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            Key Points

                	
                  The Immunochip platform has facilitated comparison of the molecular genetic architecture of many immune-mediated diseases.

                
	
                  Many genetic susceptibility loci are shared between immune-mediated diseases, but the 'sharing' is complex and includes considerable discordancy (that is, alleles that have opposite effects on the risks of different diseases) and allelic heterogeneity (that is, different polymorphisms in the same region are associated with different diseases).

                
	
                  Concordant sharing tends to cluster immune-mediated diseases according to seropositive or seronegative status, but there are some notable exceptions that may partly underpin the clinically distinct phenotypes.

                
	
                  Large effect size susceptibility loci tend to be phenotype-specific.

                
	
                  Immunochip studies have shown that fine mapping using dense SNP genotyping in large cohorts substantially refines many association intervals, enabling the credible set to be reduced to one or a handful of candidate causal variants for a sizable proportion of susceptibility loci.

                
	
                  Major challenges remain in defining causal variants for all association intervals, understanding their functional impact and defining in which cells they exert their effects.

                
	
                  The extent to which low-frequency and rare variants contribute to immune-mediated disease susceptibility, and whether these may also be shared between diseases, is currently unknown.

                


              

Abstract
Shared aetiopathogenic factors among immune-mediated diseases have long been suggested by their co-familiality and co-occurrence, and molecular support has been provided by analysis of human leukocyte antigen (HLA) haplotypes and genome-wide association studies. The interrelationships can now be better appreciated following the genotyping of large immune disease sample sets on a shared SNP array: the 'Immunochip'. Here, we systematically analyse loci shared among major immune-mediated diseases. This reveals that several diseases share multiple susceptibility loci, but there are many nuances. The most associated variant at a given locus frequently differs and, even when shared, the same allele often has opposite associations. Interestingly, risk alleles conferring the largest effect sizes are usually disease-specific. These factors help to explain why early evidence of extensive 'sharing' is not always reflected in epidemiological overlap.
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                    Figure 1: Relationship between sample size and the number of associated loci with genome-wide significance.[image: ]


Figure 2: Associations of components of the IL-23R response pathway with immune-mediated diseases.[image: ]


Figure 3: Associations of components of the major histocompatibility complex class I antigen processing pathway with immune-mediated diseases.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Genome-wide association studies
                                        
                                    

                                    
                                        Article
                                        
                                         26 August 2021
                                    

                                

                                Emil Uffelmann, Qin Qin Huang, â€¦ Danielle Posthuma

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Genetic variation across and within individuals
                                        
                                    

                                    
                                        Article
                                        
                                         28 March 2024
                                    

                                

                                Zhi Yu, Tim H. H. Coorens, â€¦ Pradeep Natarajan

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Protein-altering variants at copy number-variable regions influence diverse human phenotypes
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 March 2024
                                    

                                

                                Margaux L. A. Hujoel, Robert E. Handsaker, â€¦ Po-Ru Loh

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Wellcome Trust Case Control Consortium. Genomewide association study of 14,000 cases of seven common diseases and 3,000 controls. Nature 447, 661â€“683 (2007). This is a proof-of-principle paper that initiated the GWAS era. It developed many methods and set standards for future GWAS performance and interpretation. It also set an important precedent by making data publicly available; the control genotype set alone from this study has been used in hundreds of GWASs.

	Wellcome Trust Case Control Consortium & Australo-Anglo-American Spondyloarthritis Consortium (TASC). Association scan of 14,500 nonsynonymous SNPs in four diseases identifies autoimmunity variants. Nature Genet. 39, 1329â€“1337 (2007).

	International Genetics of Ankylosing Spondylitis Consortium. Identification of multiple risk variants for ankylosing spondylitis through high-density genotyping of immune-related loci. Nature Genet. 45, 730â€“738 (2013).

