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Abstract

Multiple lines of evidence support an immunologic basis and genetic disposition for the 

development of age-related macular degeneration (AMD). Comprehensive Human Leukocyte 

Antigens (HLA) class II typing at four loci (DRB1, DQA1, DQB1, and DPB1) was assessed using 

next generation sequencing methods and tested for association with Age-related Macular 

Degeneration (AMD) in a case-control study of 456 AMD cases and 499 controls from the 

population-based Study of Osteoporotic Fractures (SOF) cohort. No statistically significant 

associations were identified for any of the class II loci and a previously identified association 

between DRB1*13:01 was not replicated in this dataset. These results reported here suggest that 

common HLA class II genetic variation does not contribute to AMD disease risk.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in persons 65 

years of age and older in the developed world [1]. Multiple lines of evidence support an 

immunologic basis and genetic disposition for the development of AMD [2]. In this context, 

human leukocyte antigen (HLA) polymorphisms, encoded within the major 

© 2015 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc.

Corresponding Author: Gregory Tranah, Ph.D., California Pacific Medical Center Research Institute, Mission Hall, Department of 
Epidemiology and Biostatistics, UCSF, 550 16th Street, 2nd floor, Box #0560, San Francisco, CA 94158-2549, gtranah@sfcc-
cpmc.net. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Hum Immunol. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Hum Immunol. 2015 March ; 76(0): 142–145. doi:10.1016/j.humimm.2015.01.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



histocompatibility complex (MHC) are of particular interest. The HLA system is essential 

for innate and adaptive immune response and has been implicated in the pathophysiology of 

AMD [3–9]. In AMD, for example, increased HLA class II immunoreactivity is related to 

drusen formation [6] and has been observed in both soft and hard drusen [7]. The HLA class 

II antigens associated with drusen appear to be derived from choroidal antigen-presenting 

cells that breach the Bruch’s membrane [8].

HLA are among the most polymorphic genes within the human genome, and variation 

within these regions has not been comprehensively assessed as a risk factor for AMD [10]. 

Two small studies have reported associations between HLA genetic variation and AMD 

[11–13], with DRB1*1301 being the only class II allele exhibiting a significant association 

with disease in a single population [11]. However, this association has not been 

independently replicated. Because of the complexity of the HLA region (e.g., single 

nucleotide polymorphisms segregate for more than two alleles), standard genotyping 

techniques commonly used in genome-wide association studies do not properly discern the 

contribution of these regions to disease susceptibility. The current study leverages high 

throughput, massively parallel next generation sequencing methods for comprehensive HLA 

class II typing at four loci (HLA-DRB1, HLA-DQA1, HLA-DQB1, and HLA-DPB1). The 

resultant HLA genotypes were tested for associations with AMD using a nested case-control 

study design with the aim of identifying alleles that confer susceptibility to AMD.

2. Materials and Methods

2.1 Subjects

The Study of Osteoporotic Fractures (SOF) is a longitudinal epidemiologic study of 9,704 

women aged 65–99 years (mean 71.7, SD 5.3) at baseline recruited from four study centers 

located in Baltimore, MD; Minneapolis, MN; the Monongahela Valley near Pittsburgh, PA; 

and Portland, OR. The baseline SOF exams were conducted from 1986–88. Since then, 

follow-up exams have taken place approximately every two years. SOF was originally 

designed to investigate risk factors for osteoporosis and osteoporotic fractures. An extensive 

eye study was performed at the year 10 and year 15 follow-up clinic visits in 1997–1998 and 

2002–2004, respectively. As previously described [14, 15], forty-five degree stereoscopic 

fundus photographs from both eyes were graded for AMD using a modification of the 

Wisconsin Age-Related Maculopathy Grading System [16] used in NHANES III [17]. Early 

AMD was defined as the presence of soft drusen (≥95 microns (μm) in diameter) and 1) 

drusen area < that of a circle with a diameter of 960 μm and retinal pigment epithelial 

depigmentation present; or 2) drusen area ≥ that of a circle with diameter 960 μm with or 

without pigmentary abnormalities (i.e. level 30 or 40) in at least one eye and without late 

