-specific bias skewing the 

results for some SNPs, and/or small differences in the set of samples used in the validation 

stage (Macgregor, 2007, Macgregor et al., 2006).   

The limitations of the study was, in replication cohort the number of injections at 6 months of 

treatment was not available, different treatment regimens were used after first three injections, 

no standard definition of the disease activity and no anatomical data being available for the 

replication cohort and in Melbourne discovery cohort the anatomical variables were assessed 

on multiple OCT machines which could lead to variability in the data. 

It is interesting to note that a variation in treatment regime through change in number of 

injections between 3 and 6 months did not appear to ameliorate the genetic effect seen in the 

current study. However, after individual genotyping, replication and meta-analysis, SNP 

rs4910623 remained associated with worse functional outcome (change in VA) after anti-

VEGF treatment in AMD. This association for rs4910623 was not seen with fluid clearance 

and CMT change but data were limited to availability of only 140 patients in the Melbourne 

discovery cohort. In the future, it would be useful to examine the role of rs4910623 on retinal 

fluid presence and CMT changes in a large anti-VEGF treated cohorts. Furthermore, much 

work needs to be undertaken to examine the biological basis of this phenomenon as well as 

the functional role of the OR52B4 gene in models of angiogenesis. Such studies could lead to 

the development of other therapies for AMD patients that might provide adjuncts to existing 
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treatment. This, in turn, offers the prospect of personalizing treatment, based on genotype and 

opens up the route for exploring other drug treatment opportunities. 
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 Exome chip analysis: A Multi-Centre GWAS using anti-

VEGF treated nAMD cohorts identified through the International AMD 

Gene Consortium   

6.1 Introduction  

The variable response to anti-VEGF treatment is well described in nAMD patients 

(Tsilimbaris et al., 2016). However, the reason for this differential response is still not totally 

clear as it could be due to either clinical factors or to an individual’s genetic basis {Riaz, 2017 

#907;Regillo, 2015 #754;Fauser, 2015 #675;Finger, 2014 #674}. To date, genetic studies 

have been limited in investigating the association of variants in known AMD risk genes such 

as CFH, ARMS2/HTRA1, VEGF, VEGFR2 and APOE genes with anti-VEGF treatment 

response although results to date from these studies have proven inconsistent (Fauser and 

Lambrou, 2015, Hagstrom et al., 2015). There is thus a pressing need to undertake GWAS on 

a large cohort of nAMD patients to identify genetic variants involved in anti-VEGF treatment 

response.  

Since the first GWAS in 2005 in AMD, it has been successfully implemented in the study of 

the genetic basis of multiple eye diseases. For example, a recent GWAS from the International 

AMD Gene Consortium (IAMDGC) using 16,144  AMD cases and 17,832 controls reported 

52 genetic variants associated with the risk of AMD (Fritsche et al., 2016). In 2014, Chandra 

and colleagues (Chandra et al., 2014) reviewed the application of GWAS in ophthalmology 

and suggested that it should be  performed  on specific quantitative traits of the disease such 

as  hyper active foci, reticular pseudo drusen, progression to the advanced form of  AMD and 

anti-VEGF treatment response. For the latter aspect, only one GWAS has so far been reported 

(aside from my study as outlined in chapter 5) on 65 nAMD patients and  identified the genetic 

variant rs2298515 associated with change in macular thickness after six month of anti-VEGF 

treatment (Francis, 2011). However, the limitations of this study were its small sample size 

and its lack of replication.   

In this chapter of the thesis, I have undertaken a multi-centre GWAS on anti-VEGF treated 

nAMD cohorts from the IAMDGC who have been genotyped using an exome chip. The 

exome chip was a customised HumanCoreExome array by Illumina, Inc consisting of >12 

million imputed variants and it was assessed  with change in VA data at three months of anti-
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VEGF treatment on five cohorts present in the IAMDGC, followed by replication of top 

variants in five independent anti-VEGF treated nAMD patient cohorts. Finally meta-analysis 

was undertaken on both discovery and replication cohorts.  

6.2 Methods  

The IAMDGC comprises of research groups from 17 countries from across the globe. It used 

AMD samples from 26 cohorts (including Melbourne) and recently published on 52 variants 

associated with risk of AMD (Fritsche et al., 2016). In September 2014 we together with a 

research group in Nijmegen (led by Prof. Anneke den Hollander) and a group in Jerusalem 

(led by Dr. Itay Chowers) proposed a project to the consortium to undertake a GWAS using 

Exome chip data on anti-VEGF treated nAMD cohorts. Firstly, we invited all groups in the 

consortium to participate in this study and share phenotype and genotype data of any anti-

VEGF treated patient samples that were present on the exome chip. In total, seven groups; 

Melbourne, Nijmegen, Sydney, Cologne, Rotterdam, Michigan and Jerusalem participated in 

the discovery phase GWAS. In the replication phase the genotyping of the top variants (see 

results) were performed on six other anti-VEGF treated nAMD cohorts (external or internal 

to IAMDGC).   

6.2.1 Patient selection  

Patient inclusion criteria were nAMD patients diagnosed by OCT or FA scans, genotyped on 

the IAMDGC exome chip, >50 years of age. In addition, each patient also needed to have 

three monthly anti-VEGF (ranibizumab/bevacizumab) injections, a measure of baseline VA 

(at the time of first injection) and a measure of VA after three months (±2weeks for the fourth 

review after third injection). For  bilateral nAMD patients who had treatment in both eyes, the 

first treated eye was selected to make sure it was comparable to the rest of the data, and if 

both eye were treated at the same time then one eye was selected randomly.  The exclusion 

criteria were presence of retinal disease other than nAMD, myopia >8 dioptre, any surgery in 

the study eye during follow-up or two months prior to anti-VEGF treatment, any previous 

nAMD treatment in the study eye such as PDT, macular hole, VA >2.3 logMAR at baseline 

or at 3 months of treatment and Staphyloma in the study eye.  

A total of 973 nAMD patients were identified from the seven IAMDGC cohorts of Melbourne, 

Nijmegen, Sydney, Cologne, Rotterdam, Michigan and Jerusalem. After applying inclusion 
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and exclusion criteria, this total reduced to 751 patients available from 7 cohorts (Table 6.1). 

The Melbourne cohort had 119 samples available from a total of 215 patients (see 

Methodology). Subsequently, genotype data from the exome chip was used to undertake 

principal component analysis (PCA) and the cryptic relatedness test to control for ancestry 

differences and exclude genetically related samples, respectively (details provided in the  next 

section).  
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Table 6.1: Number of patients who met the selection criteria from the seven anti-VEGF treated nAMD cohorts from the IAMDGC 

Cohort N = 973 Number of Patients Excluded from each Cohort 

  Genotype 
Missing 

Age missing 
/ <50 years 

Baseline VA 
missing 

3 Month 
VA missing 

Previously 
treated 

Baseline VA 
> 2.3logMAR 

3 months VA 
> 2.3ogMAR 

Other 
Drug 

Macular 
hole 

Staphyloma N=751 

Nijmegen 129 8 - - - - - - - - - 121 

Cologne 156 1 - - - - - - - - - 155 

Melbourne 119 - - - - - - - - - - 119 

Sydney 370 12 50 44 33 20 - - 6 2 1 200 

Jerusalem 132 - 2 - 1 - 4 6 - - - 119 

Rotterdam 53 1 20 - 1 7 - - - - - 24 

Michigan 14 1 - - - - - - - - - 13 
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6.2.2 Discovery GWAS  

The Nijmegen site in the Netherlands requested the phenotype and genotype data from each 

of the participating groups and this was cleaned, compiled and then shared with the Melbourne 

and Jerusalem sites. For technical replication, independent analyses of the data were 

undertaken at all three sites in Melbourne, Nijmegen and Jerusalem.  Patients were genotyped 

at the Centre for Inherited Disease Research (CIDR) by the IAMDGC using the custom-

modified HumanCore Exome array (Exome chip) by Illumina, Inc (5200 Illumina Way, San 

Diego, CA 92122 USA). This exome chip included the genome-wide tagging genetic variants 

and protein-altering variants from all exons of the human genome. The chip was customized 

by inclusion of additional variants enriched  at 22 known AMD loci that were previously 

published by the IAMDGC (Consortium, 2013). These included  i) common variants near to 

the 22 index SNPs and identified from the 1000G Phase 1 and HapMap projects and ii) 

protein-altering variants from dbSNP and the NHLBI Exome Sequencing Projects in 500Kb 

flanking regions of the 22 index variants. After genotyping, 569,645 variants were present 

and detailed quality control (QC) filters were reported in the main study by Fritsche and 

colleagues (Fritsche et al., 2016). In brief, the following QC criteria were applied; genotyping 

call rate of >98.5%, Hardy-Weinberg equilibrium with p < 10-6, exclusion of SNPs mapped 

to multiple genomic locations and the discard of any monomorphic variants. A total of 

439,350 genotyped variants passed the QC steps and were subsequently used for imputation. 

Imputation of the genotype data were preformed using the 1000G Phase1 version 3 reference 

panel using MINIMAC software (Howie et al., 2012). Following imputation, common 

variants with frequency of >1% were excluded that yielded total of 11,584,480 imputed 

variants for further analysis. 

 I downloaded the exome chip imputed data in the variant calling format (VCF) file for the 

Nijmegen, Sydney, Cologne, Rotterdam, Michigan and Jerusalem cohorts from the Nijmegen 

server. The Melbourne exome chip data was independently downloaded from the Michigan 

server. The size of each imputed VCF file was large (the Melbourne imputed data VCF file 

size was 24 gigabyte (GB)). In order to perform the data analysis of the imputed genetic data, 

both a large computer storage along with fast processing speed was required. For this reason 

I used the cloud computing platform resources of  the Australian government provided 

through “The National eResearch Collaboration Tools and Resources project” 
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(Nectar) which is based at the University of Melbourne (Sinnott et al., 2015). I had 

available a cloud computing allocation on the Nectar cloud with the following 

specifications:  Three Terabytes (3000GB) of storage, 80 GB of RAM and 20-core 

virtual machines (VMs) running on Ubuntu 14.04 LTS (GNU/Linux 3.13.0-24-generic 

x86_64). Subsequently, all data analysis were performed using a Linux command line 

based Nectar cloud platform.  

Prior to running the GWAS on genetic variants with change in VA, I undertook PCA and 

cryptic relatedness using PLINK (Purcell et al., 2007) and the statistical program R (version 

3.1.2, http://www.r-project.org/). The genotyped genetic variants that passed QC  from  the 

seven cohorts were merged into one VCF file (751 samples) using bcftools version 1.3.1 

(Narasimhan et al., 2016). I used the HapMap 3 reference human genome data of  1,301 

samples from 11 populations consisting of African ancestry in Southwest USA; Utah residents 

with Northern and Western European ancestry from the CEPH collection; Han Chinese in 

Beijing, China; Chinese in Metropolitan Denver, Colorado; Gujarati Indians in Houston, 

Texas; Japanese in Tokyo, Japan; Luhya in Webuye, Kenya; Mexican ancestry in Los 

Angeles, California; Maasai in Kinyawa, Kenya; Toscani in Italia; Yoruba in Ibadan, Nigeria 

downloaded from HapMap ftp site (ftp://ftp.ncbi.nlm.nih.gov/hapmap/). Firstly, pruning of 

SNPs was performed to select LD-independent SNPs using the ‘‘-indep flag” following 

default PLINK parameters such as the variance genomic inflation factor of 1.0005, a 5 SNP 

shifting window at each step and a window size of 50 SNPs. The hapmap pruned SNPs were 

than cross matched with the genotype data of the 751 samples. A total of 24,308 SNPs were 

present in both the current seven anti-VEGF treated cohorts that overlapped with the hapmap 

data (11 populations).  

The pair wise identity by descent (IBD) was calculated using “-genome flag” in PLINK to 

identify individuals with similar alleles. Complete linkage clustering was undertaken based 

on the identity by state (IBS), using “-cluster flag” flag to group individuals within the same 

populations. Finally, the multi-dimensional scaling (mds) or PCA was performed using “–

mds-plot flag”. The PCA graph of the 751 samples from the seven cohorts with their 

respective ethnic population group were plotted using R version 3.1 (Figure 6.1) A total of 35 

samples were not clustered with the European population which included 29 samples in the 

http://www.r-project.org/
ftp://ftp.ncbi.nlm.nih.gov/hapmap/
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Sydney and 6 samples in the Jerusalem cohorts. These 35 samples were excluded and PCA 

was plotted again (Figure 6.2).  

Furthermore, to check for the cryptic relatedness the PI-HAT information was obtained from 

the genome file generated by the IBD test during PCA. One pair of samples in the Sydney 

cohort presented with PI-HAT > 0.05 suggesting a high degree of relatedness. From this pair 

of related samples, one was randomly chosen and subsequently included, thus a total of 715 

samples were available for further analysis. The Rotterdam and Michigan cohorts had 

relatively small samples size (n = 24; n= 13, respectively) compared to the other five cohorts 

and were also excluded. Finally, a total of 678 patients were included in the discovery phase 

GWAS analysis (Table 6.2).  

This project was on a secondary analysis of the main previously published exome chip 

genotyping data. Imputed genetic variants with the following QC criteria were obtained; 

imputed quality score of ≥0.6, twice the imputed quality score that was used by Fritsche and 

colleagues in the main paper (Fritsche et al., 2016), and a  minor allele frequency (MAF) of 

0.05 . After applying these imputation QC filters there were 6,089,769 imputed genetic 

variants present to perform statistical analysis.  
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Figure 6.1: Multi-dimensional scaling or PCA plot of patients form seven anti-VEGF treated 

pharmacogenetic cohorts (n=751) previously genotyped using the IAMDGC exome chip and clustered 

with HapMap reference populations  

 

 

  

 

 

 

 

 

 

Legend:  

ASW: African ancestry in Southwest USA  

CEU: Utah residents with Northern and 

Western European ancestry  

CHB: Han Chinese in Beijing, China  

CHD: Chinese in Metropolitan Denver, 

Colorado  

GIH: Gujarati Indians in Houston, Texas  

JPT: Japanese in Tokyo, Japan  

LWK: Luhya in Webuye, Kenya  

MEX: Mexican ancestry in Los Angeles, 

California  

MKK: Maasai in Kinyawa, Kenya  

TSI: Toscans in Italy  

YRI: Yoruba in Ibadan, Nigeria  

JER: Jerusalem Pharmacogenetics cohort  

COL: Cologne Pharmacogenetics cohort  

NIJ: Nijmegen Pharmacogenetics cohort  

ROT: Rotterdam Pharmacogenetics cohort  

MEL: Melbourne Pharmacogenetics cohort  

MICH: Michigan Pharmacogenetics cohort  

SYD: Sydney Pharmacogenetics cohort 
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Figure 6.2: Multi-dimensional scaling or PCA plot of patients form seven anti-VEGF treated 

pharmacogenetic cohorts (n=716) previously genotyped using the IAMDGC exome chip and clustered 

with HapMap reference populations after exclusion of 29 and 6 non-Caucasians from Sydney and 

Jerusalem cohorts, respectively 

 

 

 

 

 

 

 

Legend:  

ASW: African ancestry in Southwest USA  

CEU: Utah residents with Northern and 

Western European ancestry  

CHB: Han Chinese in Beijing, China  

CHD: Chinese in Metropolitan Denver, 

Colorado  

GIH: Gujarati Indians in Houston, Texas  

JPT: Japanese in Tokyo, Japan  

LWK: Luhya in Webuye, Kenya  

MEX: Mexican ancestry in Los Angeles, 

California  

MKK: Maasai in Kinyawa, Kenya  

TSI: Toscans in Italy  

YRI: Yoruba in Ibadan, Nigeria  

JER: Jerusalem Pharmacogenetics cohort  

COL: Cologne Pharmacogenetics cohort  

NIJ: Nijmegen Pharmacogenetics cohort  

ROT: Rotterdam Pharmacogenetics cohort  

MEL: Melbourne Pharmacogenetics cohort  

MICH: Michigan Pharmacogenetics cohort  

SYD: Sydney Pharmacogenetics cohort 
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Table 6.2: Number of samples included from each anti-VEGF treated nAMD cohort after 

population stratification, relatedness and samples siz filters 

Cohorts N = 751 Number of Patients Excluded from each Cohort N=678 

  Non-Caucasian  Relatedness Small Cohort Excluded   

Nijmegen 121 - - No 121 

Cologne  155 - - No 155 

Melbourne 119 - - No 119 

Sydney 200 29 1 No 170 

Jerusalem 119 6 - No 113 

Rotterdam 24 - - Yes - 

Michigan 13 - - Yes - 
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6.2.3 Replication Cohorts  

From the discovery GWAS phase the top six variants rs241692, rs12138564, rs13002976, 

rs242939, rs2237435, rs927203 were selected for replication (see results). In January 2016, 

all groups from the IAMDGC were contacted to participate in the replication phase of the 

study and provide independent anti-VEGF treated nAMD cohorts to perform genotyping of 

the six variants. As this was the replication phase, other group were also contacted who were 

not in the IAMDGC as there was now no need for patients samples to have been genotyped 

on the IAMDGC exome chip. Three other sites: LEEDS and IVAN in the UK and BRAMD 

in Netherlands were able to provide additional samples. Patient selection was the same as for 

the discovery phase such that inclusion criteria required information on Age, baseline VA, 

three monthly anti-VEGF injections and change in VA at 3 months of treatment. Exclusion 

criteria were retinal disease other than nAMD, high myopia, PDT, macular hole, and VA >2.3 

logMAR at baseline. For the Melbourne-replication cohort, a total 215 patients were initially 

available (see Chapter 3 ‘Methodology’). Of these, 119 were included in the discovery GWAS 

and from remaining 96 samples, a further 8 patients were excluded as they were treated with 

aflibercept and leaving 88 patients for inclusion in the replication phase. A total of 1,380 

nAMD patients were available from six replication cohorts that included Melbourne-

replication (n=88), Nijmegen-replication (n=169), Jerusalem-replication (n=146), LEEDS 

(n=220), BRAMD (n=215) and IVAN (n=542). Each group performed in house genotyping 

of the six variants. 

6.2.4 Genotyping replication Cohorts  

For the genotyping of the Melbourne-replication cohort (n=88) we used the Agena iPLEX 

Mass Array genotyping platform (for detailed protocol see chapter 3 ‘Methodology’). Briefly, 

primers were designed (Table 6.3) using Agena provided software followed by a two-step 

PCR process. Firstly, DNA amplification of the target region was performed and secondly, an 

extension reaction at the SNP site of interest was undertaken. PCR products were transferred 

to SpectroCHIP array and run a MALDI-TOF spectro meter for genotyping. Finally, SNP 

caller genotyping of the iPLEX reaction was undertaken through the typer software and results 

saved in an excel file (see Methodology). Out of the six variants, genotyping was successful 

for five of the variants, however one variant, rs12138564 was a technical failure. The 

genotyping of this variant was repeated by using a new set of primers but again failed to work. 
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DNA samples from the Melbourne-replication cohort (n=88) were therefore sent to Nijmegen 

for genotyping of this SNP. A second commercially available competitive allele-specific 

polymerase chain reaction (KASP) genotyping technique (LGC, Hoddesdon, UK) was used 

in the Jerusalem-replication (n=146) and IVAN (n=542) cohorts and the 3 other cohorts 

(Nijmegen-replication (n=169), LEEDS (n=220) and BRAMD (n=215), all being genotyped 

in Nijmegen using an in-house KASP chemistry platform according to manufacturer protocol 

(LGC, Hoddesdon, UK). Briefly, the KASP genotyping technique consists of two components 

1) the KASP assay mix containing the two allele specific primers for the SNP of interest with 

additional tail sequences for fluorescent signal and one reverse primer 2) KASP master mix 

ROX contains two fluorescent resonance energy transfer (FRET) cassettes which generate the 

fluorescent signal after binding to the tail of the allele specific primers.  After PCR, amplified 

product was detected using a Spectramax FRET reader and finally the genotypes were called 

using cluster caller software provided by the manufacturer (LGC, Hoddesdon, UK) (URL: 

https://www.lgcgroup.com/products/kasp-genotyping-chemistry/. The KASP genotyping was 

able to successfully amplify SNP rs12138564 but using this technique, the variant rs927203 

failed in these five cohorts whereas it could be genotyped in Melbourne using iPLEX 

genotyping platform. Thus, this SNP was excluded from the statistical analysis in the overall 

meta-analysis. 
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Table 6.3: Primer Sequences used for amplification of the of six selected GWAS discovery SNPs amplified in the 

Melbourne-replication cohort using iPLEX  

SNP_ID Forward primer Sequence  Reverse Primer Sequence  Extension Primer sequence  

rs2237435 ACGTTGGATGAGCATGTACAGAGCCCAAAG ACGTTGGATGACAGGTGGATCTGATCACAT CAAAGTCCCAGCCAC 
rs242939 ACGTTGGATGTGAGTTGGTCACTCCTTCAC ACGTTGGATGGGCTGGCTGCAAAAGGTGA CACTCCTTCACTTGGAA 
rs927203 ACGTTGGATGCTGGAAAAGCTGTGAAACCC ACGTTGGATGCTTTAGATTCAGATTCTGCC ACCCTGAGAAAGACATAA 

rs12138564 ACGTTGGATGCCAGTTACTCCAGAGGCAGA ACGTTGGATGTGAGACGGAATCTCACTCTG ACTCTGTCACCCAGGCTGT 
rs241692 ACGTTGGATGGACAGAGTGGAGATGCATTT ACGTTGGATGGGAGATAAAGACTGCTTTTC GTGGAGATGCATTTCTGACTT 
rs13002976 ACGTTGGATGGCCTGGCTCAGCTCTTTTTT ACGTTGGATGAGTGAGCCGAGATCACAACA TCAGCTCTTTTTTGATTGTTTT 
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6.2.5 Statistical analysis 

Demographic and clinical data such as age and baseline VA were evaluated for association 

with change in VA at 3 months of anti-VEGF treatment using linear regression in R, version 

3.1.  