	Torfs, C. P., King, M. C., Huey, B., Malmgren, J. & Grumet, F. C. Genetic interrelationship between insulin-dependent diabetes mellitus, the autoimmune thyroid diseases, and rheumatoid arthritis. Am. J. Hum. Genet. 38, 170â€“187 (1986).
PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lin, J. P. et al. Familial clustering of rheumatoid arthritis with other autoimmune diseases. Hum. Genet. 103, 475â€“482 (1998).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hemminki, K., Li, X., Sundquist, K. & Sundquist, J. Shared familial aggregation of susceptibility to autoimmune diseases. Arthritis Rheum. 60, 2845â€“2847 (2009).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Thjodleifsson, B., Geirsson, A. J., Bjornsson, S. & Bjarnason, I. A common genetic background for inflammatory bowel disease and ankylosing spondylitis: a genealogic study in Iceland. Arthritis Rheum. 56, 2633â€“2639 (2007).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Visscher, P. M., Brown, M. A., McCarthy, M. I. & Yang, J. Five years of GWAS discovery. Am. J. Hum. Genet. 90, 7â€“24 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Eyre, S. et al. High-density genetic mapping identifies new susceptibility loci for rheumatoid arthritis. Nature Genet. 44, 1336â€“1340 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	The Wellcome Trust Case Control Consortium et al. Bayesian refinement of association signals for 14 loci in 3 common diseases. Nature Genet. 44, 1294â€“1301 (2012).