AMD in either eye at year 15 in subjects with no AMD (level 10 or 20) in either eye at years 

10 and/or 15. Late AMD was defined as the presence of sub-foveal geographic atrophy or 

choroidal neovascularization (level 50 or 60) in at least one eye at years 10 and/or 15. For 

AMD case-control analysis, participants who had any AMD at years 10 or 15 were 

categorized as AMD cases. For early and late AMD case-control analysis: participants who 

had early AMD at year 10 or 15 were categorized as early AMD; participants who had late 

AMD at year 10 or 15 were categorized as late AMD; and participants early AMD at year 10 
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and late AMD at year 15 were categorized as late AMD cases. A total of 955 SOF 

participants (456 AMD cases and 499 controls) with sufficient DNA were identified for 

HLA genotyping.

2.2 HLA Genotyping

All subjects were genotyped at the Children’s Hospital Oakland Research Institute using the 

Roche 454 GS Junior (Brandord, CT) next generation sequencing system with amplicon-

based HLA genotyping as previously described [18]. HLA genotypes were assigned to 

samples using the Conexio ASSIGN ATF™ genotyping software (Conexio Genomics, 

Fremantle, Western Australia) and Sequence Compilation and Rearrangement (SCORE™) 

software (Helmberg SCORE, Graz, Austria).

2.3 Statistical Methods and Analysis

Conformity to Hardy-Weinberg equilibrium in the control subjects was tested using PyPop 

following the method of Guo and Thompson [19, 20]. Alleles at each of the class II loci 

were in Hardy-Weinberg equilibrium (HWE) if the observed frequencies did not differ 

significantly from expected frequencies (p-value ≥ 0.05). HLA genotype count data were 

compared between cases and controls as 2 × N contingency tables using a Pearson’s χ2 test 

in the R statistical environment [21]. Cells with expected values less than five were binned 

prior to testing. Logistic regression was also employed and analyses were adjusted for age 

and clinic site. Odds ratios (OR) and 95% confidence intervals (CI) were calculated in 

analyses using the exact method in R [22]. Additional logistic regression models examined 

AMD risk factors as covariates, including: smoking, regular aspirin use, and hormone 

replacement therapy. Bonferonni corrected p-values ≤ 0.05 were considered statistically 

significant. These analyses have 80% power to detect significant associations (α=0.05) with 

small effect sizes (Cohen’s w=0.1) for minor allele frequencies (MAF) ≥ 5%.

3. Results

A total of 955 female European ancestry subjects nested within the SOF study (456 AMD 

cases and 499 controls obtained from four clinic centers) were genotyped at four HLA class 

II loci (HLA-DRB1, HLA-DQA1, HLA-DQB1, and HLA-DPB1). Demographics of the 

cohort are described in Table 1, including age at the sixth visit within the SOF study, AMD 

disease stage (early, late), and clinic center. Genetic variants at all four loci did not deviate 

from HWE among AMD cases and controls from Portland, OR, Baltimore, MD, and 

Pittsburgh, PA. However, variants at the HLA-DRB1 locus deviated from HWE among 

controls from Minneapolis, MN (p < 0.0003), attributable to an overabundance of 

DRB1*11:01 homozygotes (data not shown). Because some statistical analyses were 

predicated on the assumption of HWE, all analyses were done in the presence and absence 

of Minneapolis, MN to ensure robust associations and all logistic regression analyses were 

adjusted for age and clinic site.

Genotype data were first analyzed at the overall locus level for AMD association (Table 2). 

No HLA class II loci produced statistically significant associations after adjustment for 

multiple comparisons. The frequencies of the HLA class II alleles with MAF ≥ 10% are 
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presented in Table 3 at 2-field resolution (for MAF ≥ 1%, see Supplementary Table 1). 

Consistent with the locus level analysis, no single allele produced a significant association 

with AMD at any of the four loci tested. Nominally significant associations were not 

significant after correction for multiple comparisons or following testing without 

Minneapolis, MN.

