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Supplementary Note 1 

Proteins associated with AMD-linked genetic variants map to core pathways involved in AMD 

pathobiology.  

 

In a recent review, a comprehensive pathway map of AMD based on 110 high-risk candidate 

genes, was presented1. Many of the proteins linked to AMD-associated variants in the present 

study map to these pathways, including CFH, C2, CFB, C3, CFI, PILRA and PRLR 

(Supplementary Data 10), all of which are involved in para-inflammation homeostatic processes. 

Others include MUC1, TIMP3, and TNXB, which are involved in extracellular matrix (ECM) 

homeostasis, VEGFA, involved in choroidal homeostasis, and ICAM3, in phagocytosis 

(Supplementary Data 10). VEGFA, a promoter of neo-angiogenesis, for example, is increased in 

the ocular tissues of nAMD patients2. Drusen, accumulating under the retina in AMD, are 

comprised of lipoprotein particles and a variety of proteins3, including TIMP3, CLU, VTN, in 

addition to complement system proteins4-6, many of which are associated with the AMD-

associated risk variants studied here (Supplementary Data 7-9). For example, the CETP intron 

variant rs1864163 was associated with nine proteins, two of which were apolipoproteins 

(APOA5 and APOM), while rs17231506 (upstream of CETP, r2 = 0.14 with rs1864163) 

associated with 10 proteins, three of which were apolipoproteins (APOA5, APOM and APOC3). 

Similarly, and beyond complement, variant rs62358361 (allele G), located in an C9 intron, which 

is protective for AMD, was associated with a significant reduction in CREBBP levels – the 

master regulator of hepatocyte lipid metabolism, implicating a potential role for liver metabolism 

pathways in AMD. These findings are consistent with the response to retention hypothesis of 

AMD7. The AMD variant rs570618 in the CFH gene regulates CLU (Supplementary Data 8), 

which is one of the most prominent proteins in drusen, and it is substantially increased in 

advanced AMD8. When the top and bottom quintiles for CLU were compared to different AMD 
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outcomes, we found that serum CLU levels were highest in AMD with GA ( = 0.296, P = 

0.001), which is consistent with increased levels associated with the rs570618 T risk allele. It 

should be noted that the AMD risk allele for the rs570618 variant was not linked to higher levels 

of complement activation in AMD patients9, implicating non-complement pathways associated 

with this variant (Supplementary Data 10), or increased complement activity at ocular cell 

surfaces such as Bruch’s membrane or choriocapillaries9.  Inflammation and recruitment of 

microglia cells have been implicated in the pathophysiology of AMD, specifically retinal 

neovascularization10, but the proteins involved are unknown. The microglia associated proteins 

TREM2 and AIF1 were found to be associated with the AMD risk variant and trans hotspot 

rs11080055 in the VTN/TMEM97 locus (Supplementary Data 9). The serum level of the 

microglia and macrophage activity biomarker TREM211, previously linked to Alzheimer's 

disease12, was positively associated (comparing the top and bottom quintiles) with nAMD but not 

GA (nAMD  = 0.403, P = 1.2×10-5 ; GA AMD  = 0.156, P = 0.157), implying increased 

macrophage (and/or microglia) activity associated with neovascularization in AMD patients' 

retinas. AIF1 serum levels, like TREM2, were positively associated (comparing the top and 

bottom quintiles) with an increased risk of AMD but predominantly early AMD ( = , P = 

0.007), and through logistic regression using the entire sample (Supplementary Data 15). 

Notably, AIF1 was found to be causally related to AMD in the extended MR analysis, with the 

causal estimate being consistent with the observational estimate (Supplementary Fig. 11, 

Supplementary Data 15). 