	Boyle, A. P. et al. Annotation of functional variation in personal genomes using RegulomeDB. Genome Res. 22, 1790â€“1797 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhernakova, A. et al. Genetic analysis of innate immunity in Crohn's disease and ulcerative colitis identifies two susceptibility loci harboring CARD9 and IL18RAP. Am. J. Hum. Genet. 82, 1202â€“1210 (2008).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pointon, J. J. et al. Elucidating the chromosome 9 association with AS; CARD9 is a candidate gene. Genes Immun. 11, 490â€“496 (2010).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Evans, D. M. et al. Interaction between ERAP1 and HLA-B27 in ankylosing spondylitis implicates peptide handling in the mechanism for HLA-B27 in disease susceptibility. Nature Genet. 43, 761â€“767 (2011). This study provided the first strongly replicated example of a geneâ€“gene interaction in any common IMD.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rivas, M. A. et al. Deep resequencing of GWAS loci identifies independent rare variants associated with inflammatory bowel disease. Nature Genet. 43, 1066â€“1073 (2011). This study provided early suggestive evidence that low-frequency or rare variants that are not well captured by GWAS chips may be important in susceptibility to IMD.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Nejentsev, S., Walker, N., Riches, D., Egholm, M. & Todd, J. A. Rare variants of IFIH1, a gene implicated in antiviral responses, protect against type 1 diabetes. Science 324, 387â€“389 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Adrianto, I. et al. Association of a functional variant downstream of TNFAIP3 with systemic lupus erythematosus. Nature Genet. 43, 253â€“258 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Crow, Y. J. et al. Mutations in the gene encoding the 3â€²â€“5â€² DNA exonuclease TREX1 cause Aicardiâ€“Goutieres syndrome at the AGS1 locus. Nature Genet. 38, 917â€“920 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stoy, J. et al. Insulin gene mutations as a cause of permanent neonatal diabetes. Proc. Natl Acad. Sci. USA 104, 15040â€“15044 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Miceli-Richard, C. et al. CARD15 mutations in Blau syndrome. Nature Genet. 29, 19â€“20 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Glocker, E. O. et al. Inflammatory bowel disease and mutations affecting the interleukin-10 receptor. N. Engl. J. Med. 361, 2033â€“2045 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Franke, A. et al. Sequence variants in IL10, ARPC2 and multiple other loci contribute to ulcerative colitis susceptibility. Nature Genet. 40, 1319â€“1323 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, J. Z. et al. Dense fine-mapping study identifies new susceptibility loci for primary biliary cirrhosis. Nature Genet. 44, 1137â€“1141 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Trynka, G. et al. Dense genotyping identifies and localizes multiple common and rare variant association signals in celiac disease. Nature Genet. 43, 1193â€“1201 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jostins, L. et al. Hostâ€“microbe interactions have shaped the genetic architecture of inflammatory bowel disease. Nature 491, 1 19â€“124 (2012). This paper demonstrated that the small-effect-size loci identified in large-scale genetic association studies improve our understanding of disease pathogenesis, particularly by enhancing bioinformatic analyses to pinpoint causal genes and pathways.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsoi, L. C. et al. Identification of 15 new psoriasis susceptibility loci highlights the role of innate immunity. Nature Genet. 44, 1341â€“1348 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Price, P. et al. The genetic basis for the association of the 8.1 ancestral haplotype (A1, B8, DR3) with multiple immunopathological diseases. Immunol. Rev. 167, 257â€“274 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gregersen, P. K., Silver, J. & Winchester, R. J. The shared epitope hypothesis. An approach to understanding the molecular genetics of susceptibility to rheumatoid arthritis. Arthritis Rheum. 30, 1205â€“1213 (1987).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Brewerton, D. A. et al. Ankylosing spondylitis and HL-A 27. Lancet 1, 904â€“907 (1973).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Caffrey, M. F. & James, D. C. Human lymphocyte antigen association with ankylosing spondylitis. Nature 9, 121 (1973).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Schlosstein, L., Terasaki, P. I., Bluestone, R. & Pearson, C. M. High association of an HL-A antigen, W27, with ankylosing spondylitis. N. Engl. J. Med. 288, 704â€“706 (1973).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Karvonen, J. HL-A antigens in psoriasis with special reference to the clinical type, age of onset, exacerbations after respiratory infections and occurrence of arthritis. Ann. Clin. Res. 7, 301â€“311 (1975).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Takano, M., Miyajima, T., Kiuchi, M., Ohmori, K. & Amemiya, H. Behcet disease and the HLA system. Tissue Antigens 8, 95â€“99 (1976).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Field, J. et al. A polymorphism in the HLA-DPB1 gene is associated with susceptibility to multiple sclerosis. PLoS ONE 5, e13454 (2010).