In addition to AMD case-control comparisons, the data were grouped by disease stage, 

either early AMD (N=320) or late AMD (N=136). No significant associations with disease 

stage were observed for any of the loci tested including comparisons of early vs late and 

early/late vs control (data not shown). Additional adjustment for AMD risk factors including 

cigarette smoking (current, past, never), regular aspirin use (yes, no), and hormone 

replacement therapy (current, past, never) did not alter the negative results. Finally, the 

previously identified inverse association between DRB1*13:01 and AMD [11] was not 

replicated in this dataset (OR=0.78, 95% CI=0.52–1.15, P=0.19 uncorrected, Supplementary 

Table 1).

4. Discussion

The etiology of AMD is multifactorial. Biochemical markers of disease activity continue to 

be uncovered, but biomarker-based treatments are not yet available for routine clinical care 

[10]. Although prevention for AMD itself is not currently possible, early diagnosis and 

intervention can ameliorate symptoms and slow progression of AMD. Because of this, a 

need exists to identify biomarkers for “high risk” individuals who are likely to develop 

AMD or experience rapid progression of the disease.

Compelling evidence links the immune system with AMD and inflammatory processes are 

reported to play key roles in AMD pathogenesis [2–9]. HLA antigens are expressed both in 

normal and AMD affected eyes [4, 5, 9]. Increased HLA immunoreactivity has been 

observed in AMD patient retinas and related to the formation of drusen, the extracellular 

accumulations that build up between the Bruch’s membrane and the retina pigment 

epithelium [6–8]. Given their role in innate and adaptive immune responses, polymorphisms 

in HLA class I and class II and the complementary KIR systems are logical candidates for 

association studies. The first report by Goverdhan et al. [11] identifying an association with 

HLA found that HLA-C*07:01 (then Cw*0701) increased AMD risk, whereas B*40:01 and 

DRB1*13:01 (then B*1401 and DRB1*1301) were inversely associated with AMD risk. 

Goverdhan et al. [12] also investigated both HLA and KIR ligand genotype associations 

with disease. HLA-C*07:01, in combination with the inhibitory KIR AA genotype [23] was 

associated with AMD, suggesting that natural killer cells have a role in the pathogenesis of 

AMD, possibly by modifying the effect of HLA class I allele groups on disease. This is the 

only association of KIR with AMD reported to date. In addition, Goverdhan et al. [12] used 

immunohistochemistry to demonstrate differential HLA class I expression in choriocapillary 

endothelial cells, suggesting that HLA polymorphisms may possibly influence the 

development of AMD via modulation of choroidal immune function. Becerril et al. [13] 

identified an association between HLA*B27 and AMD but did not detect disease 

associations with HLA-A or HLA-DRB1.
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In conclusion, comprehensive HLA class II assessment in a population-based study of AMD 

did not reveal statistically significant associations and the previously observed HLA-

DRB1*13:01 association with AMD did not replicate. The current study was sufficiently 

powered to identify novel associations as well as replicate the HLA-DRB1*13:01 

association. The extreme polymorphic nature of the HLA gene regions, as well as sampling 

variation between cases and controls can easily lead to false-positive or false-negative 

associations, particularly in studies using small sample sizes thus independent replication of 

associations is critical. A recent genome-wide association study of >17,000 advanced AMD 

cases and >60,000 controls identified 19 loci associated at P<5×10−8, however the results 

did not include significant HLA region associations [24]. Future studies should be expanded 

to include the HLA class I and KIR loci to provide a comprehensive understanding of the 

immunologic basis of AMD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The Study of Osteoporotic Fractures (SOF) is supported by National Institutes of Health funding. The National 
Institute on Aging (NIA) provides support under the following grant numbers: R01 AG005407, R01 AR35582, R01 
AR35583, R01 AR35584, R01 AG005394, R01 AG027574, and R01 AG027576. The National Eye Institute 
supported the HLA genetics study under grant number R01 IEY019900.