For the discovery GWAS, a linear model was applied to each cohort to determine the 

association of the genetic variants with change in VA at 3 months of anti-VEGF treatment 

adjust for baseline VA, age, and the first two principal components (for population 

stratification) using the Efficient and Parallelizable Association Container Toolbox (Epacts) 

software (http://genome.sph.umich.edu/wiki/EPACTS). This tool was reported in the 

IAMDGC main study by Fritsche and colleagues (Fritsche et al., 2016). GWAS was 

undertaken in each cohort followed by meta-analysis to account for intra-cohort variability of 

age and baseline VA on change in VA after three months of anti-VEGF therapy (see results). 

Next, the meta-analysis of the GWAS discovery patient results from all five cohorts (n=678) 

was performed using METAL Software (Willer et al., 2010). For meta-analysis on METAL I 

used the standard error analysis scheme (stder) to determine the association based on effect 

size (Beta) and its standard error (SE) of each variant with change in VA at three month of 

anti-VEGF treatment. In addition the heterogeneity test for each cohort was also undertaken 

using METAL. Finally, variants that were present in at least four or more cohorts were 

extracted. The Manhattan and Quantile-Quantile plot (Q-Q) of meta-analysis results were 

plotted using R version 3.3.0 (http://www.r-project.org/). The nominal significance level 

(significance level of each individual test) was set to a P value less than .05. The Bonferroni 

procedure was applied to account for multiple testing. A threshold for genome-wide 

significance was set at a P value less than 5 × 10−8 and for suggestively associated variants at 

a P value less than 5 × 10−5. In the discovery phase, top LD-independent variants that showed 

suggestive significance (P ≤ 10-5) with change in VA at 3 months of anti-VEGF treatment 

were selected. The regional plot of the top SNPs were designed using Locus Zoom plot (Pruim 

et al., 2010).  

A gene-based burden test was undertaken using the sequence kernel association-optimal 

unified (SKAT-O) test (Lee et al., 2012) on EPACTS software. The gene based test 

determined the accumulated effect of the SNPs per gene associated with change in VA after 

http://www.r-project.org/
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3 months of treatment. Firstly, all QC passed imputed genetic variants (6,089,769) in the VCF 

file (678 sample) were annotated using the Gencode (version 19) reference file that contains 

both protein and non-protein coding genes (Harrow et al., 2012). Subsequently, using the 

annotated VCF file the group file was generated that contains gene names and SNPs. Finally, 

the epacts-group option was used to perform the gene based burden test (SKAT-O) using 

annotated VCF and group files for all the non-synonymous variants (MAF 0.01) with change 

in VA at 3 months of anti-VEGF treatment adjusted for baseline VA, age, and the first two 

PCA (for population stratification).  

Gene based Pathway analysis was performed using Ingenuity Pathway analyses software (IPA 

version 8.0, Ingenuity Systems Inc, California, USA. www.ingenuity.com) licensed through 

the University of Melbourne. IPA requires the list of genes with p values followed by 

execution of its core analysis that will mount all the genes on to their corresponding biological 

pathways and finally produce the list of significantly associated canonical pathways with their 

respective p values. The significance of the association between the genes with canonical 

pathways is based on two approaches: 1) IPA calculates the ratio of the number of genes in a 

pathway from uploaded data divided by the total number of genes present in that specific 

pathway 2) Using Fisher exact test, it computes the p-value for each canonical pathway based 

on the hypothesis that genes from a dataset present in the specific canonical pathway by 

random chance. A total of 1,962 significantly associated genes (P<0.05) from the gene based 

test was used to perform the pathway analysis.   

The statistical analysis of the five replication cohorts was undertaken using a linear regression 

model to assess the association of the five variants rs12138564, rs13002976, rs242939, 

rs2237435 and rs241692 with change in VA at three months of anti-VEGF treatment adjusted 

for baseline VA and age using EPACTS software                         

(http://genome.sph.umich.edu/wiki/EPACTS). I performed the replication phase analysis for 

the Melbourne-replication, Jerusalem-replication and Nijmegen-replication cohorts while the 

analysis of the LEEDs and BRAMD cohorts were undertaken by the Nijmegen group and 

results were then sent to me to perform overall meta-analysis. However, in the Jerusalem-

replication cohort, SNP rs241692 was excluded due to deviation in the minor allele frequency 

from all other cohorts (see results). Finally, the overall meta-analysis of the five variants from 

both the discovery and replication cohorts (n=2,058) was undertaken using the stder scheme 
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of METAL software (Willer et al., 2010). The forest and dot plots of the top associated SNP 

rs12138564 with change in VA were generated using the metaphor and ggplot2 packages of 

R version 3.3.0, respectively (https://cran.r-project.org/web/packages/metafor/index.html).  

VA data were not available for six and twelve months of anti-VEGF treatment for any cohort 

except for Melbourne (Melbourne discovery + replication 119+88 = 207). Linear regression 

was used to perform association of top variants with change in VA at 6 and 12 month of anti-

VEGF treatment. Similarly, anatomical data such as presence/absence of retinal fluid and 

change in CMT was only available for the Melbourne cohort (n=207). Similar to chapter 4 of 

the thesis, patients with retinal fluid presence were classified as non- responders and patients 

with no retinal fluid were termed responders at three months of anti-VEGF treatment. The 

association of top variants with retinal fluid presence or absence was determined using logistic 

regression. Linear regression was used to determine the association of the top variants with 

CMT (as this represented a continuous variable) at three months of therapy. All these analyses 

for six and twelve months were undertaken using PLINK software version 1.9 (Chang et al., 

2015, Purcell et al., 2007).  

6.3 Results 

The demographic and clinical data of all patients from both the discovery and replication 

cohorts are shown in Table 6.4. The mean age of the 2,058 nAMD patients was 78.0±7.4 

years. The baseline VA (at the time of first treatment) was 0.67 logMAR (~ 51 ETDRS VA) 

and the mean change in VA was 0.10 logMAR (~5.1 ETDRS VA) at three months of anti-

VEGF treatment. A total of 58.8% of patients were female compare to 42.2% males (Table 

6.4). As expected, baseline VA and age was significantly associated with change in VA at 

three months (P <0.001 and P = <0.001, respectively) of treatment (Table 6.5). However, no 

association was observed for between gender and change in VA (P = 0.08) at three months of 

anti-VEGF treatment (Table 6.5).   

 

 

 

 

https://cran.r-project.org/web/packages/metafor/index.html
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Table 6.4: Patient demographics and clinical characteristics for the eleven cohorts (discovery + replication) at baseline and after three month of 

anti-VEGF treatment 

 Discovery phase (n=678) Replication phase (n=1,380) 
Total 

Discovery + 
Replication  Cologne Jerusalem Nijmegen Melbourne Sydney 

Jerusalem-
Replication 

Melbourne-
Replication 

Leeds BRAMD IVAN 
Nijmegen-
Replication 

Number of Samples (N) 155 113 121 119 170 146 88 220 215 542 169 2,058 

Age at first injection, 
years [mean (SD)] 

76.9 
(7.2) 

77.4 
(7.5) 

77.5 
(7.2) 

79.1 
(7.2) 

77.4 
(7.9) 

79.3 
(8.8) 

79.7 
(6.9) 

80.2 
(5.9) 

77.6 
(7.0) 

77.6 
(7.4) 

76.7 
(7.5) 

78.0 
(7.4) 

Gender, female [%] 58.7 60.2 49.6 57.1 62.9 61.0 46.6 62.7 54.4 58.5 68.0 58.8 

Baseline VA, logMAR 
[mean (SD)] 

0.65 
(0.36) 

0.75 
(0.61) 

0.68 
(0.37) 

0.71 
(0.35) 

1.03 
(0.40) 

0.60 
(0.56) 

0.76 
(0.5) 

0.65 
(0.28) 

0.50 
(0.26) 

0.65 
(0.33) 

0.54 
(0.36) 

0.67 
(0.40) 

Equivalent baseline VA, 
ETDRS letters [mean 
(SD)] 

52.2 
(18.4) 

47.2 
(30.8) 

50.9 
(18.7) 

49.3 
(17.5) 

33.1 
(20.4) 

55.1 
(28.1) 

46.9 
(25.2) 

52.1 
(14.5) 

59.6 
(13.3) 

52.3 
(16.7) 

57.7 
(18.1) 

51.3 
(20.3) 

Change in VA after 3 
months, logMAR 
[mean (SD)] 

0.05 
(0.27) 

0.06 
(0.51) 

0.12 
(0.28) 

0.15 
(0.23) 

0.10 
(0.31) 

0.10 
(0.38) 

0.16 
(0.30) 

0.11 
(0.20) 

0.08 
(0.17) 

0.09 
(0.23) 

0.10 
(0.27) 

0.10 
(0.27) 

Equivalent change in VA 
after 3 months, 
ETDRS letters 
[mean (SD)] 

2.6 
(13.7) 

3.3 
(25.8) 

6.2 
(14.2) 

7.5 
(11.6) 

5.4 
(15.5) 

5.3 
(19.2) 

8.1 
(15.1) 

5.8 
(10.2) 

4.3 
(8.8) 

4.7 
(11.9) 

5.3 
(10.4) 

5.1 
(13.9) 

SD = Standard Deviation; LogMAR = Logarithm of the Minimum Angle of Resolution; * For Melbourne and Sydney, the baseline and 3 months VA were recorded in 

ETDRS = Early Treatment Diabetic Retinopathy Study and converted into logMAR value using the following formula logMar = 1.7 – 0.02 * ETDRS letters [5 to 100 

Letter conversion], for 0-4 letters [4 ETDRS letters = 1.733 logMAR, 3 ETDRS letters = 1.867 logMAR, 2 ETDRS letters = 2 logMAR, 1 ETDRS letters = 2.150 

logMAR, 0 ETDRS letters = 2.3 logMAR] 
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Table 6.5: Analysis of demographics and clinical variables with change in VA after 3 months of anti-VEGF treatment in the eleven cohorts  

 Discovery phase (n=678) Replication phase (n=1,380)  
Total 

Discovery + 
Replication 

 Cologne Jerusalem Nijmegen Melbourne Sydney 
Jerusalem-
Replication 

Melbourne-
Replication 

Leeds BRAMD IVAN 
Nijmegen -
Replication 

Number of 
Samples, N 

155 113 121 119 170 146 88 220 215 542 169 2,058 

Gender 
(P-value) 

0.55 0.03 0.98 0.65 0.68 0.61 0.63 0.05 0.02 0.55 0.31 0.08 

Baseline VA 
(P-value) 

0.001 2.0x10-8 0.004 7.1x10-7 7.0x10-6 7.3x10-12 4.0x10-7 3.3x10-8 1.2x10-4 5.5x10-18 1.3x10-4 3.4x10-8 

Age 
(P-value) 

0.01 0.27 0.04 0.14 0.07 0.002 0.28 0.13 0.61 0.57 0.06 8.5x10-7 

P value calculated using a linear or logistic regression for association of clinical and demographic features with change in VA ; VA: Visual Acuity 
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6.3.1 Phase 1: Discovery GWAS 

 

In phase 1 6,089,769 imputed variants in 678 nAMD samples from European ancestry were 

assessed. The discovery phase meta-analysis results of the gene variants and change in VA 

are shown in a Manhattan plot (Figure 6.3). The overall genomic inflation factor (λ = 1.01) 

was very low, implying no confounding effect of the population genetic structure on the 

association analysis (Figure 6.4).  
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Figure 6.3: Manhattan plot of the GWAS meta-analysis of five cohorts in the discovery phase for 

change in VA at three months of anti-VEGF treatment. The X-axis shows the SNPs across all 

chromosomes and the Y-axis indicates the −log10-transformed P values for all SNPs. None of the 

variants reached genome wide significance of p≤1.0x10-8. The black-dotted horizontal line 

represents the suggestive significance threshold of P=1x10−5. 
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Figure 6.4: The Quantile-quantile (Q-Q) plot for association of GWAS meta-analysis SNPs and 

change in VA at 3 months of anti-VEGF treatment in the discovery cohort. Each black dot 

denotes the expected statistics (X-axis) versus an observed statistic (-log10P). The red line 

corresponds to the null distribution. 
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A total of six variants; rs241692, rs12138564, rs13002976, rs242939, rs2237435 and 

rs927203 revealed suggestive association (P<10-5) with change in VA at three months of anti-

VEGF treatment adjusted for baseline VA, age and the first two PCA (Table 6.6). All six gene 

variants are LD-independent and located on different chromosomes except the two SNPs 

rs12138564 and rs927203, which are located on chromosome 1 although these have no or 

minimal LD (r2=0.002). None of the variants reached genome wide significance of p < 1.0x10-

8. The most significant variant in this phase of the study was rs241692 (p = 4.46x10-7, Beta 

(β) = 0.213) located on chromosome 3 in the intronic region of the fragile histidine triad 

(FHIT) gene. However, the direction of the effect allele A was not consistent in all the 

acquired cohorts (Table 6.6). 

The SNP rs12138564 on chromosome 1 is in the intronic region of the chaperonin containing 

TCP1 subunit 3 (CCT3) gene and showed strong evidence of association with change in VA 

at three months of anti-VEGF treatment (p = 5.74x10-7 , β = 0.079) with the direction of the 

effect allele G being consistent in all five cohorts (Table 6.6). The regional plot of the top two 

variants rs241692 and rs12138564 (±500Kb flanking region) is shown in Figure 6. 5 and 

Figure 6.6. 

The three genetic markers rs13002976 (near locus: LOC105373426), rs242939 (corticotropin 

releasing hormone receptor 1 gene: CRHR1) and rs2237435 (inhibin beta A subunit gene: 

INHBA) showed suggestive significance with change in VA at 3 months of anti-VEGF therapy 

(p = 1.21x10-6, β = -0.079, p = 2.25x10-6, β = -0.127 and p = 6.58x10-6, β = -0.0806, 

respectively). The direction of the risk allele on the effect size were consistent across all five 

cohorts for each of these three gene variants (Table 6.6).  

The SNP rs927203 in the ATPase Na+/K+ transporting subunit alpha 4 (ATP1A4) also 

exhibited suggestive association with change in VA at three months on anti-VEGF treatment 

(p = 7.04x10-6, β = -0.081) but the direction of the effect allele T was not consistent among 

five cohorts (Table 6.6).  Finally, all six variants rs241692, rs12138564, rs13002976, 

rs242939, rs2237435 and rs927203 were selected for replication in the next phase of the study. 
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Table 6.6: Summary of the meta-analysis results of the GWAS with change in VA at 3 months of anti-

VEGF treatment in nAMD patients   

CHR BP SNP A1 A2 Location P Value Beta (β) StdErr Direction Gene/Loci 

3 60410187 rs241692 A G Intronic 4.46x10-7 0.213 0.04 +++?+ FHIT 

1 156291600 rs12138564 G T Intronic 5.74x10-7 0.079 0.01 +++++ CCT3 

2 10678538 rs13002976 A G Intronic 1.21x10-6 -0.079 0.01 ----- LOC105373426 

17 43895579 rs242939 C T Intronic 2.25x10-6 -0.127 0.02 ----- CRHR1 

7 41731053 rs2237435 A C Intronic 6.58x10-6 -0.080 0.01 ----- INHBA 

1 160126138 rs927203 T C Intronic 7.04x10-6 -0.081 0.01 ----+ ATP1A4 

Chr = Chromosome; BP= base pair, location based on 1000G project Phase I version 3; SNP = Single Nucleotide 

polymorphism; A1/A2 = Allele 1/Allele 2. Six variants showed association with change in VA at three month of anti-VEGF 

treatment, P value calculated using Metal software (Willer et al., 2010). Beta (β) = Effect size on change in VA based on A1; 

StdErr = Standard Error: Direction: the direction of the effect allele in each cohort. 
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Figure 6.5: Regional plot of the association signal of the variant rs241692 from the meta-analysis of the 

discovery GWAS. X-axis shows variants in the ±500Kb region of the SNP rs241692, Y-axis indicates the 

–log10(p-value) of the association between variants and change in VA at three months of anti-VEGF 

treatment. The linkage-disequilibrium (LD) threshold is displayed by colours, red is high LD (r2≥ 0.8) 

and purple is no LD (r2 ≤ 0.2). Blue lines shows recombination rate (right hand axis). Bottom part of the 

figure shows the FHIT gene with the arrow indicating the direction of transcription.  

 

 

 

 

 

 

 



160 

 

 

 

Figure 6.6: Regional plot of the association signal of the variant rs12138564 from the meta-analysis of 

the discovery GWAS. X-axis shows variants in the ±500Kb region of the SNP rs12138564, Y-axis 

indicates the –log10(p-value) of the association between variants and change in VA at three months of 

anti-VEGF treatment. The linkage-disequilibrium (LD) threshold is displayed by colours, red is high LD 

(r2≥ 0.8) and purple is no LD (r2 ≤ 0.2). Blue lines shows recombination rate (right hand axis). Bottom 

part of the figure shows genes with arrows indicating the direction of transcription. 
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6.3.1.1 Gene based association analysis  

A total of 13,858 protein altering variants (non-synonymous) were identified using the epacts 

tool and mounted on to 18,362 genes as defined by the GENCODE database. The association 

of genes having low frequency non-synonymous rare variants (MAF <0.01) with change in 

VA at three months of anti-VEGF treatment adjusted for baseline VA, age and two PCAs was 

performed using SKAT-O test. A total of 1,962 genes showed nominal association with 

change in VA (p < 0.05) including, three  genes that remained significantly associated after 

Bonferroni correction for multiple testing (correction for 18,632 independent tests 

(0.05/18362= p < 2.7x10-6), Table 6.7).  The three most significantly associated genes were 

1) the Chromosome 10 Open Reading Frame 88 (C10orf88) gene 13 common with two rare 

variants (p = 4.2 x10-7), 2). The Unc-93 homolog B1 (UNC93B1) gene having two common 

and two rare variants (p=6.0x10-7) and 3). Cytoskeleton associated protein 2 like (CKAP2L) 

with 15 common and seven rare variants (p = 1.3x10-6) (Table 6.7). Of note, none of the known 

AMD risk genes showed significant association with change in VA at three months of anti-

VEGF treatment except VEGFR2 that showed nominal significance with change in VA (P = 

0.04) but this gene did not pass multiple testing corrections (Appendix D-1).  

 

Table 6.7: Significantly associated genes including the number of common and rare variants    

associated with change in VA at three month of anti-VEGF treatment  

Chr Start End Gene NS Total variants 
(common and rare) 

Rare 
Variants 

PVALUE 

10 124692082 124712511 C10orf88 678 15 2 4.2x10-7 

11 67765163 67770499 UNC93B1 678 4 2 6.0x10-7 

2 113496452 113520129 CKAP2L 678 22 7 1.3x10-6 

Chr: Chromosome, NS: total number of samples 
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6.3.1.2 Pathway analysis  

Pathway analysis on the 1,962 genes that showed nominal significance of p<0.05 from the 

gene based burden test was performed using the IPA tool. The list of the top 10 pathways with 

their respective p values are presented in Table 6.8. Interestingly, several pathways such as G 

signalling, CREB signalling in neurons, Phospholipase C signalling, inhibition of matrix 

metalloproteases, ErbB4 signalling, cardiac hypertrophy signalling and IL-3 signalling have 

previously been reported to playing a role in angiogenesis (Russell et al., 1999, Rundhaug, 

2005, Ha et al., 2016, Dentelli et al., 1999, Shiojima et al., 2005, Hu et al., 2016, Bonfiglio et 

al., 2011).  