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nejentsev, S. et al. Localization of type 1 diabetes susceptibility to the MHC class I genes HLA-B and HLA-A. Nature 450, 887â€“892 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Raychaudhuri, S. et al. Five amino acids in three HLA proteins explain most of the association between MHC and seropositive rheumatoid arthritis. Nature Genet. 44, 291â€“296 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Knight, J. et al. Conditional analysis identifies three novel major histocompatibility complex loci associated with psoriasis. Hum. Mol. Genet. 21, 5185â€“5192 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yang, Y. et al. The intricate role of complement component C4 in human systemic lupus erythematosus. Curr. Dir. Autoimmun. 7, 98â€“132 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Duerr, R. H. et al. A genome-wide association study identifies IL23R as an inflammatory bowel disease gene. Science 314, 1461â€“1463 (2006).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cargill, M. et al. A large-scale genetic association study confirms IL12B and leads to the identification of IL23R as psoriasis-risk genes. Am. J. Hum. Genet. 80, 273â€“290 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kenna, T. J. & Brown, M. A. The role of IL-17-secreting mast cells in inflammatory joint disease. Nature Rev. Rheumatol. 9, 375â€“379 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mero, I. L. et al. A rare variant of the TYK2 gene is confirmed to be associated with multiple sclerosis. Eur. J. Hum. Genet. 18, 502â€“504 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ban, M. et al. Replication analysis identifies TYK2 as a multiple sclerosis susceptibility factor. Eur. J. Hum. Genet. 17, 1309â€“1313 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Raychaudhuri, S. et al. Identifying relationships among genomic disease regions: predicting genes at pathogenic SNP associations and rare deletions. PLoS Genet. 5, e1000534 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, A. & Malynn, B. A. A20: linking a complex regulator of ubiquitylation to immunity and human disease. Nature Rev. Immunol. 12, 774â€“785 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Matmati, M. et al. A20 (TNFAIP3) deficiency in myeloid cells triggers erosive polyarthritis resembling rheumatoid arthritis. Nature Genet. 43, 908â€“912 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hammer, G. E. et al. Expression of A20 by dendritic cells preserves immune homeostasis and prevents colitis and spondyloarthritis. Nature Immunol. 12, 1184â€“1193 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chu, Y. et al. B cells lacking the tumor suppressor TNFAIP3/A20 display impaired differentiation and hyperactivation and cause inflammation and autoimmunity in aged mice. Blood 117, 2227â€“2236 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Krausgruber, T. et al. IRF5 promotes inflammatory macrophage polarization and TH1-TH17 responses. Nature Immunol. 12, 231â€“238 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hambleton, S. et al. IRF8 mutations and human dendritic-cell immunodeficiency. N. Engl. J. Med. 365, 127â€“138 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Strange, A. et al. A genome-wide association study identifies new psoriasis susceptibility loci and an interaction between HLA-C and ERAP1. Nature Genet. 42, 985â€“990 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Franke, A. et al. Genome-wide meta-analysis increases to 71 the number of confirmed Crohn's disease susceptibility loci. Nature Genet. 42, 1118â€“1125 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Andres, A. M. et al. Balancing selection maintains a form of ERAP2 that undergoes nonsense-mediated decay and affects antigen presentation. PLoS Genet. 6, e1001157 (2010).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cagliani, R. et al. Genetic diversity at endoplasmic reticulum aminopeptidases is maintained by balancing selection and is associated with natural resistance to HIV-1 infection. Hum. Mol. Genet. 19, 4705â€“4714 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Dendrou, C. A. et al. Cell-specific protein phenotypes for the autoimmune locus IL2RA using a genotype-selectable human bioresource. Nature Genet. 41, 1011â€“1015 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Begovich, A. B. et al. A missense single-nucleotide polymorphism in a gene encoding a protein tyrosine phosphatase (PTPN22) is associated with rheumatoid arthritis. Am. J. Hum. Genet. 75, 330â€“337 (2004).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kyogoku, C. et al. Genetic association of the R620W polymorphism of protein tyrosine phosphatase PTPN22 with human SLE. Am. J. Hum. Genet. 75, 504â€“507 (2004).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bottini, N. et al. A functional variant of lymphoid tyrosine phosphatase is associated with type I diabetes. Nature Genet. 36, 337â€“338 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, J. et al. The autoimmune disease-associated PTPN22 variant promotes calpain-mediated Lyp/Pep degradation associated with lymphocyte and dendritic cell hyperresponsiveness. Nature Genet. 