References

1. Klein R, Wang Q, Klein BE, Moss SE, Meuer SM. The relationship of age-related maculopathy, 
cataract, and glaucoma to visual acuity. Invest Ophthalmol Vis Sci. 1995; 36:182. [PubMed: 
7822146] 

2. Ozaki E, Campbell M, Kiang AS, Humphries M, Doyle SL, Humphries P. Inflammation in age-
related macular degeneration. Adv Exp Med Biol. 2014; 801:229. [PubMed: 24664703] 

3. Streilein JW, Wilbanks GA, Cousins SW. Immunoregulatory mechanisms of the eye. J 
Neuroimmunol. 1992; 39:185. [PubMed: 1644895] 

4. Penfold PL, Provis JM, Liew SC. Human retinal microglia express phenotypic characteristics in 
common with dendritic antigen-presenting cells. J Neuroimmunol. 1993; 45:183. [PubMed: 
8392519] 

5. Bakker M, Grumet FC, Feltkamp TE, Kijlstra A. HLA-antigens in the human uvea. Doc 
Ophthalmol. 1986; 61:271. [PubMed: 3512217] 

6. Penfold PL, Liew SC, Madigan MC, Provis JM. Modulation of major histocompatibility complex 
class II expression in retinas with age-related macular degeneration. Invest Ophthalmol Vis Sci. 
1997; 38:2125. [PubMed: 9331276] 

7. Mullins RF, Russell SR, Anderson DH, Hageman GS. Drusen associated with aging and age-related 
macular degeneration contain proteins common to extracellular deposits associated with 
atherosclerosis, elastosis, amyloidosis, and dense deposit disease. Faseb J. 2000; 14:835. [PubMed: 
10783137] 

8. Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV, Anderson DH, Mullins RF. An integrated 
hypothesis that considers drusen as biomarkers of immune-mediated processes at the RPE-Bruch’s 
membrane interface in aging and age-related macular degeneration. Prog Retin Eye Res. 2001; 
20:705. [PubMed: 11587915] 

9. Abi-Hanna D, Wakefield D, Watkins S. HLA antigens in ocular tissues. I. In vivo expression in 
human eyes. Transplantation. 1988; 45:610. [PubMed: 3347938] 

Pappas et al. Page 5

Hum Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Stanton CM, Wright AF. Inflammatory Biomarkers for AMD. Adv Exp Med Biol. 2014; 801:251. 
[PubMed: 24664705] 

11. Goverdhan SV, Howell MW, Mullins RF, Osmond C, Hodgkins PR, Self J, et al. Association of 
HLA class I and class II polymorphisms with age-related macular degeneration. Invest 
Ophthalmol Vis Sci. 2005; 46:1726. [PubMed: 15851575] 

12. Goverdhan SV, Khakoo SI, Gaston H, Chen X, Lotery AJ. Age-related macular degeneration is 
associated with the HLA-Cw*0701 Genotype and the natural killer cell receptor AA haplotype. 
Invest Ophthalmol Vis Sci. 2008; 49:5077. [PubMed: 18515573] 

13. Villegas Becerril E, Gonzalez Fernandez R, Perula Torres L, Lacomba MS, Gallardo Galera JM. 
HLA B27 as predisposition factor to suffer age related macular degeneration. Cell Mol Immunol. 
2009; 6:303. [PubMed: 19728932] 

14. Seitzman RL, Mahajan VB, Mangione C, Cauley JA, Ensrud KE, Stone KL, et al. Estrogen 
receptor alpha and matrix metalloproteinase 2 polymorphisms and age-related maculopathy in 
older women. Am J Epidemiol. 2008; 167:1217. [PubMed: 18359774] 

15. Seitzman RL, Mangione CM, Cauley JA, Ensrud KE, Stone KL, Cummings SR, et al. Bone 
mineral density and age-related maculopathy in older women. J Am Geriatr Soc. 2007; 55:740. 
[PubMed: 17493194] 

16. Klein R, Davis MD, Magli YL, Segal P, Klein BE, Hubbard L. The Wisconsin age- related 
maculopathy grading system. Ophthalmology. 1991; 98:1128. [PubMed: 1843453] 

17. Klein R, Klein BE, Jensen SC, Mares-Perlman JA, Cruickshanks KJ, Palta M. Age- related 
maculopathy in a multiracial United States population: the National Health and Nutrition 
Examination Survey III. Ophthalmology. 1999; 106:1056. [PubMed: 10366071] 