Interestingly, the most significant gene, CRHR1 identified from the pathway analysis is a G-

coupled protein receptor (GPCR) and involved in the top pathway known as G signalling 

pathway (Figure 6.7). The second gene, CCT3 gene identified from the single variant analysis 

has been shown to play a critical role in the intracellular protein folding pathway that includes 

G protein activation (Wells et al., 2006). However, the protein folding pathway was not in the 

top ten pathways. Furthermore, genes from this dataset were enriched for biological 

networks that have various cellular functions such as cell death, cell survival and embryonic 

development. (Appendix D-2). 
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Table 6.8: Pathway analysis of the underlying genes associated with change in VA at 3 months of 

anti-VEGF treatment in nAMD patients  

Biological pathway  
Gene overlap from dataset/total 
number of genes in pathway (%) P-value 

Aldosterone Signalling in Epithelial Cells 25/166 (15%) 1.61E-04 

G Signalling 24/160 (15%) 2.29E-04 

CREB Signalling in Neurons 25/184 (14%) 7.86E-04 

Phospholipase C Signalling 30/237 (13%) 8.28E-04 

Inhibition of Matrix Metalloproteases 9/39 (23%) 1.04E-03 

ErbB4 Signalling 13/72 (18%) 1.09E-03 

Cardiac Hypertrophy Signalling 28/235 (12%) 2.97E-03 

Role of NFAT in Cardiac Hypertrophy 24/192 (13%) 3.08E-03 

Dopamine-DARPP32 Feedback in cAMP Signalling 21/162 (13%) 3.52E-03 

IL-3 Signalling 13/83 (16%) 4.04E-03 
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Figure 6.7:  G signalling pathway activated by the GPCR through binding to its ligand in the extracellular space (top area of the figure) 

followed by activation of multiple molecules that subsequently lead to activation of genes involved in angiogenesis. The pink 

highlighted genes are present in the current dataset (from the list of 1,962 genes). 
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6.3.2 Phase 2 Replication  

In phase 2 of the study the replication of the top six variants rs241692, rs12138564, 

rs13002976, rs242939, rs2237435 and rs927203 from the discovery phase was performed in 

six independent anti-VEGF treated nAMD cohorts. The association results of these six SNPs 

with change in VA at three months of treatment, adjusted for baseline VA and age from each 

of the cohorts is given is Table 6.7. The genotyping success rate was >90% for all the variants 

in each cohort except for variant rs13002976 which had a 72% genotyping rate in the 

Melbourne-replication cohort. In all six cohorts the four variants rs241692, rs13002976, 

rs242939 and rs2237435 did not show significant association with change in VA at three 

months of anti-VEGF treatment (P> 0.05, Table 6.9). Similarly SNP rs927203 that was 

genotyped only in the Melbourne-replication cohort was not associated with change in VA at 

three months of anti-VEGF treatment. However, the sixth SNP, rs12138564 showed 

significant association with change in VA at three month of anti-VEGF treatment in the 

LEEDs cohort (uncorrected p = 0.02) but failed to exhibit any effect on change in VA in the 

other five cohorts (Table 6.9). Before performing the overall meta-analysis of the discovery 

and replication cohorts the variant rs927203 was excluded as it was not genotyped in any 

cohort except Melbourne, while SNP rs241692 was excluded from the Jerusalem-replication 

cohort because of its deviation in the MAF (0.26) compared to other replication cohorts (MAF 

in Melbourne-replication = 0.08, Nijmegen-replication = 0.07, LEEDS = 0.05, BRAMD = 

0.05). Finally the overall meta-analysis of the five variants rs12138564, rs13002976, 

rs242939, rs2237435 and rs241692 (not in Jerusalem-replication) in both the discovery and 

replication cohorts (n=2,058) were performed using Metal software (Table 6.10, overall meta-

analysis) (Willer et al., 2010). 
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Table 6.9: Association of the six variants (selected from the discovery phase) with change in VA at three months of anti-

VEGF treatment in six nAMD cohorts 

SNP NS AC A1 A2 CALLRATE 
Frequency 

Effect allele 
PVALUE BETA (β) SEBETA TSTAT 

Melbourne-replication Cohort (n=88) 

rs12138564 84 43 g t 0.95 0.74 0.27 0.052 0.046 1.120 

rs13002976 63 48 a g 0.72 0.38 0.32 -0.046 0.046 -0.994 

rs241692 81 13 a g 0.92 0.08 0.10 -0.113 0.068 -1.671 

rs2237435 85 49 c a 0.97 0.29 0.55 -0.024 0.040 -0.594 

rs242939 81 13 c t 0.92 0.08 0.92 -0.007 0.075 -0.099 

*rs927203 81 60 a g 0.92 0.37 0.89 -0.005 0.039 -0.138 

Nijmegen-replication cohort (N = 169) 

rs12138564 161 87 g t 0.95 0.73 0.50 0.017 0.025 0.680 

rs13002976 164 119 a g 0.97 0.36 0.06 0.044 0.023 1.886 

rs241692 165 22 a g 0.98 0.07 0.09 -0.075 0.044 -1.710 

rs2237435 167 83 c a 0.99 0.25 0.97 0.001 0.024 0.040 

rs242939 166 17 c t 0.98 0.05 0.86 0.009 0.052 0.183 

Leeds cohort (N = 220 ) 

rs12138564 204 125 g t 0.93 0.69 0.02 0.044 0.020 2.213 

rs13002976 206 173 a g 0.94 0.42 0.46 0.014 0.018 0.740 

rs241692 208 22 a g 0.95 0.05 0.56 -0.025 0.042 -0.583 

rs2237435 208 115 c a 0.95 0.28 0.16 0.029 0.020 1.404 

rs242939 207 26 c t 0.94 0.06 0.21 0.047 0.038 1.246 
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BRAMD Cohort (N = 215) 

rs12138564 214 122 g t 1.00 0.71 0.38 0.016 0.019 0.882 

rs13002976 213 172 a g 0.99 0.40 0.70 0.007 0.017 0.381 

rs241692 215 22 a g 1.00 0.05 0.29 -0.041 0.038 -1.068 

rs2237435 214 117 c a 1.00 0.27 0.14 0.028 0.019 1.488 

rs242939 214 34 c t 1.00 0.08 0.09 -0.052 0.031 -1.684 

Jerusalem-replication cohort (N = 146) 

rs12138564 145 133 g t 0.99 0.54 0.79 0.012 0.047 0.264 

rs13002976 132 105 a g 0.90 0.40 0.50 0.041 0.061 0.678 

rs241692 144 73 a g 0.98 0.26 0.10 0.101 0.061 1.65 

rs2237435 138 93 c a 0.95 0.34 0.56 -0.030 0.052 -0.580 

rs242939 146 27 c t 1.00 0.09 0.79 0.020 0.074 0.269 

IVAN Cohort  (N = 542) 

rs12138564 531 330 g t 0.98 0.69 0.52 0.010 0.014 0.652 

rs13002976 535 458 a g 0.99 0.43 0.89 0.002 0.014 0.136 

rs241692 542 72 a g 1.00 0.07 0.44 0.021 0.027 0.770 

rs2237435 534 301 c a 0.99 0.28 0.56 0.009 0.015 0.589 

rs242939 539 75 c t 0.99 0.07 0.13 -0.040 0.027 -1.513 

NS=Number of samples successfully genotyped, AC=Minor allele count, A1/A2=Allele1/Allele2, CALLRATE= percentage of successful 

genotyping, MAF= minor allele frequency, p value and Beta is calculated using linear regression,  SEBETA= standard error of the beta, 

TSTAT= T statistics , * rs927203 only genotyped in Melbourne replication cohort 
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6.3.3 Overall Meta-analysis  

The overall meta-analysis of the five variants rs12138564, rs13002976, rs242939, rs2237435 

and rs241692 was undertaken to assess the association of these variants with change in VA at 

three month of anti-VEGF treatment (discovery + replication). The results of the meta-

analysis are shown in Table 6.10. The variant rs12138564 showed nominally significant 

association with change in VA (P = 1.3x10-5), corrected for multiple testing (Bonferroni 

correction 0.05/5=0.01). The G risk allele was associated with poor VA change compared to 

the T allele (effect β = 0.033), with the direction of the effect consistent among all seven 

cohorts (discovery + replication) (Figure 6.8). However, the other four variants rs242939, 

rs13002976, rs2237435 and rs241692 did not show significant association with change in VA 

at three months of anti-VEGF treatment (Table 6.10). The effect size and standard error of 

variants rs242939, rs13002976, rs2237435 and rs241692 for association with change in VA 

is shown in forest plots in Appendix D-4 to D-7. 

The genotypic effects of rs12138564 on change in VA were also assessed.  The patients with 

the homozygous risk GG genotype showed a mean change of 0.079 logMAR in VA 

(approximately 4 ETDRS letters) whereas individuals with the heterozygous GT group had a 

mean change of 0.118 logMAR VA (approximately 6 ETDRS letters) while the patients with 

the homozygous TT genotype had a mean change of 0.150 logMAR VA or approximately 7.5 

ETDRS letters (Figure 6.9). 

 

 

 

 

 

 

 

 

 



169 

 

 

 

Table 6.10: Overall Meta-analysis of the five variants from both the discovery GWAS and 

replication phase with change in VA at 3 months of anti-VEGF treatment 

SNP Allele1 Allele2 Gene Effect StdErr P-value Direction 

rs12138564 G T CCT3 0.033 0.007 1.3x10-5 +++++++ 

rs242939 T C CRHR1 -0.019 0.014 0.16 -+--++- 

rs13002976 A G LOC105373426 -0.009 0.007 0.21 +-+++-+ 

rs241692 A G FHIT 0.010 0.016 0.49 +--++-+ 

rs2237435 A C INHBA -0.005 0.008 0.52 --?--++ 

StdErr: Standard Error, Effect= Beta (β) coefficient of effect for Allele 1.  
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Figure 6.8: Forest plot of the rs12138564 in the CCT3 gene associated with change in VA using the 

effect size and standard error estimates for the risk allele G from the each study and overall summary 

meta-analysis (discovery and replication). The black rectangular boxes and horizontal lines represented 

the effect size Beta (β) and the standard errors respectively. 
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Figure 6.9: Effect of genotypes of variant rs12138564 in the CCT3 gene on change in VA after three 

months of anti-VEGF treatments in nAMD patients (discovery + replication). The X-axis illustrates the 

genotypes and Y-axis is the change in VA at three months. Each dot represents the patient corresponding 

to their genotype and the black horizontal lines are mean change in VA.  
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6.3.4 Association of the top genetic variant at longer term of treatment  

Out of a total of ten cohorts only the Melbourne cohort (Melbourne discovery + replication 

119+88 = 207) had VA data available at both the 6 and 12 month time points of anti-VEGF 

treatment. Association of the SNP rs12138564 showed significant association with change in 

VA adjusted for baseline VA and age (p = 0.01, beta = 0.072) at six months of anti-VEGF 

treatment while no association with change in VA (p = 0.09) was observed at twelve months 

of therapy (Table 6.11).  

 

Table 6.11: Association of SNPs rs12138564 and rs242939 with change in VA at 6 

and 12 months of anti-VEGF treatment 

SNP NS A1 A2 CALL RATE P BETA SEBETA TSTAT 

6 Months 

rs12138564 171 T G 0.97 0.01 0.072 0.029 2.436 

12 Months 

rs12138564 177 T G 0.97 0.09 0.058 0.034 1.670 
NS=Number of samples successfully genotyped, A1/A2=Allele1/Allele2, CALLRATE= 

percentage of successful genotyping, p value and Beta is calculated using the linear 

regression,  SEBETA= standard error of the beta, TSTAT= T statistics  

 

6.3.5 Anatomical variables  

The anatomical variables such as retinal fluid clearance and change in CMT measured by 

OCT were not available for all the cohorts except for the Melbourne cohort (Melbourne 

discovery + replication 119+88 = 207). These 207 patient samples were also used in chapter 

4 of the thesis. The SNP rs12138564 did not show any significant effect on retinal fluid 

presence or absence at three months of therapy (p =0.22, Table. 6.12). Similarly, no 

association was observed for SNP rs12138564 with change in CMT (p =0.28, Table. 6.13). 

Cd  
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Table 6.12: Association of SNPs rs12138564 and rs242939 with retinal fluid dry/wet on OCT at 3 months 

of anti-VEGF treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SNP A1  A2 Genotype frequency  * Minor/Effect  Allele 
frequency  + 

P-Value OR 95% CI 

   Responders Non-responders Responders Non-Responders  
rs12138564 T G 0.09/0.36/0.55 0.05/0.32/0.63 0.27   0.21 0.22   0.73 (0.44-1.20) 

Definition of response was the same as in the Exome sequencing (chapter 7): Non-responders are patients who had retinal 
fluid present and the responders are the patients with no retinal fluid (dry) at 3 months of treatment. P-Value: Calculated 
using logistic regression, OR = odd ratio, representing trend per copy effect of risk or minor allele on fluid presence, highlighted 
in bold for each SNP, CI: Confidence Interval, * Genotype frequency A1A1/A1A2/A2A2, +Allele frequency A1. 
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Table 6.13: Association of SNP rs12138564 with change in central macular 

thickness (CMT) on OCT at 3 months of anti-VEGF treatment 

Genotype N (%) Mean Change CMT µm (SE) 

rs12138564   
TT 16(8.0) -134.80(32.0) 

TG 71(35.0) -125.46(19.5) 

GG 116(57.0) -101.39(13.7) 

P Value linear trend 0.28 

*P value calculated using linear regression test adjusted for baseline 
CMT and  SE: standard error 
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6.3.1 In silico approach to evaluate the function of the CCT3 gene  

As described in the previous chapter I used the HaploReg database (Ward and Kellis, 2012) 

to assess the possible effect of variant rs12138564 on the function of the CCT3 gene. 

The variant rs12138564 was shown to alter the regulatory motif ZBTB3 and 95 variants were 

in high LD (r2 ≥0.8) in a ±250 Kb flanking region. These variants are present in the six genes 

CCT3, SMG5, TMEM79, C1orf85, C1orf82, and VHLL (a list of all variants is provided in 

Appendix D-7). Interestingly, the high LD region of rs12138564 revealed three missense 

variants that included rs10908495 (C1orf85), rs10908496 (C1orf85) and rs6684514 

(TMEM79) (Table 6.14).  

 To determine the expression of the CCT3 gene the online web recourse the “The Ocular 

Tissue Database” (https://genome.uiowa.edu/otdb/) was used and indicated that the CCT3 

gene was are expressed in the retina, choroid and optic nerve with expression being highest 

in the retina compared to other tissues (Table 6.15).  
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Table 6.14: HaploReg database showing missense variants located within predicted regulatory motifs and in LD (r² > 

0.8) with rs12138564 of the CCT3 gene  

Chr 

Position 

(hg19) LD(r²) Variant Ref Alt 

EUR 

(freq) Motifs Changed 

RefSeq 

Genes 

Functional 

Annotation  

1 156321809 1 rs12138564 G T 0.26 Zbtb3 CCT3 intronic 

1 156285665 0.85 rs6684514 G A 0.27  TMEM79 missense 

1 156294149 0.85 rs10908495 T C 0.27 BCL,TATA C1orf85 missense 

1 156294209 0.85 rs10908496 G A 0.27 NF-Y,SREBP C1orf85 missense 

HaploReg  http://www.broadinstitute.org/mammals/haploreg/haploreg.php (Ward and Kellis, 2012), Chr: chromosome, 

LD: Linkage disequilibrium, Ref/Alt: reference/Alternate allele, EUR Freq: Frequency in European population, RefSeq: 

reference Sequence gene  
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Table 6.15:  The Ocular Tissue Database indicating gene expression of CCT3 in adult human eye tissues 

Seq name start stop strand Probe Id  GENE 1PLEIR Score in different tissues of Eye 

      

Choroid 

& RPE 

Optic 

nerve 

Optic nerve 

head Retina 

chr1 156278763 156337644 - 2438125 CCT3 57.0773 73.3287 108.563 130.55 

1: Expression of genes in the Ocular Tissue Database (https://genome.uiowa.edu/otdb/) is represented as an Affymetrix 

Probe Logarithmic Intensity Error (PLIER) number.RPE: retinal pigment epithelium.  
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6.4 Discussion  

In this chapter of the thesis, I used exome chip data from the IAMDGC and performed a 

GWAS on anti-VEGF treated nAMD cohorts. The proposal was to perform the GWAS 

analysis of the exome chip genotype data with change in VA at three months of anti-VEGF 

treatment in nAMD patients. In total, ten cohorts were included (discovery + replication, 

n=1,516) and after analysis a novel genetic variant rs12138564 in the CCT3 gene was 

associated with change in VA at three months of anti-VEGF treatment in nAMD patients. In 

the discovery GWAS phase, a total of 678 patients were available from five different sites 

(Melbourne, Nijmegen, Cologne, Jerusalem, Sydney: see methods). De-identified clinical 

data including age, baseline VA, three months VA and anti-VEGF drug for all the patients 

genotyped on the exome chip were requested from each site or group. The next task was 

computationally intensive as imputed genotype data was downloaded from each cohort and 

the analysis was performed independently at three different sites (Melbourne, Jerusalem and 

Nijmegen) to cross check analysis. GWAS for common variants had 80% power to detect 

variants of moderate effects, explaining at least 6.2% of the variance in treatment response 

(Purcell et al., 2003) (Lorés-Motta et al., 2018). In the discovery GWAS, meta-analysis of 

imputed data from the five cohorts with change in VA showed no variant reaching genome 

wide significance (p<10-8). However, six variants rs241692, rs12138564, rs13002976, 

rs242939, rs2237435 and rs927203 showed suggestive association (p<10-5) with change in 

VA at three months of anti-VEGF treatment adjusted for baseline VA, age and PCA. 

Subsequently these six variants were selected for replication in six independent anti-VEGF 

treated nAMD cohorts (Melbourne-replication, Nijmegen-replication, Jerusalem-replication, 

LEEDs, BRAMD, and IVAN: n=1,380) and genotyped by each site (see methods). The 

genotyping of SNP rs927203 failed in all the cohorts except Melbourne. This likely reflected 

the difference in the genotyping method as Melbourne used the iPLEX system but the other 

sites used the KASP assay (see Methods). We contacted all groups so that we could undertake 

the genotyping of rs927203 in Melbourne but there was no consensus in sending the DNA 

samples from the other cohorts. In addition, the genotyping of rs12138564 failed in the 

Melbourne-replication cohort with 2 different sets of primers. Finally, as it was an important 

variant to genotype, we sent Melbourne-replication cohort (n=88) to Nijmegen for the 

genotyping of variant rs12138564 using KASP genotyping assay 
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(https://www.lgcgroup.com/products/kasp-genotyping-chemistry/#.WQazGtKGOUk). 

Therefore, despite the efficient output of the targeted genotyping platforms available, there 

are clear differences in their ability to effectively genotype all variants and there will be some 

variants that are intractable to genotyping using one system as can be seen here.   

After replication, the overall meta-analysis of both the discovery and replication cohorts (n = 

1,516) revealed association of rs12138564 in the CCT3 with poor VA outcome (p = 1.3x10-5, 

corrected using Bonferroni multiple testing 0.05/5 = 0.01, see ‘Overall Meta-analysis’) after 

three months of anti-VEGF treatment in nAMD patients. However, the other four variants 

rs242939, rs241692, rs13002976, rs2237435 and rs927203 did not remain associated with 

change in VA at three months of anti-VEGF treatment in nAMD patients.  

The SNP rs12138564 is present in the intronic region of the CCT3 gene at chromosome 1. 

The CCT3 gene encodes a chaperonin containing TCP1 subunit 3 cytosolic chaperone protein 

which is a member of the protein complex known as CCT-TRIC. This complex consists of 

eight chaperone subunits that includes CCT1 (α), CCT2 (β), CCT3 (γ), CCT4 (δ), CCT5 (ε), 

CCT6 (ζ), CCT7 (η), and CCT8 (θ) and these subunits form a cage like structure that play a 

vital role in protein folding and refolding with the help of ATP in the cytoplasm (Yébenes et 

al., 2011, Melki et al., 1997). The CCT-TRIC complex is responsible for folding of 5-10%  

newly formed cytoplasmic proteins in the cells (Valpuesta et al., 2002, Yam et al., 2008). The 

folding of proteins into their three-dimensional (3D) structure is essential for them to become 

functionally active. The CCT-TRIC complex controls this 3-D folding in a variety of proteins 

such as cyclin E, actins, tumour suppressor P53, G proteins and STAT3. Improper folding of 

these proteins in the cells can lead to defective cell growth and proliferation (Cui et al., 2015).  

CCT3 has been reported as upregulated in various cancer types such as hepatocellular 

carcinoma (HCC), ovarian, osteosarcoma and cholangiocarcinoma (Xiong et al., 2015, Shi et 

al., 2013, Midorikawa et al., 2002, Zhang et al., 2016). Interestingly, the TRIC complex 

regulates the dimerization and assembly of G proteins which in turn perform the multiple 

physiological process such as signalling in neurons of the striatum and retina (Martemyanov, 

2014, Wells et al., 2006). In agreement with this, pathway analysis of this dataset revealed the 

G-protein signalling pathway acting through GPCRs is the most significant pathway with the 
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maximum number of genes with protein altering variants present in this biological pathway 

(see Pathway analysis). 

 

The CCT3 subunit of the TRIC complex has recently been described for its role in HCC. It is 

highly expressed and involved in cell proliferation in HCC cells and its depletion suppresses 

cell growth. HCC is an aggressive cancer and is resistant to chemotherapy but knock out of 

the CCT3 gene can sensitize HCC cells to chemotherapy (Zhang et al., 2016). While in our 

study, the variant rs12138564 is shown to be associated with poor VA outcome after anti-

VEGF treatment in nAMD patients, it’s role in ocular angiogenesis still needs to be elucidated.  

In the discovery GWAS meta-analysis results the previously associated genetic variants in the 

CFH, VEGF-A, HTRA1/ARMS2, VEGFR2, NRP1, and OR52B4 genes (Fauser and Lambrou, 

2015, Hagstrom et al., 2015, Lorés-Motta et al., 2016, Riaz et al., 2016) showed no association 

with change in VA at three months of anti-VEGF treatment in nAMD patients (P > 0.05, 

Appendix D-8). The deviation in the results from our previous study might be due to the 

difference in treatment outcome measure, time points and different VA threshold. For instance 

finding association of the rs4910623 variant in the OR52B4 gene in chapter 5 of the thesis 

was based on responders and non-responders with 5 ETDRS letters VA change from baseline 

while in this chapter the association of genetic variants was assessed with change in VA as a 

continuous variable.  

The limitations of the study include a lack of longer treatment time points such as 6 and 12 

months to assess change in VA except in the Melbourne cohort. Similarly, in the case of 

anatomical data, such as retinal fluid clearance and change in CMT was only available for the 

Melbourne cohort. In addition the multiple OCT machines were used to assess the anatomical 

variables following anti-VEGF treatment. In meta-analysis variant rs12138564 showed strong 

evidence of association with change in VA after multiple correction for 5 tests (0.05/5=0.01). 

However, in future replication of rs12138564 in large anti-VEGF treated nAMD cohort are 

warranted before testing nAMD patients for variants rs12138564 in clinic to predict anti-

VEGF treatment response.  
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SNP rs12138564 showed association with anti-VEGF treatment response at 6 months of 

treatment but did not reveal association at 12 month of treatment. The reason for discrepancy 

in association for rs12138564 might be because of the smaller cohort size at the 12 month 

time-point as we also observed no association in individual cohorts in the replication phase. 

Therefore, replication of rs12138564 in bigger cohorts will be required to draw any 

conclusions about its association with change in VA following long term anti-VEGF 

treatment. Similarly, in the case of anatomical data, we did not found association of 

rs12138564 with retinal fluid clearance and change in CMT at three months of anti-VEGF 

treatment. However, it was noted for the CMT data that 8% of patients with the TT genotype 

had a mean change of -134µm compared to -101µm in 57% of patients with the GG genotype 

at three months of anti-VEGF therapy. However this comparison was not statistically 

significant and analysis of rs12138564 with change in CMT in larger cohorts could reveal a 

definitive conclusion.  In addition, this may reflect the likely occurrence of other genetic 

factors associated with anatomical responses following anti-VEGF treatment rather than those 

associated with change in VA. Thus, further GWAS or exome sequencing studies will be 

required to identify the genetic markers involved in retinal fluid clearance and change in CMT 

after anti-VEGF treatment. As a result of this possibility, I performed exome sequencing to 

assess the association of genetic variants with retinal fluid clearance in nAMD patients in the 

next chapter of this thesis (Chapter 7).  