Proteins not previously implicated in the pathophysiology of AMD included five proteins that 

were associated with rs72802342 in the CTRB2/CTRB1 locus, enriched for pancreatic secretion 

(KEGG database, P = 1.4×10-8) (Supplementary Data 10). No other proteins were linked to this 
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variant. These five proteins have been associated with pancreatitis and/or pancreatic cancer and 

breakdown of the ECM13-16. In passing, ECM pathway dysregulation is a known risk factor for 

AMD17. Finally, we find that the 340 proteins associated with by AMD risk loci (Supplementary 

Data 8), were over-represented in the serum protein network PM13 and the interconnected larger 

cluster of modules PM11, PM14 and PM15 (Supplementary Data 12). The inclusion of proteins 

regulated by the trans hotspot rs11080055, located at the VTN/TMEM97 locus, in the immune 

and inflammation related cluster of modules has been previously reported18. It should be noted 

though, that rs11080055 only accounts for a very small portion of AMD's genetic liability 

(Supplementary Data 7). In summary, the findings highlighted above indicate that serum proteins 

link genetics to the central molecular pathology of AMD in the retina. 
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Supplementary Fig. 1. Association of global serum proteins with different stages of AMD 

outcome. A. Using logistic regression analysis and Bonferroni correction for multiple comparisons 

a volcano plot of all serum proteins associated with AMD early is shown. Definition of early AMD 

was according to Jonasson et al.19. B. A volcano plot of late AMD, and C. A volcano plot of AMD 

any, where early stage of the disease wase defined according to Jonasson et al.19. Colored data 

points highlight study-wide significant associations (P-value < 1.2×10-5, two-sided). The y-axis 

represents the -log of P-values (two-sided) for the logistic regression analyses, while the x-axis 

represents the estimate as beta-coefficients equal to log(OR). 
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Supplementary Fig. 2. Protein levels measured at baseline changing from no AMD to 

advanced AMD. The violin plots show a near steady rise in levels of A. CFHR1, B. CFHR5 and 

C. BPIFB1 from no AMD to early AMD (definition by Jonasson et al.19) to advanced nAMD. The 

beta = log(OR) and P-values (two-sided) at the top of each plot are the results of a logistic 

regression analysis (adjusting for age and sex) comparing those with no AMD to those with 

nAMD. The boxplot indicates median value, 25th and 75th percentiles. Whiskers extend to 

smallest/largest value no further than 1.5 × interquartile range with outliers being shown. The 

number of patients in each AMD-related group in the AGES-RS cohort is shown in Supplementary 

Data 1 and highlighted in Methods. 
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Supplementary Fig. 3. Quintiles of the 28 AMD-associated proteins in relation to various 

AMD-related outcomes. The x-axis represents each protein's quintiles, while the y-axis represents 

the estimate as beta = log(OR). The center data point per each quintile represents the mean beta 

with error bars as the 95% confidence intervals. Protein annotations are shown in boxes at the top 

of each graph, while the various outcomes including AMD any, AMD early, AMD late, nAMD, 

GA + nAMD (GA with possibly some exudative AMD), and GA pure) are shown in boxes to the 

right. GA, geographic atrophy AMD. nAMD, neovascular AMD. The definition of early-stage 

AMD was according to Holliday et al.20 The number of patients in each AMD-related group in the 

AGES-RS cohort is shown in Supplementary Data 1 and described as well in Methods. 
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Supplementary Fig. 4. The top versus bottom quintiles of the AMD-associated proteins in 

relation to AMD outcomes. Association of the top and bottom quintiles of AMD-linked protein 

levels to the various AMD related outcomes (see Methods for details). The y-axis reveals the 

different AMD outcomes including geographic atrophy (GA/dry AMD) and neovascular AMD 

(nAMD), while the x-axis highlights the center data point as the mean estimate of beta in the 

logistic regression (logOR) using quintiles as continuous predictor variable and the error bars 

represent 95% CIs. ***(P-value < 0.001, two-sided), **(P-value < 0.01, two-sided), *(P-value < 

0.05, two-sided). The definition of early-stage AMD was according to Holliday et al.20 The number 

of patients in each AMD-related group in the AGES-RS cohort is shown in Supplementary Data 1 

and described in Methods. 
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 Supplementary Fig. 5. A matrix of correlations between the 28 AMD-associated proteins. A 

heatmap showing the Spearman rank inter-correlations (rho metrics) of all 28 AMD-associated 

proteins, revealing a large cluster of inter-correlated proteins. 
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Single cell RNA sequencing of macular RPE-choroid 

 

 

Supplementary Fig. 6. Single cell RNA sequencing analysis of the eye. RNA sequencing was 

used to examine the expression of the various AMD-associated proteins described in the current 

study in the RPE choroid (macula), at a single cell level, from publicly available dataset 

(GSE135922)21 (see Methods for details). 
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Supplementary Fig. 7. PRMT3 is a biomarker for the progression of pure geographic 

atrophy. A. Boxplot depicting the distribution of PRMT3 by progression status on a log2 scale. 