18. Erlich HA, Valdes AM, McDevitt SL, Simen BB, Blake LA, McGowan KR, et al. Next generation 
sequencing reveals the association of DRB3*02:02 with type 1 diabetes. Diabetes. 2013; 62:2618. 
[PubMed: 23462545] 

19. Guo SW, Thompson EA. Performing the exact test of Hardy-Weinberg proportion for multiple 
alleles. Biometrics. 1992; 48:361. [PubMed: 1637966] 

20. Lancaster A, Nelson MP, Meyer D, Single RM, Thomson G. PyPop: a software framework for 
population genomics: analyzing large-scale multi-locus genotype data. Pac Symp Biocomput. 
2003:514. [PubMed: 12603054] 

21. R Core Team: R. A Language and Environment for Statistical Computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2013. 

22. Chongsuvivatwong, V. epicalc: Epidemiological calculator. 2012. 

23. Martin AM, Kulski JK, Gaudieri S, Witt CS, Freitas EM, Trowsdale J, et al. Comparative genomic 
analysis, diversity and evolution of two KIR haplotypes A and B. Gene. 2004; 335:121. [PubMed: 
15194195] 

24. Fritsche LG, Chen W, Schu M, Yaspan BL, Yu Y, Thorleifsson G, et al. Seven new loci associated 
with age-related macular degeneration. Nat Genet. 2013; 45:433. [PubMed: 23455636] 

Pappas et al. Page 6

Hum Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pappas et al. Page 7

Table 1

Characteristics of genotyped AMD cases and controls from the SOF eye study.

Cases Controls

N 456 499

Age, mean (SD) 79.7 (3.1) 78.0 (2.7)

Age, range 74–92 74–88

AMD stage, n (%)

Early 320 (70.2)

Late 136 (29.8)

Clinic site, n (%)

Baltimore, MD 30 (7) 28 (6)

Minneapolis, MN 194 (43) 228 (46)

Pittsburgh, PA 135 (30) 165 (33)

Portland, OR 92 (21) 77 (15)
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Table 2

Overall HLA class II locus level associations for AMD.

Locus χ2* DF* P value*

DRB1 18.2 (10.9) 24 (15) 0.80 (0.76)

DQA1 3.9 (7.8) 7 (7) 0.79 (0.35)

DQB1 11.6 (10.9) 13 (13) 0.56 (0.62)

DPB1 22.2 (17.2) 13 (12) 0.05 (0.14)

*
indicates values from testing without Minneapolis, MN.
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Table 3

Frequencies and results for HLA class II alleles (2-field resolution) with minor allele frequencies ≥10% for 

456 AMD cases and 499 controls.

HLA
Control
2N = 998

AMD
2N = 912

Logistic regression

OR (95%CI) p

DRB1*03:01 117 105 0.96 (0.71–1.29) 0.77

DRB1*07:01 130 118 1.02 (0.77–1.36) 0.88

DRB1*15:01 140 131 0.96 (0.72–1.26) 0.75

DQA1*01:01 129 134 1.19 (0.9–1.57) 0.22

DQA1*01:02 203 182 0.93 (0.73–1.18) 0.54

DQA1*02:01 130 118 1.02 (0.77–1.36) 0.88

DQA1*03:01 189 156 0.91 (0.71–1.17) 0.46

DQA1*05:01 242 231 1.05 (0.84–1.31) 0.64

DQB1*02:01 116 107 0.99 (0.73–1.34) 0.94

DQB1*03:01 187 177 1.03 (0.81–1.31) 0.8

DQB1*03:02 109 94 0.99 (0.72–1.35) 0.93

DQB1*05:01 102 108 1.24 (0.91–1.69) 0.16

DQB1*06:02 129 126 1 (0.75–1.34) 0.98

DPB1*02:01 133 106 0.89 (0.66–1.19) 0.42

DPB1*03:01 102 92 0.99 (0.72–1.37) 0.97

DPB1*04:01 433 442 1.22 (1.01–1.48) 0.04

DPB1*04:02 117 109 0.93 (0.69–1.25) 0.61
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