In conclusion, this is the first report of a multi-centre GWAS from the IAMDGC exome chip 

to assess genetic variants associated with change in VA at three months of anti-VEGF 

treatment in nAMD patients. We identified six variants of interest from the discovery GWAS 

phase followed by replication and meta-analysis in the largest anti-VEGF cohort so far 

collected. This study identified the variant rs12138564 in the CCT3 gene associated with poor 

VA outcome after three months of anti-VEGF treatment. Thus, CCT3 is a novel gene 

identified as influencing anti-VEGF treatment response in AMD.  
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 Whole Exome Sequencing to understand the genetic bases of 

persistent retinal fluid after anti-VEGF treatment in nAMD   

 

7.1 Introduction  

Intravitreal anti-VEGF injections are the current treatment for nAMD and the response to this 

therapy varies. The exact reasons for differential treatment response are unknown but it can 

be in part be explained by involvement of genetic variants (Riaz and Baird, 2017, Fauser and 

Lambrou, 2015, Finger et al., 2014). All nAMD clinical trials have so far used change in VA 

as a main outcome measures after anti-VEGF treatment (Tsilimbaris et al., 2016). In 

subsequent studies, other researchers have also undertaken this type of analysis. More 

recently, due to advancement in retinal imaging technology and the availability of clinical 

data, a few studies have begun to evaluate the association of genetic variants with anatomical 

features such as retinal fluid clearance and changes in central macular thickness (CMT) based 

on the use of OCT scans after  anti-VEGF treatment (Hagstrom et al., 2013, Lotery et al., 

2013, Park et al., 2014b). It might be a better approach to measure the response based on 

anatomical variables as they are not influenced by many other cofounding factors compared 

to VA outcome. Thus anatomical variables would be a pure anti-VEGF treatment response 

readout. However, previous pharmacogenetic reports used candidate gene approaches to 

assess the role of variants in genes associated with AMD risk in variable treatment response 

such as change in VA and anatomical variables on OCT but results from studies have been 

inconsistent (Riaz and Baird, 2017, Fauser and Lambrou, 2015, Finger et al., 2014). None of 

these studies have so far used NGS technology such as GWAS and whole exome sequencing 

(WES) to investigate genetic variants associated with anti-VEGF treatment response. In 
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chapter 5 and 6 of the thesis, I focused on the GWAS approach and used change in VA as 

main outcome measures after the anti-VEGF treatment in nAMD patients. In this chapter I 

used WES to investigate genetic variants in the coding/exonic sequence (genes) of the human 

genome to understand their role in anti-VEGF treated nAMD patients.  

WES is becoming the popular approach to detect the association of coding genetic variants 

with specific phenotypes and trait (Duvvari et al., 2016, Sanders, 2011, Kiezun et al., 2012). 

It has been successfully implemented in AMD case control association studies such as by 

Huang and colleagues who reported a missense variant rs7739323 in the ubiquitin protein 

ligase E3D (UBE3D) gene associated with nAMD patients (P=1.46×10−9) in east 

Asians (Huang et al., 2015a). However, to date no study has reported WES in anti-VEGF 

treated nAMD patients. The intention of the pilot work in this chapter was to perform a WES 

to identify genetic variants associated with retinal fluid clearance on OCT after 3 monthly 

anti-VEGF injections in nAMD patients.  

7.2 Methods  

7.2.1 Patient Selection and data collection 

7.2.1.1 Discovery Cohort  

For the discovery phase total of 54 nAMD patients were recruited from the RVEEH. Detailed 

criteria for patients’ inclusion and exclusion are outlined in chapter 2 (Methodology). Briefly, 

all ascertained nAMD patient had 3 initial monthly doses of anti-VEGF injections. Patients 

had an SD-OCT (Heidelberg Engineering, Heidelberg, Germany) undertaken at the first and 

the 4th review visit (OCT up to one month after the 3rd injection) and they did not have any 

previous treatment for nAMD. The primary treatment outcome indicator was qualitative 

assessment of OCT retinal fluid (intra-retinal/sub-retinal) presence (non-responders) and fluid 

absence (responder) after 3 injections of anti-VEGF compared to baseline OCT fluid presence 

(Figure 7.1). VA was recorded at baseline and the 4th review visit. A detailed questionnaire 

about the patient’s demographics and clinical history was also taken after obtaining written 

consent. A total of 54 patients (25 responders (46%) and 29 non-responders(54%)) were 

included for exome sequencing. After blood collection, DNA was extracted using Nucleospin 
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Blood XL kit (Macherey Nagel GmbH & Co. KG, Germany) and 3µg DNA from each sample 

was sent to the Genome Institute of Singapore (GIS) for exome sequencing.  

7.2.1.2 Replication Cohort 

The replication cohort consisted of 161 anti-VEGF treated nAMD samples. A Total of 140 

patients had OCT data available from the first cohort (used in chapter 5) and 21 patients that 

were recently recruited and accessed through MRU database (see Chapter 3 Methodology), to 

give a total of 161 samples. The detailed patient selection criteria are explained in 

Methodology (Chapter 3). Briefly, nAMD patients were treated with 3 monthly anti-VEGF 

injections and retinal OCT imaging performed at the first and fourth review of treatment to 

record retinal fluid clearance and absence before and after the therapy. VA data for these 161 

nAMD patients was also available for assessment.     
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Responder                                                                                                         Non-Responder  

 

Figure 7.1: Responder; Left Image retinal optical coherence tomography (OCT) scan of nAMD patient at the time of first injection exhibits presence 

of retinal fluid (A1) and after three anti-VEGF injections shows absence of retinal fluid (A2). Non-responder; Right image showing retinal OCT 

scan of nAMD patient with retinal fluid at the time of first injection (B1) and after three anti-VEGF injections, the intra-retinal fluid become worse 

compared to baseline (B2). 
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7.2.2 First Phase - Exome sequencing  

 A collaboration with Dr. CC Khor at the Genome Institute of Singapore (GIS) was established 

to perform exome sequencing. I undertook a 5 month placement at GIS, Singapore to learn 

the required steps for exome sequencing including wet lab (library preparation and 

sequencing) as well as subsequent downstream bioinformatics analysis (the main focus of my 

study visit). 

7.2.2.1 DNA library Construction and sequencing  

DNA libraries were constructed each of the 54 samples using the manufacturer’s provided 

protocol established at GIS, Singapore. Briefly, each individual’s DNA (1µg) was sheared 

into 100 – 400 bp fragments using a S220 focused-ultrasonicator (Covaris, Woburn, MA, 

USA) and the fragmented DNA was further processed for ends-repair, addition of an A tail at 

the 3’ end and ligation with a pair end adapters. The ligated DNA products were purified using 

AMPure XP beads kit (Agilent, Singapore) and amplified using PCR. Finally, the amplified 

DNA was hybridized and enriched with whole exome oligonucleotides from the SeqCap EZ 

Exome enrichment 64Mb Kit v3.0 (NimbleGen, by Roche). This kit has probes for >20,000 

genes that covers 99% of Ensemble, 97% of Genecode and 98% of Vega databases. These 

DNA libraries (9 libraries each of 6 samples, total of 54 samples) were then sequenced (paired 

end sequencing) on an Illumina HiSeqTM 2000 platform (Illumina, Inc., San Diego, CA, USA). 

After sequencing, run image files (bcl format) containing raw sequence information were 

converted into FASTQ files using the Illumina provided bcl2fastq conversion Software 

(version 1.8.4, Illumina, Inc USA). The FASTQ files are text files that contain the nucleotide 

sequence and its quality scores. These files were used to check the quality of raw sequences 

followed by downstream analysis using multiple bioinformatics tools. The detailed 

bioinformatics pipeline for downstream analysis of exome sequencing data is provided in the 

next section.  

7.2.2.2 Bioinformatics Pipeline for downstream analysis of Exome sequencing data   

For downstream analysis of the exome sequencing data, an in-house customized pipeline was 

used from GIS and the schematic workflow of the downstream analysis described in figure 

7.2.  



187 

 

 

Figure 7.2: FrameWork for whole exome sequence downstream data analysis pipeline. In each box, a 

processing step is shown (including files type generated at each step) and to the right hand side, labels are 

used to define the tools used for processing. Notes: Fastq , BAM and VCF refer to standard file formats 

for sequencing raw reads, binary alignment mapping and variant calls respectively. BWA-MEM is a 

Burrows-Wheeler Alignment algorithm for mapping/alignment for the raw sequencing reads with 

reference genome . 
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7.2.2.2.1 Quality Scores and Control  

The raw sequence reads were saved in FASTQ format. Phred-like quality score were 

determined to assess the error probability that a base is called incorrectly using the formula 

Qphred=-10*log10 (p), where p is an error probability of a nucleotide base being called wrongly 

and Qphred is a quality score of each base assigned by a sequencer machine. Thus a higher Q 

score indicates less error probability of a base call and vice versa. For example a Q10 quality 

score has an error probability of 1 in 10 that means the accuracy of a base call is 90% (Table 

7.1). For the Illumina platform,  a quality score of Q20 is referred to as an ideal threshold 

score for base calling (Klein et al., 2006, Metzker, 2010) 

Table 7.1: Quality score of a nucleotide base call during sequencing 

Quality Score of Error Probability Accuracy 

Q10 1 in 10 90% 

Q20 1 in 100 99% 

Q30 1 in 1000 99.9% 

Note: this table is modified from 

((http://www.illumina.com/science/education/sequencing-quality-scores.html) 

 

The quality control of raw reads was performed using FASTQC software (version 

0.11.3_devel) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). It processes the 

input FASTQ sequencing file and generate the quality control report. The two main data 

quality control measures were the per base quality score and the per sequence quality score. 

These two filters are calculated as phred quality scores (see above). In this study, each sample 

had >80% of nucleotide sequence (per base filter) with a quality score of ≥Q30 while the 

average quality score for per sequence was ≥Q32 (Table 7.2). FASTQC also measured the 

data quality for other parameters such as, GC, nucleotide content, read length and sequence 

duplication, all of the 54 samples passed these quality control filters. 

 

 

 

http://www.illumina.com/science/education/sequencing-quality-scores.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Table 7.2: Summary of raw sequencing read and quality control output metrics of the 54 WES 

samples 

Sequencing 

Lane 
Sample ID 

Human 

Genome 

Sequence Ref 

*Yield 

Megabases 

(Mb) 

**Total Number 

of sequence 

Reads 

% of Bases ≥ Q30 

phred + 

Mean Quality 

(Qphred) 

Score++ 

1 CHH11408 hg19 5,689 67,004,216 88.80 34.94 

1 CHH11409 hg19 5,268 62,456,186 88.70 34.91 

1 CHH11410 hg19 5,104 60,341,662 88.76 34.92 

1 CHH11411 hg19 5,545 65,829,154 88.26 34.78 

1 CHH11412 hg19 4,935 58,467,158 88.46 34.83 

1 CHH11413 hg19 4,891 57,920,050 88.79 34.94 

2 CHH11414 hg19 5,529 63,347,402 90.51 35.40 

2 CHH11415 hg19 5,143 59,184,048 90.60 35.43 

2 CHH11416 hg19 5,085 58,345,992 90.64 35.44 

2 CHH11417 hg19 5,344 61,467,894 90.43 35.38 

2 CHH11418 hg19 5,608 64,511,286 90.48 35.39 

2 CHH11419 hg19 4,798 55,165,536 90.67 35.46 

3 CHH11420 hg19 6,753 72,755,788 90.36 35.38 

3 CHH11421 hg19 6,563 71,003,084 90.04 35.28 

3 CHH11422 hg19 6,390 69,008,430 90.32 35.36 

3 CHH11423 hg19 6,458 69,904,134 90.03 35.28 

3 CHH11424 hg19 6,639 71,836,988 90.07 35.29 

3 CHH11425 hg19 6,596 71,385,692 90.18 35.32 

4 CHH11426 hg19 6,497 69,956,924 90.39 35.38 

4 CHH11427 hg19 7,258 78,414,870 90.46 35.40 

4 CHH11428 hg19 6,895 74,444,230 90.49 35.41 

4 CHH11429 hg19 6,482 70,101,322 90.20 35.33 

4 CHH11430 hg19 6,143 66,348,014 90.53 35.42 

4 CHH11431 hg19 6,154 66,536,434 90.29 35.36 

5 CHH11432 hg19 6,309 67,140,806 91.37 35.65 

5 CHH11433 hg19 6,470 69,022,770 91.36 35.65 

5 CHH11434 hg19 6,167 65,760,034 91.38 35.66 

5 CHH11435 hg19 6,421 68,551,678 91.24 35.62 

5 CHH11436 hg19 5,954 63,524,526 91.36 35.65 

5 CHH11437 hg19 6,366 67,950,632 91.45 35.68 

6 CHH11438 hg19 6,802 73,304,354 90.36 35.38 

6 CHH11439 hg19 6,717 72,583,648 90.45 35.41 
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6 CHH11440 hg19 6,704 72,451,620 90.32 35.37 

6 CHH11441 hg19 7,034 76,192,954 90.06 35.30 

6 CHH11442 hg19 6,375 68,923,520 90.31 35.37 

6 CHH11443 hg19 6,682 72,322,708 90.37 35.38 

7 CHH11444 hg19 5,902 62,124,506 92.46 35.96 

7 CHH11445 hg19 6,058 63,868,350 92.52 35.98 

7 CHH11446 hg19 5,438 57,310,476 92.49 35.97 

7 CHH11447 hg19 5,524 58,283,558 92.29 35.92 

7 CHH11448 hg19 5,720 60,330,240 92.40 35.95 

7 CHH11449 hg19 6,319 66,694,070 92.45 35.96 

8 CHH11450 hg19 6,597 69,485,224 92.34 35.92 

8 CHH11451 hg19 6,156 64,917,482 92.36 35.93 

8 CHH11452 hg19 5,483 57,776,986 92.39 35.94 

8 CHH11453 hg19 5,347 56,403,916 92.29 35.91 

8 CHH11454 hg19 5,818 61,358,872 92.35 35.92 

8 CHH11455 hg19 5,584 58,881,910 92.47 35.97 

9 CHH11456 hg19 7,237 76,407,052 91.34 35.61 

9 CHH11457 hg19 7,293 77,110,762 91.35 35.61 

9 CHH11458 hg19 6,719 71,012,672 91.36 35.62 

9 CHH11459 hg19 6,746 71,421,502 91.15 35.56 

9 CHH11460 hg19 6,676 70,619,376 91.35 35.62 

9 CHH11461 hg19 6,967 73,719,058 91.39 35.63 

*= Total number of bases that were sequenced 

**= Number of raw Sequencing reads 

+= Percentage of reads that reached a phred quality score of Q≥30 

++= Mean phred quality score 
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After the QC of raw data, all the samples were processed for mapping/alignment to the 

reference human genome (GRCh37/hg19). Mapping to the reference genome was extensive 

and required a high power computing environment for processing; as one run of sequencing 

on an Illumina Hiseq2000 machine produced 6 billion reads for pair end length (2x100bp) 

sequencing and generated 600 gigabytes (Gb) of data. The GIS has dedicated 1000 cores of 

virtual machine CPUs to process sequencing data through the downstream analysis pipeline.In 

the next section I will describe the tools and workflow of Mapping. 

7.2.2.2.2 Mapping/Alignment to the reference human genome  

After sequencing and QC the raw reads were mapped to the reference sequence Human 

Genome build 19 (hg19/ GRCh37) using the Burrows-Wheeler Aligner (BWA) v0.7.9 mem 

algorithm (Li and Durbin, 2009). It first indexes the reference human genome 19 (freely 

available for download at: http://hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/) and 

aligns the pair end reads from each FASTq file. It generates the aligned reads in Sequence 

Alignment/Map format (SAM), a text file with header and aligned DNA sequence reads. The 

SAM file was very large (23Gb for one file) and converted into binary Alignment/Map format 

(BAM) files (3.6Gb one file) and sorted (organized the reads from the left-most coordinate) 

using samtools version 1.1(Li et al., 2009). After sorting, picard-tools version 1.111 

(https://broadinstitute.github.io/picard/) was used to mark the PCR duplicates (duplicate 

sequence reads produced by the PCR step during library preparation) and these were excluded 

from further analysis. Finally, the BAM files for each sample were processed for variant/SNP 

calling using Genome Analysis Toolkit v2.72 (GATK) from the Broad Institute (McKenna et 

al., 2010). 

7.2.2.2.3 Variant calling and annotation 

After removing PCR duplicates all the uniquely mapped sequence reads in the BAM files 

were processed for two more quality control filters. Firstly, base quality score recalibration 

and secondly, local realignment around known insertions and deletions (indels) using GATK. 

The coverage of exome sequencing was determined using depth of coverage walker of the 

GATK. The average sequencing coverage was 49x for all the samples, the mean coverage for 

each sample is shown in (Figure 7.2).  

http://hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/
https://broadinstitute.github.io/picard/
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Variants (SNPs, indels) calling was undertaken using the Unified Genotyper walker from 

GATK. This process generated a variant call file (VCF) with all the genetic variants for each 

sample and a header that has information for previous steps. To confirm that the genetic 

variants are real and not a sequencing or data artefact, I compared all genetic variants with 

publically available high quality genetic variant resources such as Hapmap and dbSNP using 

the Variant Quality Score recalibrator (VQSR) walker from GATK. The following quality 

filters were applied; mapping quality (MQ), read position rank-sum test (ReadPosRankSum), 

strand bias (FS) and quality by depth of coverage (QD). A Total of 199,670 variants that 

included 183,752 SNPs, 7,315 insertions and 8,603 deletions, passed the downstream quality 

control filters and were retained for further analysis.  

Finally, all the variants were annotated using Seattle Seq Annotation 138 software (Ng et al., 

2009) (http://snp.gs.washington.edu/SeattleSeqAnnotation138/). It provides results in a text 

file that contains the annotation related information for each variant such as SNP id, reference 

allele, alternate allele, variant type (synonymous, stop gained, stop lost, missense, frameshift 

and splice site) and the gene name. Sorting Intolerant From Tolerant (SIFT) program was used 

to investigate the functional effect of the coding genetic variants (Sim et al., 2012). 

 

 

http://snp.gs.washington.edu/SeattleSeqAnnotation138/)
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Figure 7.3: Depth of exome sequencing coverage for all the 54 nAMD samples undergoing WES  
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7.2.3 Second Phase –Iplex Genotyping in the Replication Cohort  

In this phase, five variants that showed strong evidence of association in the discovery cohort 

were genotyped in 161 anti-VEGF treated nAMD samples. The DNA was extracted and 

genotyping performed on a MassArray platform (Agena Bioscience, San Diego, CA) as 

previously described (Chapter 2.2). Briefly, PCR was formed on 5-10ng/µl DNA of each 

sample in a 384 well micro titre plate. PCR products were purified using SAP followed by an 

Iplex extension PCR reaction. Finally the extension product was spotted on spectrochip® and 

analysed on a MassArray workstation analyser 4.0. The data automatically acquired and 

analysed by Iplex typer software generated a list of variant genotypes for each sample. 

7.2.4 Statistical Analysis  

The demographic and clinical characteristic such as gender, age, smoking, baseline VA, 

change in VA at 3 months, baseline CMT and change in CMT were assessed for their 

association with retinal fluid presence at 3 month of anti-VEGF treatment using either a linear 

(continuous variable) or regression (binary variable) model. 

For exome sequencing, stringent quality control filters were applied to remove poor quality 

SNPs or samples from the analysis using PLINK v1.07 (Purcell et al., 2007). Filters included 

a minor allele frequency (MAF) <1%, remove SNPs scored call rate <95%, Hardy-Weinberg 

equilibrium (p=0.00005) and included all samples that had >95% genotyping success rate. 

Principal component analysis (PCA) was performed using PLINK (Purcell et al., 2007) and 

the R statistical program (http://www.r-project.org/) to find ancestral differences in all 

individual SNPs between the samples and also with Hapmap 3 reference populations  

A total of 123,192 SNPs passed quality filters and were included in subsequent association 

tests of between responders and non-responders at 3 months of anti-VEGF treatment using 

logistic regression on PLINK v1.07 (Purcell et al., 2007).  

In the replication cohort, logistic regression was used to determine the association of variants 

with retinal fluid presence and absence after 3 months of anti-VEGF treatment corrected for 

multiple testing using Bonferroni corrections. I also performed linear regression for 

association of SNPs with change in CMT and VA at 3 months of anti-VEGF treatment.  

http://www.r-project.org/
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Meta-analysis was performed to evaluate the association of genetic variants with retinal fluid 

presence or absence in both the discovery and replication cohorts using METAL software 

(Willer et al., 2010). 

For the pathway analysis I focused on the coding variants of genes. The 79,622 coding variants 

were annotated to 13,224 genes using Seattle seq annotation (See above Methods: Variant 

calling and annotation). These genes were than analysed for gene enrichment analysis using 

Gene Ontology enRIchment anaLysis and visuaLizAtion (GORILLA) tool (Eden et al., 2009). 

The input file for this tool is a list of all the genes and it generates the output in excel format 

that contains the names of the Gene Ontology (GO) pathways, p value and false discovery 

rate (FDR) q-value (multiple correction by dividing the p-value with number of GO terms).  

It also generates an image for the significant pathways.  

7.3 Results  

7.3.1 Phase 1- Exome Sequencing Discovery Cohort  

Exome sequencing was successfully performed on all the samples with average sequencing 

coverage of 49X. A total of 79,620 functional coding variants (Synonymous, Missense, Stop 

gained/lost, Splice site and Frame shift) were present and of these, 8230 (10.38%) variants 

were novel (not present in dbSNP database release 147) (Table 7.3). 