The blue box represents individuals (n = 560) who had early-stage AMD (definition by Holliday 

et al.20) at baseline and after a five-year follow-up, while the red box represents subjects (n = 64) 

who progressed from early-stage AMD to pure geographic atrophy (GA). The boxplot indicates 

median value, 25th and 75th percentiles. Whiskers extend to smallest/largest value no further than 

1.5 × interquartile range with outliers being shown. The highlighted P-value is two-sided, obtained 

from age and sex-adjusted logistic regression analysis. B. The observed percentage incidence of 

pure GA at five-year follow-up (y-axis), as represented by PRMT3 quartiles (x-axis), was assessed 

using an age and sex adjusted logistic model. The P-value shown is two-sided. C. Age and sex 

adjusted odds ratios (OR) from a logistic regression model for progression to pure GA after a five-

year follow-up by PRMT3 quartiles (1st quartile as reference).  The F-test P-value = 0.001 is two-

sided. The error bars for the mean OR (center) are the 95% CIs. D. Area under the curve (AUC) 

comparison for various logistic models with incident pure GA as the outcome variable and various 

predictors such as age, HDL cholesterol (HDL), smoking (current), AMD genetic risk variants 

(single nucleotide polymorphisms; SNPs) at chromosomes 1 (rs10922109 and rs570618) and 10 

(rs3750846), and PRMT3. The error bars for the mean AUC (center) are the 95% CIs. The 

highlighted P-values are two-sided.  
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Supplementary Fig. 8. The ability of the 21 protein predictors to classify late-stage AMD. A 

receiver operating characteristic curve (ROC) for the diagnostic ability of the 21 protein predictors 

to classify late-stage AMD. A F-test of equality demonstrates a significant (P = 1.4×10-17, two-

sided) difference the demographics (age + sex, red broken curve) versus the demographics (age + 

sex) plus proteins (blue curve) ROC curves.   
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Supplementary Fig. 9. Matching mRNA and protein changes associated with rs10922109. A. 

Violin plots showing mRNA levels of CFHR1, CFHR4 and CFH as a function of copy C alleles 

for the variant rs10922109. The data came from the Genotype-Tissue Expression (GTEx) portal22. 

The tissue where the expression QTL (eQTL) was found, as well as the P-values (two-sided), are 

shown at the top of each plot. B. Box plot showing serum levels of CFHR1, CFHR4 and CFH as 

a function of copy C alleles for the variant rs10922109. The P-values (two-sided) at the top of each 

graph in A and B are the results of linear regression analyses. All box plots show median (middle 

line), 25th, 75th percentile (box) and 5th and 95th percentile (whiskers). 

 

  



- 20 - 

 

 

 

 

 

Supplementary Fig. 10. CFHR1 levels changing from no AMD to advanced AMD. Box plots 

showing increasing nM concentrations of CFHR1 from no AMD to early AMD to advanced 

nAMD. Here, AMD patients had AREDS grade 2-4, while AREDS grade 1 are healthy aged-

matched volunteers (see Methods for details). Protein concentrations were determined by ELISA. 

Box plots show median (middle line), 25th, 75th percentile (box) and 5th and 95th percentile 

(whiskers), while individual data points are shown next to each box plot. The P-values (two-sided) 

at the top of each boxplot are the result of a Student´s t-test.   
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Supplementary Fig. 11. MR analysis identifies significant protein causal candidates for 

AMD. Significant (FDR < 0.05) causal estimates (center data points) and their 95% confidence 

intervals (error bars) for proteins with multiple genetic instruments (red data points: GWLS, 

generalized weighted least squares) or proteins with a single genetic instrument (blue data points: 

WR, Wald ratio), after adjusting the P-value (two-sided) for all 1327 aptamers with cis-acting 

variants using the Benjamini-Hochberg method. The proteins causally linked to AMD are depicted 

on the y-axis. 
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