Table 7.3: Total number of known and novel functional coding variants after exome 

sequencing 

Functional 

Variation  
Total variants (%) Known Variants (%) Novel Variants (%) 

Synonymous 36445(46) 33871(42.54) 2574(3.2) 

Missense 41400(52) 36385(45.70) 5015(6.2) 

Stop gained 536(0.67) 407(0.51) 129(0.16) 

Stop-lost 30(0.03) 28(0.03) 2(0.002) 

Splice site  370(0.46) 256(0.32) 114(0.14) 

Frameshift 839(1.05) 443(0.55) 396(0.50) 

 

The demographic analysis of the exome discovery cohort is shown in Table 7.4. The mean 

age of patients was 78.4±6.0 years. At 3 months of anti-VEGF treatment, 53.7% of patients 

had retinal fluid present on OCT. The mean change in CMT and VA at three months was -
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121.0µm and 6.74±14 EDTRS letters respectively. There was no significant association 

observed between fluid presence/absence with age, smoking, gender, baseline VA, change in 

VA and baseline CMT (P > 0.05, Table 7.5).  

The PCA plot of all responders and non-responders for anti-VEGF treated AMD patients are 

shown in Figure 7.3 which confirms all the patients were derived from the same population 

ancestry except one. PCA was plotted for all samples with the hapmap population (release 3) 

and the 53 samples are clustered within a European population whereas one was from Chinese 

ancestry (Figure 7.4). 

A Manhattan plot showing all 123,192 SNPs with their corresponding p values tested for 

association between responders and non-responders is shown in figure 7.6. The Q-Q plot of 

expected and observed significance between responders and non-responders is presented in 

figure 7.7. 

Genotypes that passed quality control encompassed 123,192 variants and were contrasted 

between responders and non-responders using logistic regression. A total of 5 SNPs rs8786, 

rs36078271, rs2275123, rs1753430 and rs3801790 showed association of suggestive 

significance with fluid presence after 3 months of anti-VEGF treatment (P ≤ 10-4, Table 7.6). 

Among these five variants, SNP rs2275123 was present in an intronic region of the CSF1 

gene, two SNPs rs8786 and rs36078271 resides in an exon of the OXAIL gene, SNP rs1753430 

was present in an exon sequence of the OR6J1 gene and SNP rs3801790 was present in the 3 

prime untranslated region (3’UTR) of the DOCK4 gene. The functional annotation of the three 

exonic variants are shown in Table 7.7, importantly the single nucleotide coding variant 

rs1753430 is a non-synonymous change and causes an amino acid substitution of proline (P) 

to serine (S) at position 250 (P250S) in the OR6J1 protein. Interestingly, variant rs36078271 

is an insertion of an AGC codon in the OXAIL gene that adds the serine (Ser) amino acid 

residue at position 483 (Ser482_Lys483insSer) during translation of the OXAIL protein 

(Table 7.7). SNP rs36078271 was in complete LD with the top variant rs8786 in the OXAIL 

gene (r2=0.87). From the discovery phase, the top four significantly associated SNPs rs8786, 

rs2275123, rs1753430 and rs3801790 were selected for replication. The SNP rs36078271 was 

not included in the replication phase as it was in high LD with SNP rs8786 in the OR6J1 gene.  
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Table 7.4: Discovery Cohort demographics and clinical characteristics at three months of anti-

VEGF treatment 

 Discovery Cohort (N = 54) 

Sex  

Female 27(50%) 

Male 27(50%) 

Mean age at onset (time of first treatment) 

Range 

78.4±6.0 

(58-88) 

Fluid Presence on OCT scan after 3rd injection 
compared to baseline  

29(54%) 

 

Baseline Central Macular Thickness (CMT), µm 

mean ±SD 

CMT change form baseline (µm) 

mean ±SD 

459±238.0 

 

-121.0±229.0 

 

Baseline Visual Acuity (ETDRS letters) 

mean ±SD 

Visual Acuity change form baseline (ETDRS letters) 
mean ±SD                                                   

 

 

42.74±25.4 

 

6.74±14 

 

Smokers                   12(22%) 

SD = Standard Deviation, ETDRS = Early Treatment Diabetic Retinopathy Study 
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Table 7.5: Analysis of the influence of demographics and clinical variables on 

fluid presence after 3 months of anti-VEGF treatment in the discovery cohort 

Characteristics P-Value β (95% CI) SE 

Gender (Males vs Female) 0.44 0.84(-0.96 - 2.66)1.10 

Age 0.22 -0.13(-0.31 - 0.04)0.11 

Smoking 0.54 0.63(-0.10 - 0.23)1.03 

Baseline VA 0.16 -0.04(-0.10 - 0.09)0.03 

Change in VA  0.73 0.01(-0.05 - 0.07)0.03 

Baseline CMT 0.74 0.002(-0.09 - 0.01)0.07 

P value calculated using a linear or logistic regression test for change in VA 
and demographic covariates,  β: coefficient of the regression, CI: 
confidence Interval, SE: Standard Error,  VA: Visual Acuity 
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Figure 7.4: Principal component Analysis (PCA) of responders (no fluid on OCT scan after 

3 monthly anti-VEGF injections and non-responders (fluid present on OCT scan after 3 

monthly anti-VEGF injections) anti-VEGF in the Melbourne cohort.  
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Figure 7.5: Principal component Analysis (PCA) of hapmap populations and anti-VEGF 

treated AMD patients in the Melbourne cohort (EUR: Europeans blue colour), (other: Middle 

East), (ASN: Asian Chinese) are clustered with the European population (HapMAp_CEU) 

except one individual who has Chinese origin. HapMap_CEU: Utah residents with ancestry 

from northern and western Europe. HapMape_CHB: Han Chinese in Beijing, China, 

HapMape_JPT: Japanese in Tokyo, Japan, HapMap_YRI:Yoruba in Ibadan, Nigeria  
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Figure 7.6: Manhattan plot of exome sequencing of 54 anti-VEGF treated AMD patients showing 

association results of all SNPs (chromosome x-axis) using logistic regression (-log10 p value on 

y-axis). The black-dotted horizontal line represents the suggestive significance threshold of 

P=1x10−4. 
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Figure 7.7: The Quantile-quantile (QQ) plot for association of SNPs with responder and non-

responder after anti-VEGF treatment in the discovery cohort. Each black dot denotes the expected 

statistics (X-axis) versus an observed statistic (-log10P). The black line corresponds to the null 

distribution. 
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Table 7.6: Summary of SNPs from exome sequencing associated with fluid presence/absence 

after anti-VEGF treatment. 

CHR SNP A1 Gene Variant 
type 

OR SE L95 U95 *P value  

14 rs8786 A OXAIL Exonic 9.83 0.64 2.80 34.50 3.5x10-4 

14 rs36078271 AGC OXAIL Exonic 7.87 0.61 2.37 26.19 7.5x10-4 

1 rs2275123 A CSF1 Intronic 0.05 0.83 0.01 0.28 5.3x10-4 

14 rs1753430 G OR6J1 Exonic 0.15 0.54 0.05 0.45 6.7x10-4 

7 rs3801790   C DOCK4 3’UTR 7.69 0.60 2.34 25.20 7.5X10-4 

CHR: chromosome, SNP: single nucleotide polymorphism, A1: Alternate allele, Test: additive effect of 
allele dosage,  , OR = odd ratio,  SE: standard error,  L95: 95% Confidence Interval lower limit,  , U95: 95% 
Confidence Interval upper limit, p value : calculated using logistic regression 
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Table 7.7: Annotation of SNPs using ANNOVAR and SIFT 

SNP A1 

Allele Freq  
 

Gene  

Amino Acid 
change/addi

tion 

SIFT 
Prediction 

SIFT 
Score 

Annotation 
Annovar All 

Samples 
EUR 

rs1753430 A 0.49 0.49 OR6J1 P250S TOLERATED 0.73 Non-Synonymous  
rs8786 A 0.25 0.27 OXAIL R407R N/A N/A Synonymous  

rs36078271 AGC 0.26 0.26 OXAIL P478PS Neutral -0.07 In frame insertion 

rs3801790 C 0.31 0.32 DOCK4 - - NA 3’ UTR 

         

A1: Alternate alleles, EUR: European population, Annotation of 2 exonic and one UTR was done using SIFT( 
http://sift.jcvi.org/) and Annovar ( http://annovar.openbioinformatics.org/en/latest/) 
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7.3.2 Phase 2- Replication  

Demographic and clinical characteristics of all patients are shown in Table 7.8. The mean age 

of the patients was 79.0±7.2 years at the time of treatment. A total of 88 females (55%) and 

73 males (47%) were present in the replication cohort. After the first three monthly anti-VEGF 

injections, 39 (24%) patients had retinal fluid present (non-responders) compared to 121 

(75%) patients who had no retinal fluid present (responders). The mean baseline CMT was 

343 µm ±172.0 and after three injections, the mean change in CMT was -113 µm ±103.3. For 

the functional outcome measures the mean baseline VA and change in VA at 3 months were 

49.0 and 7.0 ETDRS letters, respectively. The association of fluid presence with baseline and 

demographic characteristic such as gender, age, smoking baseline VA and change in VA was 

not significant (P > 0.05) except for baseline macular thickness  (P <0.001) (Table 7.9).  

Four genetic variants were selected from the discovery phase for genotyping in the replication 

phase, all four SNPs rs8786, rs2275123, rs1753430 and rs3801790 were successful genotyped 

(99% genotyping rate). The association analysis of genotypes of SNPs rs8786, rs2275123, 

rs1753430 and rs3801790 was performed between responders and non-responders (Table 

7.10).  

All the four variants rs8786, rs2275123, rs1753430 and rs3801790 did not show association 

with fluid presence at 3 months of therapy (P >0.05). However, SNP rs1753430 showed trend 

towards association (P = 0.14, OR=1.47, 95% CI (0.87-2.46)) with the frequency of effect 

allele “A” was higher in non-responders (52%) compared to responders (42%) (Table 7.10).. 

Meta-analysis of the four SNPs rs8786, rs2275123, rs1753430 and rs3801790 was undertaken 

for both the discovery and replication cohort (see next section).  

Association of SNPs rs8786, rs2275123, rs1753430 and rs3801790 with CMT showed no 

association of these four SNPs with CMT at 3 months of anti-VEGF treatment (P > 0.05), 

(Table 7.11).  
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Table 7.8: Replication Cohort demographics and clinical characteristics  

 Replication Cohort (N = 161) 

Sex  

   Female 88(55%) 

   Male 73(45%) 

Mean Age at onset (time of first treatment) 

Range 

79.0±7.2 

(54-102) 

Fluid Presence on OCT scan after 3rd injection 
compared to baseline  

Fluid absent on OCT scan after 3rd injection 
compared to baseline 

                                                     Missing data 

39(24%) 

121(75%) 

 

1(1.0) 

Baseline Central Macular Thickness (CMT), µm 

mean ±SD 

Change in CMT form baseline (µm) 

mean ±SD 

343±172.0 

 

-113.8±103.3 

 

Baseline Visual Acuity (ETDRS letters) 

mean ±SD 

Visual Acuity change form baseline (ETDRS letters) 
mean ±SD 

                                                   3 Month 

 

51.0±18.0 

 

 

7.2±11.2 

Smokers                   81(50.0%) 

SD = Standard Deviation, ETDRS = Early Treatment Diabetic Retinopathy Study 
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Table 7.9: Analysis of the influence of demographics and clinical variables on retinal fluid 
presence after 3 months of anti-VEGF treatment in the replication cohort 

Characteristics P-Value β (95% CI) SE 

Gender (Males vs Female) 0.33 -0.75(-0.09- 0.23)0.77 

Age 0.10 0.08(-0.02 to -0.003)0.05 

Smoking 0.47 0.57 (-0.20-0.12)0.79 

Baseline VA 0.87 0.04(-0.00 - 0.005)0.02 

Change in VA 3 Months 0.87 0.04(-0.06-0.07)0.04 

Baseline CMT* 0.001 -0.03(0.02-0.05)0.01 

P value calculated using a linear or logistic regression test for change in VA 
and demographic covariates,  β: coefficient of the regression, CI: 
confidence Interval, SE: Standard Error,  VA: Visual Acuity 
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Table 7.10: Association of SNPs rs8786, rs2275123, rs1753430 and rs3801790 with retinal fluid dry/wet on 

OCT at 3 Months of anti-VEGF treatment 

SNP A1  A2 Genotype frequency  * Minor/Effect  Allele 

frequency  + 

P-Value OR 95% CI 

   Responders Non-responders Responders Non-Responders   

rs1753430 A G 0.17/0.52/0.31 0.33/0.39/0.28 0.42 0.52 0.14 1.47 (0.87-2.46) 

rs3801790 G A 0.08/0.41/0.51 0.16/0.37/0.47 0.28 0.34 0.31 1.31(0.27-2.27) 

rs2275123 T C 0.04/0.23/0.73 0.03/0.26/0.71 0.15 0.15 0.94 0.97 (0.49-1.20) 

rs8786 A T 0.10/0.38/0.52 0.10/0.36/0.54 0.28 0.28 0.90 0.96(0.56-1.66) 

Definition of response was the same as in the Exome sequencing discovery phase: Non-responders are patients who had 

retinal fluid present and the responders are the patients with no retinal fluid (dry) at 3 months of treatment. P-Value: 

Calculated using logistic regression, OR = odd ratio, representing trend per copy effect of risk or minor allele on fluid 

presence, highlighted in bold for each SNP, CI: 95% confidence interval, * Genotype frequency A1A1/A1A2/A2A2, +Allele 

frequency A1. 
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Table 7.11: Association of SNPs rs8786, rs2275123, rs1753430 and rs3801790 with change in macular 

thickness on OCT at 3 months of anti-VEGF treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype N (%) Mean Change CMT µm (SE) 

rs1753430   
GG 32(28.0) -97.18(13.4) 
GA 59(52.0) -118.27(15.3) 
AA 22(20.0) -110.36(14.3) 
P Value linear trend 0.56 

rs3801790   
AA 57(50.0) -119.12(14.3) 
AG 46(41.0) -95.84(12.7) 
GG 10(9.0) -166.3(48.0) 
P Value linear trend 0.76 

rs2275123   
CC 83(73.0) -102.04(11.0) 
CT 30(26.0) -148.30(21.0) 
TT 1(1.0) -202.00(101.1) 
P Value linear trend 0.08 

rs8786   
TT 64(56.0) -124.84(13.3) 
AT 41(36.0) -85.97(13.4) 
AA 9(8.0) -162.55(48.3) 
P Value linear trend 0.71 

*P value calculated using linear regression test adjusted for baseline 
CMT and  SE: standard error 
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7.3.3 Meta-analysis 

The results of the meta-analysis of the four variants rs8786, rs2275123, rs1753430 and 

rs3801790 in both the discovery and replication cohort (n=215) are shown in Table 7.12. 

Variant rs1753430 (OR6J1) and rs3801790 (DOCK4) showed significant association with 

retinal fluid clearance after three months of anti-VEGF treatment (p = 0.002, Z score = 2.9; p 

= 0.01, Z score = 2.5, respectively). For SNP rs1753430 patients with the ‘A’ risk allele had 

a 2.9 fold higher chance of retinal fluid presence compared to the ‘G’ allele after three month 

of anti-VEGF treatment. Similarly, for SNP rs3801790, the ‘G’ risk allele had a 2.5 fold 

increased risk of having retinal fluid compared to the ‘A’ allele. Both variants rs1753430 and 

rs3801790 passed multiple testing for four SNPs (0.05/4=0.01). However, the other two SNPs, 

rs2275123 and rs8786 did not reveal significant association in the meta-analysis (Table 7.12). 

 

Table 7.12: Meta-analysis of the discovery and replication cohorts of rs8786, rs2275123, 

rs1753430 and rs3801790 with retinal fluid presence after three months of anti-VEGF 

treatment 

SNP Allele1 Allele2 Weight Zscore P-value Direction 

rs1753430 A G 213 2.9 0.002 ++ 

rs2275123 T C 214 -1.8 0.07 -- 

rs8786 A T 214 1.6 0.09 ++ 

rs3801790 G A 213 2.5 0.01 ++ 

 

The SNPs rs8786, rs2275123, rs1753430 and rs3801790 were assessed for their effect on 

functional outcome such as change in VA after three months of anti-VEGF treatment. Three 

SNPs rs8786, rs2275123 and rs3801790 did not show significant association with change in 

VA at three months of treatment (P > 0.05). However, rs1753430 was significantly associated 

with reduced VA at 3 months of treatment. Patients with the homozygous risk genotype AA 

gained 5.4 EDTRS letters compared to 6.3 and 9.6 EDTRS letters for patients with the GA 

and GG genotypes, respectively (P = 0.0018, Table 7.13). 
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Table 7.13:  Association of SNPs rs8786, rs2275123, rs1753430 and rs3801790 with 

Visual acuity change at 3 month of anti-VEGF treatment 

 

Genotype N (%) Mean VA change 
EDTRS letters(SD) 

rs1753430   
GG 62(29) 9.6(11.0) 
GA 104(49) 6.3(12.0) 
AA 48(22) 5.4(13.0) 
P Value linear trend          0.0018 
rs3801790   
AA 103(48) 8.6(13.0) 
AG 93(44) 5.9(11.0) 
GG 18(8) 6.7(11.7) 
P Value linear trend     0.09 
rs2275123   
CC 152(71) 6.3(11.7) 
CT 55(25) 9.3(13.8) 
TT 8(4) 5.8(6.0) 
P Value linear trend    0.06 
rs8786   
TT 114(53) 8.9(13) 
TA 83(39) 5.0(11.0) 
AA 18(8) 5.3(10.3) 
P Value linear trend    0.66 

P value calculated using linear regression test, *Mean change 
in VA in EDTRS letters at 3 months compared to baseline, SD: 
standard deviation 
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7.3.4 Pathway analysis  

A, total of 79,620 coding variants were annotated to 13,224 genes from the GENCODE 

database, these genes were then used to perform GO enrichment analysis. All biological 

pathways that were significant are shown in Table 7.14, Figure 7.7. The olfactory receptor 

and GPCR were the most significant biological pathways (p = 8.46x10-39, p = 2.91x10-18, 

respectively, corrected p = 3.55x10-35 and p = 6.10x10-15, respectively). The number of genes 

from the exome sequencing data that were enriched in the olfactory receptor pathway was 111 

(40%) and 138 (23%) for the GPCR pathway. Interestingly, both of these pathways shared 

108 genes (43%), while there were only three and thirty unique genes present in the olfactory 

receptor and the GPCR pathway respectively (Figure 7.7).  Variant rs3801790 presents in the 

3’UTR region of the DOCK4 gene and functions in cell migration by activating the GTPase 

intracellular signalling pathway. However, this pathway was not present in the list of the top 

pathways from the gene enrichment analysis.  
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Table 7.14: Top gene enrichment pathway from the GO enrichment analysis of coding variants 

from exome sequencing of the anti-VEGF treated nAMD patients 

GO Term Pathway Description P-value 

FDR q-

value* N B b 

GO:0004984 olfactory receptor activity 8.46E-39 3.55E-35 13224 275 111 

GO:0004930 G-protein coupled receptor activity 2.91E-18 6.10E-15 13224 610 138 

GO:0005549 odorant binding 1.13E-15 1.57E-12 13224 60 30 

GO:0099600 transmembrane receptor activity 7.33E-15 7.69E-12 13224 999 186 

GO:0038023 Signalling receptor activity 2.05E-14 1.72E-11 13224 1038 190 

GO:0004888 transmembrane signalling receptor activity 4.03E-14 2.82E-11 13224 956 178 

GO:0004872 receptor activity 8.41E-14 5.04E-11 13224 1251 198 

GO:0060089 molecular transducer activity 8.41E-14 4.41E-11 13224 1251 198 

GO:0004871 signal transducer activity 1.90E-12 8.85E-10 13224 1284 211 

GO:0004452 isopentenyl-diphosphate delta-isomerase activity 3.91E-05 1.64E-02 13224 2 2 

GO:0019113 limonene monooxygenase activity 4.04E-05 1.54E-02 13224 3 3 

GO:0004499 N,N-dimethylaniline monooxygenase activity 4.10E-05 1.43E-02 13224 5 5 

GO:0050786 RAGE receptor binding 6.68E-05 2.16E-02 13224 4 4 

GO:0051371 muscle alpha-actinin binding 1.08E-04 3.23E-02 13224 8 4 

GO:0008392 arachidonic acid epoxygenase activity 1.43E-04 4.01E-02 13224 14 5 

GO:0008391 arachidonic acid monooxygenase activity 1.43E-04 3.76E-02 13224 14 5 

N= total number of genes of the coding Exome variants (input file for the software) B= Total Number of genes 

present in specific pathway, b = Number of genes present in specific pathway from the input file , * false 

discovery rate calculated as (p-value * number of GO terms) / i., were ith term is ranked according to p-value 
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Figure 7.8: Venn diagram showing common and unique genes in both the olfactory receptor 

and GPCR pathways  

 

7.3.5 In silico approach to evaluate the LD region function of OR6J1 and DOCK4 genes  

As reported in chapter 5 of the thesis, I used HaploReg database (Ward and Kellis, 2012), to 

evaluate the role of  SNPs rs1753430 and rs3801790 in OR6J1 and DOCK4 gene expression 

or function.Variant rs1753430 was predicted to alter the Maf, Rad21 and STAT regulatory 

motifs in the OR6J1 gene. The two variants, rs7147110 and rs61972443 are in complete LD 

(r2 = 0.8, 250Kb block) with rs1753430 in the OR6J1 gene (Table 7.14). Similarly, the variant 

rs3801790 in the DOCK4 gene regulates the AP-1 and GATA regulatory motifs and nine 

variants are in high LD with rs3801790 in 250Kb block of the DOCK4 gene. Out of these 9 

variants, seven SNPs showed alteration in regulatory motifs (Table 7.15). 

To assess expression of the OR6J1 gene in human eye tissue, I used the online resource: “The 

Ocular Tissue Database”(Wagner et al., 2013). Expression of the OR6J1 gene was not present 

in the eye while the DOCK4 gene expression was present in choroid, optic nerve, optic nerve 

head and retina (Table 7.16) 
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Table 7.15: HaploReg database showing variants located within predicted regulatory regions and in LD 

(r² > 0.8) with rs1753430 (+/- 250Kb) 

Chr  Position LD(r2) variant  Ref Alt EUR Freq Motifs Changed  RefSeq Gene  

14 22632331 0.95 rs7147110 A G 0.49 GR,Ik-1 1.4kb 3' of OR6J1 

14 22634064 1 rs1753430 G A 0.49 Maf,Rad21,STAT OR6J1 

14 22640819 0.87 rs61972443 G C 0.47 CAC-binding-protein,Pax-
4,SP1 

6.4kb 5' of OR6J1 

HaploReg  http://www.broadinstitute.org/mammals/haploreg/haploreg.php (Ward and Kellis, 2012), chr: chromosome, 
LD: Linkage disequilibrium, Ref/Alt: reference/Alternate allele, EUR Freq: Frequency in European population, RefSeq: 
reference Sequence gene 
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Table 7.16: HaploReg database showing variants located within predicted regulatory regions and in LD 

(r² > 0.8) with rs3801790 (+/- 250Kb) 

Chr  Position LD(r2) variant  Ref Alt EUR Freq Motifs Changed  RefSeq Gene  

7 111719387 0.8 rs58879578 A G 0.36 - 6.7kb 3' of DOCK4 

7 111719770 0.82 rs145347578 13-mer G 0.33 RXRA,TATA 6.3kb 3' of DOCK4 

7 111720353 0.8 rs57122689 C G 0.36 4 altered motifs 5.8kb 3' of DOCK4 

7 111722346 0.82 rs66881439 T G 0.36 5 altered motifs 3.8kb 3' of DOCK4 

7 111722397 0.8 rs67572205 C A 0.37 9 altered motifs 3.7kb 3' of DOCK4 

7 111722886 0.89 rs957143 T C 0.34 - 3.2kb 3' of DOCK4 

7 111725631 0.81 rs2057974 C A 0.37 4 altered motifs 486bp 3' of DOCK4 

7 111725879 0.81 rs1859746 C G 0.37 NF-Y,Pax-5,RXRA 238bp 3' of DOCK4 

7 111727567 1 rs3801790 T C 0.32 AP-1,GATA DOCK4 

7 111734005 0.81 rs1419748 T G 0.67 4 altered motifs DOCK4 

HaploReg  http://www.broadinstitute.org/mammals/haploreg/haploreg.php (Ward and Kellis, 2012), chr: chromosome, LD: 
Linkage disequilibrium, Ref/Alt: reference/Alternate allele, EUR Freq: Frequency in European population, RefSeq: reference 
Sequence gene 
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Table 7.17: The Ocular Tissue Database shows expression of the DOCK4 gene in adult human eye 

tissues 

Seq name start stop strand Probe Id  GENE 1PLEIR Score in different tissues of Eye 

      
Choroid  

Optic 

nerve 

Optic nerve 

head Retina 

Chr7 111365666 111846508 - 3068097 DOCK4 36.14 100.56 114.28 53.54 

1: Expression of genes in the Ocular Tissue Database (https://genome.uiowa.edu/otdb/) is represented as an Affymetrix 

Probe Logarithmic Intensity Error (PLIER) number.RPE: retinal pigment epithelium 
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7.4 Discussion  

WES was successfully undertaken in anti-VEGF treated nAMD patients. The two unique 

aspects of this project were first selecting retinal fluid presence/absence on OCT scans as a 

treatment response variable after the 3 months of anti-VEGF treatment in nAMD patients. 

Secondly, undertaking the WES in these patients to identify variants in the coding part of 

genes that may be associated with retinal fluid presence after anti-VEGF therapy. To date, 

limited studies have been reported on retinal fluid presence and absence after anti-VEGF 

treatment in nAMD. This mainly reflects that the pivotal clinical trials and subsequent 

retrospective studies assessed VA as main outcome measure which is important for patients 

and funding bodies. However, the anatomical readout provide comprehensive measurement 

for anti-VEGF treatment response. In addition the reason for limited pharmacogenetic studies 

using anatomical were due to difficulties in extracting OCT scans of patient files from medical 

records and reading the OCT scans independently by at least two clinicians.  

I undertook WES of 54 anti-VEGF treated nAMD patients and identified the five variants 

rs8786, rs36078271, rs2275123, rs1753430 and rs3801790 that were of interest as these 

showed suggestive association with retinal fluid presence although none of the variants 

reached genome wide significance. These variants were then replicated in an independent 

anti-VEGF treated nAMD cohort. None of the four SNPs reveal significant association with 

retinal fluid clearance after 3 months of anti-VEGF treatment in the replication cohort. The 

lack of replication most likely reflects the small sample size in the replication cohort (n=161). 

However, meta-analysis of both the discovery and replication cohorts revealed significant 

association of variant rs1753430 in the OR6J1 gene and rs3801790 in the DOCK4 gene with 

retinal fluid presence following multiple correction for four SNPs at 3 months of anti-VEGF 

treatment (corrected p = 0.002 and p = 0.01 respectively).  

The four variants rs8786, rs2275123, rs1753430 and rs3801790 did not show significant 

association with CMT change after three months of treatment. The percentage of responders 

(46%) were less compared to non-responders (54%) in the discovery cohort. However, in 

replication cohort this trend become opposite and there were more responders (75%) 
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compared to non-responders (24%). This variation in the data may be due the smaller cohort 

at discovery stage (n=54) compared to replication cohort (n=161). 

Interestingly, variant rs1753430 showed significant association with change in VA at 3 month 

of treatment (corrected p = 0.0018). Subsequently, I look up this variant rs1753430 in the 

GWAS meta-analysis of the exom chip data from chapter 7 of the thesis. Interestingly, SNP 

rs1753430 showed association with change in VA at three months of anti-VEGF treatment (p 

= 0.02) but it did not reach significance threshold of p<10-5 to be included in the replication 

phase (see section Results in chapter 7). These findings indicate another olfactory receptor 

associated with change in VA (chapter 5), whereby variant rs4910623 in OR52B4 gene 

(Chapter 5) shown to be associated with change in VA after anti-VEGF treatment (Riaz et al., 

2016). SNP rs1753430 is a non-synonymous variant in the OR6J1 gene that encodes an 

olfactory receptor family 6 subfamily J member 1 protein (UniprotKB accession number: 

Q8NGC5) which is a neurotransmitter and hormone receptor that functions in downstream 

signalling of the GPCR pathway [provided by RefSeq, Jul 2008]. GPCRs are very selective 

and functions differently in different part of the body (Abaffy, 2016). While other three 

variants did not show association with change in VA at three months of treatment. 

OR6J1 is an olfactory receptor and also a GPCR. A recent report showed that a copy number 

change CNVR5165.1 at chromosome 14 is an eQTLs (effecting the expression of genes) and 

affects the distal gene expression of the two target genes DAD1 and OR6J1 at chromosome 

14. This indicates that  expression of this olfactory receptor could be regulated by the presence 

of a copy number change at chromosome 14 (Gamazon et al., 2011), and examination of this 

copy number may be worth exploring as to a potential role in retinal fluid clearance following 

anti-VEGF treatment. 

A recent report on olfactory receptors showed that they were expressed in non-olfactory 

tissues such as kidney, prostate, skin, skeletal muscles and brain. Interestingly, different 

olfactory GPCRs are reported to have different functions in different human tissues. For 

example OR10J5 is expressed in the aorta and functions in angiogenesis whereas the olfactory 

receptor OR2AT4 is involved in cell induced migration and proliferation. In addition two other 

olfactory receptors OR51B4 and OR52A4 are highly expressed in immune cells such as NK 

cells, PMN cells and B-cells (Abaffy, 2016). These findings support our results that olfactory 
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receptors can be expressed and function in non-olfactory tissues. Further studies are required 

to investigate the expression and function of the OR6J1 gene in retina.  

The second variant, rs3801790 that showed significant association with presence of retinal 

fluid is present in the 3’ UTR region of the DOCK4 gene. This gene encodes a membrane-

associated cytoplasmic protein known as dedicator of the cytokinesis 4 (UniprotKB accession 

number: Q8N1I0) and belongs to an evolutionary conserved family of protein known as 

dedicator of the cytokinesis (Côté and Vuori, 2002, Hiramoto et al., 2006). DOCK4 is a 

guanine nucleotide exchange factor (GEF) and facilitates the removal of GDP and binding of 

GTP to Rho (Ras homology) GTPases such as RAC1 and RAP, thus activating these GTPases. 

Multiple cellular pathways are controlled by these GTPases such as cell proliferation, tumour 

suppression and apoptosis (Pannekoek et al., 2009, Hiramoto et al., 2006).  

Initial studies have shown that the DOCK4 gene regulates the growth and branching of the 

neurons in the hippocampal region of rats brains, branching and migration of fibroblast and 

breast cancer cells (Kawada et al., 2009, Katoh et al., 2006, Ueda et al., 2008). Abraham and 

colleagues (Abraham et al., 2015) reported that the DOCK4 protein controls the generation 

of endothelial cell protrusions and branching during angiogenesis. They first used colorectal 

tumour cell lines and injected it with short hairpin RNAs (shRNAs) to block the DOCK4 gene. 

The vessels of DOCK4 depleted tumour cell lines lacked large calibre lumens compared to 

controls. To confirm these results they developed wild type and Dock4 gene knockout mouse 

models. Homozygous deletion of Dock4 knockout mice were lethal at the embryonic stage 

and only heterozygous Dock4 knockout mice survived. These wild type and heterozygous 

Dock4 knockout mice were then injected with breast cancer cell lines in the brain that gave 

rise to exceedingly vascularized tumours in the brain. Interestingly, the decreased lumen size 

of vessels were observed in tumours of the Dock4 heterozygous knock out mice compared to 

wild type control mice. Thus, this confirms that the DOCK4 gene regulates the size of blood 

vessel lumen in tumours during angiogenesis (Abraham et al., 2015).  In addition, the 

homozygous mutation Pro1718Leu in the Dock4 gene has been found in the osteosarcoma 

cell lines drive from the TP53 mouse model, confirming the role of the DOCK4 gene in 

tumorigenesis (Yajnik et al., 2003).  However, the functional role of the DOCK4 gene in 

ocular angiogenesis still needs to be elucidated.  
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Recently Yu and colleagues (Yu et al., 2015) evaluated the expression profile of the eleven 

DOCK 180 family members (including DOCK4) in the human lung adenocarcinoma cell line 

(A549) and found that the expression of the DOCK4 gene was significantly upregulated 

compared to the others DOCK 180 family members. Upon treating the A549 cell line with 

transforming growth factor beta (TGF-β) they observed robust upregulation of DOCK4 

protein through the Smad pathway that ultimately leads to cell proliferation and metastasis in 

lung tumour cells. In addition, these findings were validated on human lung cancer tissues by 

applying anti-DOCK4 and anti-Smad3 specific antibodies and observed high expression of 

DOCK4 and Smad3 proteins in these tumour tissues compared to normal lung tissues (Yu et 

al., 2015). Furthermore, in humans the deletion of the DOCK4 gene on chromosome 7 is 

commonly seen in myelodysplastic syndromes (MDS) (Zhou et al., 2011). Sundaravel and 

colleagues (Sundaravel et al., 2015) reported lower expression of the DOCK4 protein in the 

bone marrow cells of MDS patients that had a deletion on chromosome 7. In addition, reduced 

expression of DOCK4 was an independent prognostic factor in the refractory anaemic subtype 

of MDS patients. They also reported that low expression of DOCK4 leads to dysplasia 

(abnormal shape) of red blood cells. Interestingly, an acute myeloid leukaemia case was 

reported with rapid disease progression and worse outcome after lestaurinib treatment and 

chemotherapy. The genetic screening was undertaken using microarray-based comparative 

genomic hybridization (aCGH) and found a deletion of 189.1kb region that encompasses the 

3’ end of the DOCK4 gene, the patient also had low levels of DOCK4 protein (Kjeldsen and 

Veigaard, 2013).   

Pathway analysis using GO gene enrichment analysis revealed the olfactory receptor and the 

GPCR pathways were the most significant pathways. These findings are in agreement with 

recent reports that olfactory receptor activity and GPCR pathway play a vital role in several 

biological processes such as angiogenesis and cellular metabolism (Abaffy, 2016).  As 

mentioned above, OR6J1 is a GPCR and on the other hand the DOCK4 gene play a role in 

the GTPase intracellular signalling pathway that regulates cell migration and proliferation. It 

indicates that genetic variations in GPCR and cytokinesis genes might be triggering 

angiogenesis in the retina other than VEGF pathway.  

The limitations of this study were no anatomical data were available for longer term time point 

(six and twelve months) following anti-VEGF treatment in nAMD patients. The discovery 
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and replication cohorts were relatively small. We cannot exclude the fact that there may be 

some variability in OCT readout data because retinal fluid clearance and absence was a 

subjective measure and in the replication cohort, the OCT read outs were undertaken on 

multiple machines, included Cirrus, stratus and spectral domain. 

In conclusion, the WES study identified the two variants rs1753430 and rs3801790 in the 

OR6J1 and DOCK4 gene associated with retinal fluid presence at 3 months of anti-VEGF 

treatment.  In future, replication of these variants in other anti-VEGF cohorts is needed to 

obtain adequate statistical power to detect association reaching statistical significance and 

extensive work will be required to explain the role of these genes in ocular angiogenesis. 

Identification of the OR6J1 and DOCK4 gene confirm the role of multiple cellular pathways  

that are involved in response to anti-VEGF treatment and may therefore provide alternative  

potential targets for future drug development not only in the treatment of nAMD but also  in 

treating tumorigenesis.  
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 Final Discussion and overall conclusion  

 

A number of clinical, demographic and genetic factors may be involved in the varied response 

to anti-VEGF treatment in nAMD patients. The main focus of my thesis was to investigate 

the involvement of possible genetic factors in this response. In general, the candidate gene 

analysis approach is relatively cheap and quick to determine whether certain genetic factors 

are associated, or involved, in a possible mechanism of disease pathology or treatment 

response (Patnala et al., 2013). In the case of pharmacogenetic studies on anti-VEGF 

treatment outcomes in nAMD patients, findings from candidate gene studies have been 

inconclusive (Riaz and Baird, 2017, Fauser and Lambrou, 2015, Finger et al., 2014). The 

reason for this inconsistency may arise at several levels including phenotypic variability 

between cohorts, study design (how the outcome variable was defined) and limitations in the 

number of, or which, variants genotyped in any particular candidate gene, known AMD risk 

or VEGF pathway gene. In agreement with this, I did not find association of previously 

reported variants in 3 VEGF pathway genes NRP1, EPAS1 and VEGFR2 with anti-VEGF 

treatment response variables (p>0.05), even though this is an important regulator of 

angiogenesis (Ferrara, 2016, Johnson and Wilgus, 2014, Qazi et al., 2009). However, 

angiogenesis involves multiple -pathways and therefore variability in anti-VEGF treatment 

outcome most likely also reflects the involvement of non-VEGF pathways in this response. 

In addition, given the intricate set of gene pathways, there are also likely multiple genetic 

factors involved in the pharmacogenetic response to anti-VEGF therapy. Thus, 

pharmacogenetic screening by using high throughput genetic techniques such as GWAS and 

WES would be a much more useful approach in order to screen the genome in an unbiased 

manner.  

The main focus of my PhD research has been to use sophisticated genetic techniques (GWAS 

and WES) to try and identify genetic variants associated with anti-VEGF treatment outcome 

in nAMD patients. After undertaking 2 GWAS studies, I have been able to identify variants 

rs4910623 and rs12138564 in the OR52B4 and CCT3 genes associated with change in VA in 

nAMD patients. These genetic variants were also assessed for their effect on anatomical 

variables but did not reveal significant association. This indicates the complexity of genetic 

associations with pharmacogenetic response, as multiple outcome measures may need to be 
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evaluated to predict anti-VEGF treatment response in nAMD. I hypothesized that there may 

be other genetic factors associated with retinal fluid presence after anti-VEGF treatment that 

are not shared with VA. To answer this question, I undertook WES in nAMD and identified 

the 2 genetic variants rs1753430 and rs3801790 in the OR6J1 and DOCK4 genes associated 

with retinal fluid presence after anti-VEGF treatment. However, neither of these variants 

(rs1753430 and rs3801790) revealed significant association with change in CMT following 

anti-VEGF therapy. Interestingly, variant rs1753430 in the OR6J1 gene showed association 

with change in VA, thus indicating that some genetic variants may also be shared between 

different outcome measures. In addition, there is on-going debate among researchers about 

which readout is best to associate with the anti-VEGF treatment response in nAMD patients. 

On one hand, visual outcome is important to predict how patients are improving their vision 

while on the other hand, clinicians are also keen to assess if complete removal of retinal fluid 

has been accomplished. From my current findings, it seems useful to assess both functional 

and anatomical variables in pharmacogenetic studies. 

Globally, in clinical settings the consensus is to obtain the best VA for a patient. However, 

there is no approved method or process as to what variables should be assessed for predicting 

the anti-VEGF treatment response. There is ongoing debate with regard to whether functional 

readout is the best measure whereas others indicate that anatomical variables provide a better 

readout. Recently, a committee from the UK, reported that in clinical settings, both functional 

and anatomical variables should be evaluated to assess the anti-VEGF treatment outcome 

(Amoaku et al., 2015). However, they proposed to evaluate this response after only three anti-

VEGF injections and hence did not consider the impact of longer term effects of number of 

injections and differing treatment regimens on response. Thus, there is a clear need for a global 

consensus as to what outcome measures should be evaluated to define the short and longer 

term anti-VEGF treatment response following anti-VEGF treatment. Based on findings from 

this thesis and future work, it is envisaged that this will allow us to establish a set of clinical, 

demographic and genetic factors to predict both functional and anatomical treatment outcomes 

in nAMD patients (see section below ‘Implication of findings from thesis – A step towards 

precision Medicine’). 

Furthermore, findings from this thesis indicate the likely involvement of multiple biological 

pathways, including GPCR, protein folding and TGF-β, as being involved in retinal 
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angiogenesis. Therefore these pathways may also provide alternate pathways that can be 

explored to identify drug targets that subsequently may lead to development of treatments to 

augment existing anti-VEGF therapies.  For this, the role of the novel genes OR52B4, CCT3, 

OR6J1 and DOCK4 needs to be established and in the next section I propose possible roles 

for these genes in angiogenesis.   

8.1 Connecting the novels genes OR52B4, CCT3, OR6J1 and DOCK4 from this study 

to angiogenesis  

The pathogenesis of nAMD involves dysfunction of multiple biological processes such as 

complement and angiogenesis pathways (Campochiaro, 2013). As mentioned before, VEGF 

is an important regulator of angiogenesis and constitutively produced in the body but in the 

context of nAMD, it is upregulated due to hypoxia, inflammation and ischemia (Qazi et al., 

2009). The anti-VEGF agents target the VEGF molecule in the retina and inhibit its interaction 

with VEGFR. The latter, when in its inactive form does not initiate signal transduction through 

different molecules such as phospholipase C-γ  (PLC- γ), phosphatidylinositol 3 kinase 

(PI3K)/AKT, and mitogen-activated protein kinase (MAPK) thereby resulting in regression 

or attenuation of the neovascularization process in the retina (Nilsson and Heymach, 2006, 

Ferrara, 2016). However, the variable treatment response to anti-VEGF treatment appears to 

indicate the possible involvement of other underlying biological mechanisms which result in 

angiogenesis not being completely repressed. Through the use of GWAS and WES on anti-

VEGF treated nAMD patients, I have identified genetic variants in four genes; OR52B4, 

CCT3, OR6J1 and DOCK4 associated with either visual or anatomical outcome differences 

after anti-VEGF treatment in nAMD. In order to establish a plausible role for these genes in 

ocular angiogenesis, I have designed a schematic model that illustrates how these four genes 

may lead to abnormal angiogenesis despite anti-VEGF treatment.  

8.1.1 Proposed Model: Olfactory genes (OR52B4 and OR6J1) 

The proposed model is presented in Figure 8.1 assuming that the VEGF pathway is completely 

blocked by the appropriate anti-VEGF therapy. The two identified olfactory genes OR52B4 

and OR6J1 are GPCRs and present in the cell membrane. These GPCRs bind their 

extracellular ligand thereby activating the membrane bound G proteins that regulate several 

biological processes (Figure 8.1) (New and Wong, 2007, Martemyanov, 2014). G proteins are 

heterotrimeric compounds consisting of 3 membrane bound subunits: β, γ and α (bound with 
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guanine diphosphate (GDP)). Following activation by an extracellular ligand, the GPCR 

catalyses the exchange of phosphate at the α subunit of the G protein and releases the βγ and 

α subunits which subsequently bind to downstream effectors such as PI3K, PKA, PKC and 

RAS, promoting the occurrence of further cell signalling processes such as angiogenesis (Li 

et al., 2002, Lappano and Maggiolini, 2011, New and Wong, 2007).  

8.1.2 Proposed Model: Chaperone gene (CCT3) 

The active G protein β and γ subunits are stabilized by the CCT chaperone system (also known 

as TRIC-CCT complex, see ‘Discussion’ section of chapter 6) through folding into a stable 

βγ dimer structure to initiate the downstream cellular processes (Plimpton et al., 2015). When 

there is no extracellular signal, the G protein subunits become inactive by disassociation from 

the CCT chaperone system thereby releasing the βγ dimer to allow subsequent binding to α 

subunit to make the membrane bound inactive Gαβγ heterotrimer protein (Plimpton et al., 

2015, Li et al., 2002). As mentioned in the ‘Discussion section of chapter 6’, CCT chaperones 

consist of 8 subunits (CCT1 to CCT8). The CCT3 protein is an important subunit of this 

complex and in this thesis, I have identified it as a novel chaperone gene associated with 

variable treatment outcome following anti-VEGF treatment in nAMD patients (See Chapter 

6). Thus, the CCT complex serves as a molecular switch to G proteins and facilitates their 

conformational change within the cell (Figure 8.1) (Plimpton et al., 2015). Thus, it can 

hypothesize that the genetic variant rs12138564 in CCT3 gene may cause errors in the G 

protein folding process that subsequently lead to angiogenesis. 

Chaperonins are involved in many biological processes, including their involvement in protein 

folding in both normal and stress response conditions. Additionally, they have been shown to 

have a role in progression and development of cancer and thus are an attractive area for 

potential drug target developments (Reikvam et al., 2009, Lin et al., 2009, Sankhala et al., 

2011). Recently, it has been reported that the CCT3 protein is necessary for cell proliferation 

and mitotic progression in hepatocellular carcinoma (HCC) cells and depletion in these cells 

using siRNA dramatically regresses cell growth thereby confirming its role in angiogenesis.  

The overexpression of the CCT3 gene has been correlated with poor clinical outcomes and 

extreme pathological features in liver cancer (Cui et al., 2015, Zhang et al., 2016). In addition 

serum levels of CCT3 protein appears to correlate with aetiology and tumour size in HCC 

patients thus providing diagnostic value of this protein in liver cancer (Qian et al., 2016).  
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Furthermore, in vitro depletion of CCT3 protein sensitise the human HCC cells to Vincristine 

treatment, a microtubule destabilizing drug (Zhang et al., 2016). In summary, the 

overexpression of CCT3 protein plays a vital role in cancer cells proliferation, poor prognosis 

and resistance to drugs (Wang et al., 2017, Zhang et al., 2016, Su et al., 2016, Qian et al., 

2016, Cui et al., 2015b) 

Taken together, the two reported biological roles of the CCT3 protein as part of the TRIC 

complex are; firstly, in its involvement in folding of G proteins and secondly, its promotion 

of cell proliferation in tumour cells. I am proposing both of these CCT3 gene functions in the 

angiogenesis model described here, although both of these need to be experimentally validated 

in future studies (Figure 8.1).  It can be hypothesised that under stress conditions in the retina, 

such as during hypoxia, extracellular signals that activate the OR52B4 and OR6J1 GPCRs 

lead to activation of G proteins in the cytoplasm thereby initiating the downstream cascade of 

signalling events which contribute to initiating the angiogenesis process (Figure 8.1). 

However, ligands for OR52B4 or OR6J1 are currently unknown and future studies are 

therefore needed to identify these ligands in the retina and establish their role in the angiogenic 

process.  
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Figure 8.0.1: The proposed model showing pathway involvement of novel genes OR52B4, 

OR6J1, DOCK4 and CCT3 (highlighted in red) in angiogenesis after anti-VEGF treatment.  

Detailed explanation of the model is provided in the accompanying text. Briefly, the anti-VEGF 

antibody binds with the VEGF molecule and prevents it binding with the VEGFR (at the top of 

the figure) and thus inactivating downstream pathway molecules that ultimately lead to 

repression of angiogenesis. However, the three studies I have undertaken in this thesis identify 

genetic variants in four novel genes (OR52B4, OR6J1, CCT3 and DOCK4) associated with anti-

VEGF treatment outcomes. Based on these findings and the published literature I postulate a 

functional role for these four genes in angiogenesis. The two GPCR molecules OR52B4 and 

OR6J1 activate G-proteins that trigger downstream signalling through PI3K and PKC leading 

to angiogenesis. Similarly, the TGF-β pathway acts through the SMAD3/4 complex to induce 

expression of the DOCK4 gene that causes cell protrusion and migration and acts through 

RAC1 to induce angiogenesis. Finally, the CCT3 gene can play two biological roles in the 

TRIC-complex (consisting of CCT1 - 8 subunits), either through involvement of activation of 

G-proteins or through cell proliferation and migration. This figure is designed using Ingenuity 

Pathway analysis (IPA) tool and input of identified associated genes.  
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8.1.3 Proposed Model:  the DOCK4 Cytokinesis gene 

The angiogenic role of the DOCK4 gene is driven by TGF-β signalling through the SMAD3/4 

pathway as previously described in “Discussion section of chapter 7”.  Much work has been 

conducted in cancer on this molecule with increased expression of the DOCK4 protein leading 

to cell proliferation in lung cancer (Yu et al., 2015). DOCK4 is highly expressed in tumour 

blood vessels of cancer patients and deletion of the DOCK4 gene in in-vivo xenograft tumour 

models cause defects in blood vessel lumen formation thus suggesting a role of DOCK4 in 

angiogenesis (Abraham et al., 2015b). In addition, in myeloid leukaemia, deletion of the 3’ 

UTR of the DOCK4 gene leads to a reduced level of DOCK4 protein which has been 

associated with rapid leukaemia progression and resistance to chemotherapy (Kjeldsen and 

Veigaard, 2013). The synonymous variant rs3801790 identified in this study occurs in the 

3’UTR region of the DOCK4 gene. It is associated with variable treatment outcome and thus 

it may be hypothesised that this may lead to alteration in RNA stability, thereby contributing 

to cell proliferation during abnormal retinal angiogenesis in nAMD patients (Figure 8.1).  

8.2 Strengths of the Study 

The strengths of this study are the successful application of GWAS and WES techniques to 

anti-VEGF treated nAMD patients resulting in the identification of novel genes influencing 

this response. The use of both functional and anatomical variables in the studies has allowed 

me to assess the effect of genetic variants in each of the outcomes. Demographic and clinical 

factors such as baseline VA are known to affect treatment outcome and so in order to confirm 

that the effect of the genetic variants that I have identified are not impacted by VA differences, 

I included baseline VA as a covariate in each analysis. In addition, the analysis for six and 12 

month time points were controlled for treatment regimen and number of injections. Through 

the combined effort of members of the Macular Research and Ocular Genetics units at CERA, 

we were able to establish an electronic Redcap database for clinical data capture (including 

both functional and anatomical variables) of anti-VEGF treated nAMD patients, that was used 

to conduct pharmacogenetic studies. 

As opposed to the previously published GWAS study, I have undertaken replication of my 

findings in both the GWAS and WES studies. In addition, I was able to collaborate with a 

number of international groups to collect the largest multi-centre anti-VEGF treated nAMD 

cohort for pharmacogenetic analysis. The exome chip GWAS was undertaken using imputed 
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genetic variants thereby allowing assessment of the maximum number of SNPs to be tested 

for association with treatment response variables. For the first time, WES was used to identify 

variants associated with retinal fluid presence in nAMD patients.  Finally, the identification 

of novel genes; OR52B4, CCT3, OR6J1 and DOCK4 will lead to a better understanding of 

retinal angiogenesis that in future can be used to personalize treatment options for nAMD 

patients.  

I have undertaken multiple studies in this thesis and in my experience pharmacogenomics 

studies in nAMD is extremely complex and following steps will help to undertake such future 

studies in the field.  Recruitment of a large anti-VEGF treated prospective nAMD cohort and 

use of both functional and anatomical read-out at 3 months of anti-VEGF treatment are pre-

requisites. In order to detect common variants it is most beneficial to use a SNP array and for 

rare variants it is best to perform WES. The population diversity and control of its variation 

need to be considered and all confounding co-variates should be included in the analysis. The 

time point of any readout needs to be determined as well as controlling the analysis for the 

treatment regimen and number of injections. As in all GWAS, there is a need to replicate 

results in an independent manner and so a similar cohort needs to be sourced for validation.  

8.3 Limitations of the pharmacogenetic study  

The limitations specific to each study are explained in their respective chapters of this thesis 

but the general limitations to pharmacogenetics studies in nAMD are presented here. Baseline 

or presenting VA is a consistent factor associated with functional outcome (VA). However, 

patients with better presenting VA typically have a good VA outcome after anti-VEGF 

treatment but they will also have less chance of a large increase in improvement of ETDRS 

letters read compared to patients with a lower presenting VA, this reflects the so called  

“celling effect” (Tufail et al., 2014). VA can be defined as either a continuous or a 

dichotomous variable whereby in the latter case, there is uncertainty as to what threshold to 

choose to decide as a treatment response, such as a 5 ETDRS letter VA change. In the case of 

anatomical variables, the assessment of retinal fluid is a qualitative measure that may cause 

variability in the data. However, there is uncertainty among clinicians as to whether retinal 

fluid should be completely dry or having some persistent retinal fluid may be acceptable 

following anti-VEGF treatment. Currently, a Phase IV clinical trial (NCT01972789 Novartis 

Pharmaceuticals), FLUID study (Comparison of Treatment Regimens Using Ranibizumab: 
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Intensive (Resolution of Intra- and Sub-retinal Fluid) vs Relaxed (Resolution of Primarily 

Intra-retinal Fluid) Treatment) is ongoing to assess the VA outcome in nAMD patients on a 

T&E regimen for up to 24 months of treatment. The patients are randomized into two groups 

that include ‘intensively’ treated patients; completely dry retinal fluid and a ‘relaxed’ group 

where follow up interval was extended without giving anti-VEGF injection unless there was 

presence of new intra-retinal fluid or increase in the sub-retinal fluid (Arnold et al., 2016). 

Studies like FLUID may provide a better treatment approach for management of nAMD. 

While 3 anti-VEGF treatments in the first 3 months is almost totally standard in developed 

countries, variations in treatments begin to appear after 3 months. This was particularly 

noticeable at different study sites depending on the preference for PRN, monthly or T&E. As 

anti-VEGFs are a readily available treatment for nAMD, these differences in treatment 

regimens between cohorts made it difficult to effectively recruit from the many sites initially 

approached. In addition, unavailability of clinical data for longer term time points (six months 

and beyond) including number of injections, retinal fluid clearance and macular atrophy, 

ethnic variation due to genetic differences among the populations, type of genetic technique 

used, small number of samples, changes in imaging modalities, different anti-VEGF drugs 

used in the course of treatment, all contributed to loss of patient numbers for final inclusion 

in this study. The prospective and retrospective cohort studies may bring variability in clinical 

data due to different treatment protocols, variability in definition of disease activity and no 

assurance that similar treatment being applied across different sites. In contrast to randomised 

clinical trials where all patients recruited have strict clinical guidelines for treatment and 

monitoring. In my own experience, unavailability of electronic medical records for research 

purposes delayed recruitment of patients from within the RVEEH. To overcome this 

limitation, a Redcap database that was specific for pharmacogenetic data collection for nAMD 

patients following anti-VEGF treatment was established. This included information on both 

demographic and clinical data - functional and anatomical. Another caveat in many routine 

clinical settings is that detailed clinical data required for pharmacogenetic studies cannot be 

directly saved electronically. Delays are encountered with entry of data and the potential for 

data entry errors. Thus, additional resources are required for retrieval of patient records, data 

entry, as well as data quality control steps which impacts on the availability of patients for 

studies such as those outlined here. Most previous studies, including clinical trials, of anti-

VEGF treatment outcomes have been conducted using the measure of change in VA as a main 
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outcome measure. Few studies have used retinal fluid clearance and change in CMT as 

treatment response variables following anti-VEGF treatment. There is also a limit as to what 

variables should be considered as main outcome measures, such as change in VA or change 

in retinal fluid and CMT, following anti-VEGF therapy in nAMD patients. Furthermore, the 

use of multiple OCT machine may lead to variability in clinical data. Findings from my work 

confirm that different genetic factors are likely involved in functional and anatomical 

variables after anti-VEGF treatment in nAMD patients. Despite all these limitations to 

pharmacogenetic studies, it is expected that these and subsequent findings are likely to play a 

role in personalising treatment for nAMD in the future that will provide fruitful results for the 

patient in forthcoming years. 

8.4 Implication of findings from this thesis – A step towards precision Medicine  

The ultimate goal for a nAMD patient is to be provided with a tailored treatment that might 

be based on a combination of clinical, demographic and genetic information in order to offer 

the most appropriate drug or drug regime as it unlikely that treatment is ‘one size fits for all’ 

option. However, clinicians will be guided by the features of disease in their assessment of 

whether a particular treatment is working or not and if the latter then this may allow 

individualizing of the treatment approach for that patient. In addition, the best current 

guidance for the clinician to predict how a nAMD patient is going to respond before the 

initiation of anti-VEGF treatment comes from the presenting VA. However, this does not 

necessarily tell the complete story of variable treatment outcome as this may be impacted by 

the patients having a genetic predisposition for varied response to therapy. Using presenting 

VA does not necessarily accurately predict the long term anti-VEGF treatment outcome as 

several studies reported that nAMD patients who had good baseline VA will reduced vision 

after long term of anti-VEGF treatment (see literature review section ‘Anti-vascular 

endothelial growth therapy’). Furthermore, the presenting VA and the age of a patient has 

been reported to have no role in determining the anatomical response following anti-VEGF 

treatment. Guber and Colleagues (Guber et al., 2014).  

This current pharmacogenetic study is a first step towards precision or personalized medicine 

in nAMD patients. Based on the findings in this thesis, I would recommend future testing of 

nAMD patients for the genetic variants rs4910623 (from the pooled GWAS), rs1753430 (from 

the WES) and rs12138564 (from the exome chip GWAS) in the OR52B4, OR6J1 and CCT3 
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genes, respectively. Additionally, I would also consider baseline VA before treatment in order 

to predict functional outcome for anti-VEGF therapy (see Results chapter 5, 6 and 7). These 

recommendations are suggested as the findings from the GWAS studies were replicated in 

large anti-VEGF treated cohorts, while the association of rs1753430 in the OR6J1 gene with 

change in VA from the WES study was confirmed after lookup of this SNP in the exome chip 

data (p =  0.02, see ‘Discussion’, Chapter 7).  These findings will help to identify patients who 

have a variable response to anti-VEGF treatment as knowing the genetic basis of these 

individuals may increase the confidence of the treating physician to either switch therapy at 

an earlier point of time or undertake more aggressive therapy as a result of this genetic 

knowledge. In addition, it may be an important psychological factor for patients in coming to 

terms with vision loss despite treatment. A recent study from the UK reported that nAMD 

patients on anti-VEGF treatments have anxiety about anti-VEGF effectiveness that may lead 

to depression (Senra et al., 2017). In future patients who may at risk of not responding to anti-

VEGF treatment may be aided by psychological help. 

 In the case of findings from WES on anatomical variables, replication of variants rs1753430 

and rs3801790 in the OR6J1 and DOCK4 genes will be required in a larger cohort before 

testing can be undertaken in clinical practice to predict the anatomical response following 

anti-VEGF therapy. However, one question remains unanswered with regard to how we 

should deal with patients who may not respond to anti-VEGF treatment given that there are 

limited alternate treatments and it will be unethical not to treat them. It needs to be considered 

that the genetic associations identified in this thesis does not imply that current treatments will 

not work as even in those patients who do not response as well, their VA still appears better 

than if no treatment was offered to these patients (Fuzzard et al., 2016). However, it does 

indicates that outcome will likely be better in those patients without the risk allele at each 

genetic variant. It also needs to be appreciated that the studies outlined in my thesis are only 

with ranibizumab or bevacizumab and currently it is unknown if these genetic associations 

also occur in patients treated with aflibercept. In future, patients identified as “potentially 

resistant” to anti-VEGF therapy before the start of the treatment, may subsequently be 



234 

 

switched to new emerging treatments developed from the drug targets in the biological 

pathways identified from this study.    

Furthermore, anti-VEGF treatment is costly, in the 2015-2016 fiscal year, ranibizumab alone 

cost $219 million, the third highest costed drug in Australia (PBS statistics Australia, 2016). 

The increase in the ageing population will exacerbate this further and lead to a larger number 

of AMD patients in Australia, thus the economic burden of ocular injections will continue to 

grow. Subsequently, it will also increase the treatment burden on hospital medical retina 

clinics. As mentioned before, the use of anti-VEGF treatments is not targeting the underlying 

cause of the disease but is suppressing the effect of neovascularization, thus anti-VEGF 

treatment is continuous and prolonged. Therefore, the finding of four novel genes OR52B4, 

OR6J1, CCT3 and DOCK4 from this study confirms the involvement of multiple biological 

pathways to anti-VEGF treatment response in nAMD. This will allow a better understanding 

of retinal angiogenesis in nAMD and in future these genes and other molecules in these 

pathways may provide alternative therapeutic targets for nAMD. Lastly, findings from this 

study may extend from retinal diseases of AMD and diabetic macular oedema to cancer, as 

abnormal angiogenesis is a prerequisite for continued tumour growth in cancers. 

8.5 Overall Conclusions 

The GWAS and WES studies identified genetic variants; rs4910623, rs12138654, rs1753430 

and rs3801790 in the OR52B4, CCT3, OR6J1 and DOCK4 genes associated with variable 

outcome in nAMD patients following anti-VEGF treatment. Two genes OR52B4 and OR6J1 

are olfactory GPCRs that function in the G protein pathway, the CCT3 gene is involved in a 

protein folding pathway and the DOCK4 gene plays an important role in the TGF-β pathway. 

These biological processes trigger cellular signalling independently and eventually lead to 

increased cell proliferation, migration and differentiation, suggesting the involvement of 

multiple pathway in retinal angiogenesis.  

The findings from this thesis are diverse in their scope, firstly, it provides first evidence of 

successfully applying NGS technologies: GWAS and WES, to study the pharmacogenetic 

basis of treatment response in nAMD. Secondly, collection of clinical data in the electronic 

Redcap database allows expansion of these studies to international collaborators to 

incorporate de-identified data for pharmacogenetics studies thereby ensuring accurate and 
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robust clinical data collection. Thirdly, screening of genetic variants (identified in this study) 

in nAMD patients along with the use of clinical characteristics may allow clinicians to opt for 

intensive or alternate treatment option that will ultimately help in improve treatment 

outcomes, less economic burden and improve the patient’s quality of life. 

The findings from this thesis were replicated in multiple cohorts in collaboration with 

international groups, thus I am confident that the four genes that have been identified from 

this study are involved in varying treatment outcome in nAMD patients. However, the hardest 

part for pharmacogentic studies has been replication of genetic results, in similar treated 

nAMD cohorts where there is availability of information using the same treatment outcome 

variables, number of injections and treatment regimens. We have managed to obtain the 

largest replication nAMD cohort but it would be very useful to have linked multi-centre 

genetic and phenotype databases that can be used for retrospective replication studies. In 

future it would be anticipated that clinical trials will include pharmacogenetic screening in 

nAMD patients. The differences in measuring the treatment outcome is complex and findings 

from this study confirm that both functional (VA) and anatomical (retinal fluid and CMT) 

should be evaluated to undertake pharmacogenetic studies. 

Finally, this thesis describes the next step towards precision medicine and will help to 

personalize treatment options for nAMD. Exploring the function of the novel genes OR52B4, 

CCT3, OR6J1 and DOCK4 in angiogenesis will aid in understanding the role of multiple 

biological processes in addition to VEGF pathway in retinal angiogenesis. These findings 

open up multiple facets of research to be undertaken in coming years (see next section ‘Future 

directions’).  
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 Future directions 

 

9.1 Further genetic studies  

AMD is a multifactorial complex disease and there are multiple genetic factors that have 

already been identified as associated with its pathogenesis. Similarly, the findings from this 

study indicate that multiple genetic variations appear to be involved in explaining the 

pharmacogenetic basis of nAMD following anti-VEGF treatment. In future, studies are 

required to investigate the cumulative effect of variants rs4910623, rs1213564 and rs1753430 

(identified form this study) on change in VA. Similarly, replication of the variants rs1753430 

and rs3801790 in the OR6J1 and the DOCK4 genes with anatomical variables in larger cohorts 

are required to confirm their role outcome variable. It will also be useful to undertake a 

combinatorial genetic risk prediction model of variants arising from both VA and anatomical 

variables to assess how patients may respond to anti-VEGF treatment. In addition, the 

evidence for involvement of multiple genetic variants in variable treatment outcome in nAMD 

patients has been derived only from European descent and thus it is unknown if the genetic 

variants described here will play a similar role in other ethnic groups such as East Asian or 

Middle Eastren nAMD patients. It would also be interesting to perform an association study 

for genetic variants identified from this study with nAMD patients receiving aflibercept 

treatment as outcomes may differ between the use of the two drugs.   

Currently, in nAMD, no studies have been undertaken to identify genetic variants associated 

with anatomical variables after anti-VEGF treatment using NGS technology except the exome 

sequencing performed in this thesis (Chapter 7). A more cost effective approach would be 

through the use an exome chip GWAS to identify genetic variants associated with on 

anatomical variables such as change in CMT. While many groups do not collect information 

on anatomical features in nAMD treatment, it is possible that some groups within the 

IAMDGC have data that can be obtained if resources were available for extraction of clinical 

data from medical records.  

Recently, the CATT study reported that 17% and 38% of patients developed macular atrophy 

of the RPE at two and five years of anti-VEGF treatment, respectively (Grunwald et al., 2017). 
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These results are in agreement with previous reports from the IVAN trials where 30% of 

patients had macular atrophy at two years of anti-VEGF treatment (Chakravarthy et al., 2013). 

Notably, these patients did not have macular atrophy at the start of the anti-VEGF therapy. 

Similarly, there is risk for development of retinal fibrosis in nAMD patients following long 

term anti-VEGF treatment (2 years and beyond) (Gillies et al., 2015, Hwang et al., 2011, 

Pedrosa et al., 2016). Therefore, genetic studies using NGS technologies will be useful to 

explore the genetic basis of development of macular atrophy and fibrosis after long term anti-

VEGF treatment in nAMD patients.  

9.2 Bench to Bed side- Translating findings to the clinic  

Translation of the nAMD pharmacogenetic study findings in the retinal clinic is a challenge. 

Further studies including clinical trials will be required, based on strict guidelines for 

recruitment, collecting medical history such as lipid profile and hypertension, monitoring and 

treatment of patients followed by screening of genetic variants identified in this study before 

the initiation of treatment to predict anti-VEGF treatment response. It is envisaged that 

findings from the studies outlined in this thesis will eventually allow clinicians to tailor 

treatment strategies based on individual genetic profiles. It might also help in providing 

evidence that timely switch to other anti-VEGF agents such as aflibercept can be undertaken.  

In the long term, the ultimate solution will be to develop an algorithm that takes genetic 

information on a number of SNPs from an individual and in combination with clinical and 

demographic data, can be used to predict treatment response. In addition, the algorithm may 

also predict treatment outcome for VA and anatomical variables over different time points, 

during treatment. 

9.3 Back to Bench – Functional role of genes in angiogenesis 

Detailed laboratory work is still required to fully address the function of the OR52B4, CCT3, 

OR6J1 and DOCK4 genes (identified in this study) in retinal angiogenesis following anti-

VEGF treatment. A starting points would be to take the findings of variants rs4910623 and 

rs1753430 from chapter 5 and 7 of this thesis, as they occur in the promoter and exon region 

of the OR52B4 and OR6J1 genes. Their effect on gene expression using an in-vivo luciferase 

assay on endothelial or RPE cells cultures could be undertaken. Additionally, to understand 

the role of these four genes in angiogenesis, siRNA or CRISPR/Cas9 knock out of each gene 
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could be assessed through the use of in-vivo or in-vitro studies. Lastly these genes or other 

molecules in their respective gene offer attractive drug targets that may eventually be used in 

combination with anti-VEGF therapy or as independent treatments in the future. 
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Appendix B-1: PRISMA check list for the meta-analysis 

 

Section/topic  # Checklist item  
Reported on 
page #  

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, or both.  Title 

ABSTRACT   

Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility 
criteria, participants, and interventions; study appraisal and synthesis methods; results; limitations; 
conclusions and implications of key findings; systematic review registration number.  

NO 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what is already known.  Introduction 60 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, interventions, 
comparisons, outcomes, and study design (PICOS).  

Introduction 

60 

METHODS   

Protocol and registration  5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, 
provide registration information including registration number.  

NO 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years 
considered, language, publication status) used as criteria for eligibility, giving rationale.  

Searching and 
inclusion criteria 
of the studies 66 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 
additional studies) in the search and date last searched.  

Searching and 
inclusion criteria 
of the studies 66 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it could 
be repeated.  

Searching and 
inclusion criteria 
of the studies 66 
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Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if 
applicable, included in the meta-analysis).  

Searching and 
inclusion criteria 
of the studies 66 

Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any 
processes for obtaining and confirming data from investigators.  

Data extraction 
and quality 
assessment 66-
67 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions 
and simplifications made.  

Data extraction 
and quality 
assessment 66-
67 

Risk of bias in individual 
studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this 
was done at the study or outcome level), and how this information is to be used in any data synthesis.  

Data synthesis for 
meta-analysis  67 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  Data synthesis for 
meta-analysis   67 

Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures of 
consistency (e.g., I2) for each meta-analysis.  

Data synthesis for 
meta-analysis   67 

Risk of bias across studies  15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, 
selective reporting within studies).  

Data synthesis for 
meta-analysis  67 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, 
indicating which were pre-specified.  

Data synthesis for 
meta-analysis   67 

RESULTS  
 

Study selection  17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for 
exclusions at each stage, ideally with a flow diagram.  

Results: Study 
characteristics 
and risk of bias 81 

Study characteristics  18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up 
period) and provide the citations.  

Results: Study 
characteristics 
and risk of bias 81 

Risk of bias within studies  19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).  Results: Study 
characteristics 
and risk of bias 81 
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Results of individual studies  20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each 
intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.  

Results: Change 
in Visual Acuity 
86 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  Results: Change 
in Visual Acuity 
87,88, 90 Figure 
4.2,4.3,4.4 

Risk of bias across studies  22 Present results of any assessment of risk of bias across studies (see Item 15).  Results: Change 
in Visual Acuity 
89 

Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression).  NO 

DISCUSSION  
 

Summary of evidence  24 Summarize the main findings including the strength of evidence for each main outcome; consider their 
relevance to key groups (e.g., healthcare providers, users, and policy makers).  

Discussion 91-93 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete 
retrieval of identified research, reporting bias).  

Discussion 91-93 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future 
research.  

Discussion 91-93 

FUNDING  
   

Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders 
for the systematic review.  

Acknowledgemen

ts 

The PRISMA check list table updated with details of  this study (www.prisma-statement.org)  (Moher et al., 2009) 

  

http://www.prisma-statement.org/
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Appendix C-1: Pooled GWAS association of previously associated SNPs with VA 

response at 6 month of anti-VEGF treatment in Melbourne discovery cohort 

GENE            SNP P-value 

VEGFR2   

       rs6828477        0.90 

rs4576072   0.36 

VEGF-A  

rs699946 0.24 

rs3025000 0.04 

NRP1  

rs2070296 0.87 

ARMS2  

rs10490924    0.85 

HTRA1  

rs2284665+  0.09 

rs932275+  0.06 

CFH  

rs3753394        0.54 

rs800292 0.33 

rs1065489 
0.23 

   rs7529589* 0.55 

+SNPs in high LD with rs11200638 (r2>0.8) 

*SNP  in high LD with rs1061170 (r2=1) 
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Appendix D-1:  Known AMD risk candidate gene association test with change in VA at 

three month of anti-VEGF treatment  

Chr Begin End Gene NS Total Variants Rare Variants PVALUE 

6 43746627 43749815 VEGFA 678 8 0 NA 
19 45411110 45412340 APOE 678 8 1 0.13322 
1 196621252 196716375 CFH 678 82 13 0.52747 
10 124214250 124214488 ARMS2 678 8 1 0.437 
10 124221245 124273858 HTRA1 678 19 2 0.11063 
4 55946112 55984931 KDR/VEGR2 678 29 6 0.049836 

Chr: Chromosome, Begin: Gene start Position, End: Gene End position on chromosome, NS: Number 
of samples.  
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Appendix D-2: Top five enriched biological networks from Ingenuity pathway analysis 

 

ID Molecules in Network Score Focus 
Molecules 

Top Diseases and Functions 

1 ATP8B1,  CCDC88B,  CCSER2,  CD200R1,  DACT1,  DGKH,  DOCK3,  DSCAM,  FGD4,  IFT122,  
Jnk,  KIF21B,  LIMD1,  MAGIX,  NARF,  NCSTN,  NT5C3A,  PLEKHG4,  POMT2,  PRR12,  
RFPL4B,  RPP14,  RPP21,  RPP38,  SESTD1,  SH2D3C,  TATDN3,  TEAD,  TEPSIN,  TEX264,  
TMEM248,  TMEM30A,  VANGL1,  VANGL2,  ZNF281 

41 33 Digestive System 
Development and Function,  
Gastrointestinal Disease,  
Organ Morphology 

2 60S ribosomal subunit,  AGO4,  COPB2,  COPG1,  EIF3D,  GORAB,  HACD4,  HDGF,  
HNRNPH1,  HNRNPH3,  IKK (complex),  KRT10,  LMAN1,  MRPL48,  MYBBP1A,  NDRG1,  
OXA1L,  P-TEFb,  RPL5,  RPL27,  RPL38,  RPL13A,  RPLP2,  RUBCNL,  SCYL1,  SRP68,  STAU1,  
STAU2,  TAB2,  TARDBP,  TCOF1,  TNFRSF6B,  TULP4,  UVRAG,  ZBTB38 

39 32 Cancer,  Cell Death and 
Survival,  Organismal Injury 
and Abnormalities 

3 ACTN2,  BAG2,  Calbindin,  CALU,  CLIP4,  DDX51,  DHX37,  DPYSL2,  EBNA1BP2,  EXOC5,  
EXOC7,  HDAC11,  IMMT,  KIAA0586,  KIAA0754,  LAMA1,  MINOS1,  NEFH,  NMDA 
Receptor,  PHF3,  RCOR2,  REC8,  RRP8,  SIRT7,  SLTM,  SMC1B,  SON,  STAG1,  TOMM40,  
TOMM40L,  tubulin (family),  UTP6,  VDAC3,  ZC3H14,  ZYX 

39 32 Connective Tissue Disorders,  
Developmental Disorder,  
Hereditary Disorder 

4 AMMECR1L,  CCDC25,  CCDC57,  CEP70,  CLPB,  DAPK2,  DIEXF,  EPB41L5,  ETS,  Gamma 
tubulin,  GBAS,  HAUS3,  IQCE,  KRT19,  LLGL2,  MESDC2,  MRPS25,  NIPSNAP3A,  PGGT1B,  
PTPase,  RAPGEF2,  Ras,  RGL4,  RHPN1,  RSU1,  SFI1,  SLC25A32,  SRCIN1,  SREK1IP1,  TARS,  
TUBG2,  TUBGCP3,  TUBGCP5,  TXLNB,  ZNF410 

36 31 Cancer,  Hematological 
Disease,  Immunological 
Disease 

5 APITD1-CORT/CENPS,  BEND3,  C1orf131,  CCDC33,  CENPI,  CENPL,  CENPM,  CENPO,  
CENPP,  CFAP97,  CKAP2L,  Ctbp,  CTBP2,  CTNNA2,  FANCB,  FLII,  Focal adhesion kinase,  
GTF3C2,  HP1BP3,  KCTD9,  LMO2,  MAGEA8,  NXNL2,  Pias,  RBBP8,  SAXO1,  SLC1A5,  
SPG21,  TAL2,  TCF,  TRIM37,  ZKSCAN4,  ZNF24,  ZSCAN22,  ZSCAN29 

36 31 Embryonic Development,  
Organismal Development,  
Tissue Development 

Analysis was performed using IPA software. 
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Appendix D-3 : Forest plot of the rs241692 associated with change in VA using the effect size and 

standard error estimates for the minor allele A from the each study and overall summary meta-

analysis (discovery and replication). The black rectangular boxes and horizontal lines represented 

the effect size Beta (β) and the standard errors respectively 

  



277 

 

 

Appendix D-4: Forest plot of the rs2237435 associated with change in VA using the effect size and 

standard error estimates for the minor allele A from the each study and overall summary meta-

analysis (discovery and replication). The black rectangular boxes and horizontal lines represented 

the effect size Beta (β) and the standard errors respectively 
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Appendix D-5: Forest plot of the rs13002976 associated with change in VA using the 

effect size and standard error estimates for the minor allele A from the each study and 

overall summary meta-analysis (discovery and replication). The black rectangular 

boxes and horizontal lines represented the effect size Beta (β) and the standard errors 

respectively 
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Appendix D-6: Forest plot of the rs242939 associated with change in VA using the 

effect size and standard error estimates for the minor allele A from the each study and 

overall summary meta-analysis (discovery and replication). The black rectangular 

boxes and horizontal lines represented the effect size Beta (β) and the standard errors 

respectively 

 

 

 

 

Appendix D-7: HaploReg database showing all the variants located within predicted regulatory 

regions and in LD (r² > 0.8) with rs12138564 (+/- 250Kb) 
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Chr pos (hg38) LD (r²) Variant Ref Alt 
EUR 
freq 

Motifs changed 
RefSeq 
genes 

Functional  
annotation 

1 156263352 0.8 rs2273832 A G 0.27 4 altered motifs SMG5 intronic 

1 156263398 0.8 rs2273833 C T 0.27 7 altered motifs SMG5 
synonymou
s 

1 156265430 0.8 rs12118238 G A 0.27 5 altered motifs SMG5 intronic 
1 156271557 0.83 rs12126696 C T 0.27 4 altered motifs SMG5 intronic 
1 156271937 0.83 rs11264462 G A 0.27 EBF,STAT SMG5 intronic 
1 156273015 0.8 rs11264463 A G 0.28  SMG5 intronic 
1 156274267 0.85 rs12117947 A T 0.27 Irf,STAT SMG5 intronic 
1 156274768 0.85 rs12122180 G A 0.27  SMG5 intronic 
1 156275065 0.85 rs12027103 G A 0.27 8 altered motifs SMG5 intronic 

1 156275201 0.85 rs2270291 G C 0.27  SMG5 intronic 
1 156276951 0.85 rs2277871 A G 0.27 SIX5,VDR SMG5 intronic 
1 156277001 0.85 rs2277870 C T 0.27 Pax-5,RXRA SMG5 intronic 
1 156277690 0.85 rs10908493 C T 0.27 Irf,Mef2,SIX5 SMG5 intronic 
1 156278357 0.85 rs12027741 T G 0.27 5 altered motifs SMG5 intronic 
1 156278474 0.85 rs12038203 C T 0.27 Pax-6,TFII-I SMG5 intronic 
1 156278506 0.85 rs12038217 C T 0.27 4 altered motifs SMG5 intronic 
1 156278818 0.85 rs10752615 T C 0.27 PEBP SMG5 intronic 
1 156281096 0.85 rs11264464 T G 0.27 Gfi1,p300,p53 SMG5 intronic 

1 156281951 0.85 rs3806407 T C 0.27 
BDP1,CAC-binding-
protein,ZNF263 

SMG5 intronic 

1 156282346 0.85 rs3806408 C A 0.27 Nr2e3,RREB-1 SMG5 intronic 

1 156282500 0.85 rs3806409 A G 0.27 9 altered motifs SMG5 intronic 
1 156283240 0.85 rs28372828 G C 0.27 4 altered motifs TMEM79 intronic 
1 156284567 0.85 rs12023438 A G 0.27  TMEM79 intronic 

1 156285665 0.85 rs6684514 G A 0.27  TMEM79 missense 

1 156286209 0.85 rs6679145 T C 0.27 Ets,Mtf1,TATA TMEM79 intronic 
1 156286938 0.85 rs112597390 T C 0.27 GR TMEM79 intronic 
1 156288085 0.85 rs12121805 A G 0.27 9 altered motifs TMEM79 intronic 
1 156289162 0.85 rs12563631 T C 0.27 Nkx2,Nkx3,Pou3f2 TMEM79 intronic 
1 156290510 0.85 rs12130361 C T 0.27  C1orf85 intronic 

1 156292862 0.85 rs6800 A C 0.27 
DMRT1,Glis2,ZBTB7
A 

C1orf85 3'-UTR 

1 156293306 0.85 rs10908494 A G 0.27 CCNT2,SZF1-1 C1orf85 intronic 

1 156294149 0.85 rs10908495 T C 0.27 BCL,TATA C1orf85 missense 

1 156294209 0.85 rs10908496 G A 0.27 NF-Y,SREBP C1orf85 missense 

1 156298013 0.88 rs34427109 G A 0.26 TCF12 
3' of 
VHLL 
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1 156299598 0.88 rs12128785 A G 0.27 ATF3,LXR,SREBP VHLL 5'-UTR 

1 156300469 0.88 rs67034206 C T 0.27 GR,Homez,SIX5 
5' of 
VHLL 

 

1 156303270 0.86 rs11264467 C T 0.27 Pou1f1 
5' of 
VHLL 

 

1 156303767 0.9 rs12128249 T C 0.27 Sin3Ak-20,YY1 5' of VHLL  

1 156304672 0.91 rs12033708 T C 0.26 CACD,Klf4 
3' of 
CCT3 

 

1 156304794 0.86 rs11264468 C G 0.27  3' of 
CCT3 

 

1 156304949 0.88 rs10908497 G A 0.27 E2F 
3' of 
CCT3 

 

1 156305517 0.88 rs7522948 G A 0.27 5 altered motifs 
3' of 
CCT3 

 

1 156306955 0.91 rs11264469 A G 0.27 5 altered motifs 
3' of 
CCT3 

 

1 156308384 0.91 rs10908498 T C 0.27  3' of 
CCT3 

 

1 156309385 0.91 rs10908499 G C 0.27 Brachyury,MIF-1 CCT3 intronic 
1 156309677 0.9 rs12038689 T C 0.27 5 altered motifs CCT3 intronic 
1 156310020 0.9 rs12041164 G A 0.27 EBF CCT3 intronic 
1 156310880 0.91 rs10908500 A T 0.27 8 altered motifs CCT3 intronic 

1 156311229 0.91 rs12132794 G C 0.27 
GATA,Nr2e3,TCF11:
:MafG 

CCT3 intronic 

1 156313294 0.91 rs7523451 T G 0.27 5 altered motifs CCT3 intronic 
1 156313923 0.9 rs12047086 C A 0.27 Bcl6b,Mef2,PLZF CCT3 intronic 
  0.89 rs148046772 A C 0.26 10 altered motifs CCT3 intronic 
1 156314509 0.85 rs113434996 GT G 0.26 6 altered motifs CCT3 intronic 

1 156314744 0.91 rs12047994 C A 0.27 16 altered motifs CCT3 intronic 
1 156315012 0.91 rs12040868 G T 0.27 4 altered motifs CCT3 intronic 

1 156315024 0.91 rs12038481 T C 0.27 
NF-AT,NF-
E2,Pou3f2 

CCT3 intronic 

1 156315073 0.91 rs12037778 A G 0.27  CCT3 intronic 
1 156315722 0.91 rs10908501 G T 0.27 HNF4,RAR,RXRA CCT3 intronic 

1 156315973 0.91 rs10494304 G C 0.27 PLZF,SP2 CCT3 intronic 
1 156316023 0.91 rs66965793 G A 0.27 12 altered motifs CCT3 intronic 
1 156316204 0.91 rs72710222 T C 0.27 Mef2,SRF CCT3 intronic 
1 156318267 0.91 rs59468948 A T 0.27 Myc CCT3 intronic 

1 156320362 0.91 rs12120137 C T 0.27 
CEBPB,CEBPD,Zbtb
3 

CCT3 intronic 

1 156320618 0.91 rs12134983 T C 0.27 E2A,Myc,SIRT6 CCT3 intronic 
1 156321644 0.93 rs12116478 C T 0.27 Zfx CCT3 intronic 
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1 156321809 1 rs12138564 G T 0.26 Zbtb3 CCT3 intronic 

1 156323641 0.91 rs111850227 A C 0.27 6 altered motifs CCT3 intronic 
1 156324180 0.94 rs12044543 G A 0.27 4 altered motifs CCT3 intronic 
1 156324193 0.91 rs12044545 G A 0.27 4 altered motifs CCT3 intronic 
1 156324358 0.91 rs12023704 C A 0.27 AP-1,PLZF CCT3 intronic 
1 156324420 0.91 rs12045339 G A 0.27 Maf,Nrf-2 CCT3 intronic 
1 156326972 0.9 rs11264473 A T 0.27  CCT3 intronic 

1 156328397 0.87 rs145937533 G A 0.26 
ERalpha-
a,Mrg1::Hoxa9,YY1 

CCT3 intronic 

1 156329601 0.89 rs113279830 A G 0.27 9 altered motifs CCT3 intronic 
1 156330056 0.89 rs12029695 C T 0.27 Irf,Pou1f1,Pou2f2 CCT3 intronic 
1 156330125 0.89 rs12048077 T A 0.27  CCT3 intronic 

1 156330291 0.89 rs10908502 A G 0.27 Bcl6b CCT3 intronic 

1 156330892 0.89 rs10908503 C T 0.27 
AP-1,ERalpha-
a,RXRA 

CCT3 intronic 

1 156332784 0.89 rs12141236 A C 0.27 Myc CCT3 intronic 
1 156334170 0.88 rs12563629 C T 0.27 4 altered motifs CCT3 intronic 
1 156335495 0.88 rs12117951 G A 0.27 AP-2rep CCT3 intronic 
1 156337127 0.88 rs11264475 G A 0.27 6 altered motifs CCT3 intronic 

1 156337389 0.88 rs11264476 C G 0.27 
ERalpha-
a,TCF11::MafG 

C1orf182 5'-UTR 

1 156338240 0.87 rs139949895 GGA G 0.27  C1orf182 5'-UTR 
1 156339581 0.82 rs2296375 G C 0.26 GCNF C1orf182 intronic 
1 156341374 0.86 rs12117903 G T 0.27 4 altered motifs C1orf182 intronic 

1 156342540 0.86 rs12022194 T A 0.27 Ik-2,NF-AT C1orf182 intronic 
1 156344356 0.86 rs12022657 A G 0.27  C1orf182 intronic 
1 156348350 0.85 rs12132919 C A 0.27 GR CCT3  

1 156353931 0.86 rs12123265 T C 0.27 ERalpha-a,Smad4 CCT3  

1 156357925 0.84 rs112017075 G A 0.27 GR,THAP1 CCT3  

1 156358094 0.84 rs111929202 T C 0.27 4 altered motifs CCT3  

1 156360092 0.85 rs138962112 
CTA
AG 

C 0.27 AP-1,Nrf-2,RXRA CCT3  

1 156362428 0.84 rs113915898 G A 0.27 TEF-1 CCT3  

1 156362540 0.84 rs68170055 C G 0.27 Arid5b,TCF12 CCT3  

1 156364325 0.83 rs58390527 C T 0.27 LXR CCT3  

HaploReg  http://www.broadinstitute.org/mammals/haploreg/haploreg.php (Ward and Kellis, 2012), chr: chromosome, LD: 
Linkage disequilibrium, Ref/Alt: reference/Alternate allele, EUR Freq: Frequency in European population, RefSeq: reference 
Sequence gene. Bolded: SNP rs12138564 checked for LD  
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Appendix D-8: Meta-analysis results of the discovery GWAS for the previously 

associated SNPs with VA response at three month of anti-VEGF treatment  

GENE            SNP P-value  

VEGFR2    

       rs6828477        0.43  
   

VEGF-A   

rs699946 0.68  
rs3025000 0.60  

NRP1   

rs2070296 0.13  
ARMS2   

rs10490924    0.40  

HTRA1   

rs11200638 0.41  
   

CFH   

rs3753394        0.54  
rs800292 0.40  

rs1065489 0.28  
   rs1061170 0.06  

OR52B4  
rs4910623 0.15  

SNP: Single Nucleotide Polymorphism 
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