43, 902â€“907 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Marks, D. J. et al. Defective acute inflammation in Crohn's disease: a clinical investigation. Lancet 367, 668â€“678 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gregory, A. P. et al. TNF receptor 1 genetic risk mirrors outcome of anti-TNF therapy in multiple sclerosis. Nature 488, 508â€“511 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Choy, E. H. et al. Therapeutic benefit of blocking interleukin-6 activity with an anti-interleukin-6 receptor monoclonal antibody in rheumatoid arthritis: a randomized, double-blind, placebo-controlled, dose-escalation trial. Arthritis Rheum. 46, 3143â€“3150 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Maini, R. N. et al. Double-blind randomized controlled clinical trial of the interleukin-6 receptor antagonist, tocilizumab, in European patients with rheumatoid arthritis who had an incomplete response to methotrexate. Arthritis Rheum. 54, 2817â€“2829 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hueber, W. et al. Secukinumab, a human anti-IL-17A monoclonal antibody, for moderate to severe Crohn's disease: unexpected results of a randomised, double-blind placebo-controlled trial. Gut 61, 1693â€“1700 (2012).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Minegishi, Y. et al. Dominant-negative mutations in the DNA-binding domain of STAT3 cause hyper-IgE syndrome. Nature 448, 1058â€“1062 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hampe, J. et al. A genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. Nature Genet. 39, 207â€“211 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ogura, Y. et al. A frameshift mutation in NOD2 associated with susceptibility to Crohn's disease. Nature 411, 603â€“606 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hugot, J. P. et al. Association of NOD2 leucine-rich repeat variants with susceptibility to Crohn's disease. Nature 411, 599â€“603 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rioux, J. D. et al. Genome-wide association study identifies new susceptibility loci for Crohn disease and implicates autophagy in disease pathogenesis. Nature Genet. 39, 596â€“604 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Parkes, M. et al. Sequence variants in the autophagy gene IRGM and multiple other replicating loci contribute to Crohn's disease susceptibility. Nature Genet. 39, 830â€“832 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Barrett, J. C. et al. Genome-wide association study of ulcerative colitis identifies three new susceptibility loci, including the HNF4A region. Nature Genet. 41, 1330â€“1334 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Dechairo, B. M. et al. Association of the TSHR gene with Graves' disease: the first disease specific locus. Eur. J. Hum. Genet. 13, 1223â€“1230 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lyons, P. A. et al. Genetically distinct subsets within ANCA-associated vasculitis. N. Engl. J. Med. 367, 214â€“223 (2012).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Suzuki, A. et al. Functional haplotypes of PADI4, encoding citrullinating enzyme peptidylarginine deiminase 4, are associated with rheumatoid arthritis. Nature Genet. 34, 395â€“402 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hedstrom, A. K. et al. Smoking and two human leukocyte antigen genes interact to increase the risk for multiple sclerosis. Brain 134, 653â€“664 (2011).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kallberg, H. et al. Smoking is a major preventable risk factor for rheumatoid arthritis: estimations of risks after various exposures to cigarette smoke. Ann. Rheum. Dis. 70, 508â€“511 (2011).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Padyukov, L., Silva, C., Stolt, P., Alfredsson, L. & Klareskog, L. A geneâ€“environment interaction between smoking and shared epitope genes in HLA-DR provides a high risk of seropositive rheumatoid arthritis. Arthritis Rheum. 50, 3085â€“3092 (2004). This is a very good example of a geneâ€“environment interaction that influences risk of a major common IMD: rheumatoid arthritis.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mahdi, H. et al. Specific interaction between genotype, smoking and autoimmunity to citrullinated Î±-enolase in the etiology of rheumatoid arthritis. Nature Genet. 41, 1319â€“1324 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wegner, N. et al. Autoimmunity to specific citrullinated proteins gives the first clues to the etiology of rheumatoid arthritis. Immunol. Rev. 233, 34â€“54 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Smyth, D. J. et al. A genome-wide association study of nonsynonymous SNPs identifies a type 1 diabetes locus in the interferon-induced helicase (IFIH1) region. Nature Genet. 38, 617â€“619 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Downes, K. et al. Reduced expression of IFIH1 is protective for type 1 diabetes. PLoS ONE 5, e12646 (2010).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Molineros, J. E. et al. Admixture mapping in lupus identifies multiple functional variants within IFIH1 associated with apoptosis, inflammation, and autoantibody production. PLoS Genet. 9, e1003222 (2013).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jin, Y. et al. Genome-wide association analyses identify 13 new susceptibility loci for generalized vitiligo. Nature Genet. 44, 676â€“680 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cooper, J. D. et al. Follow-up of 1715 SNPs from the Wellcome Trust Case Control Consortium genome-wide association study in type I diabetes families. Genes Immun. 10, S85â€“S94 (2009).

                    Google ScholarÂ 
                

	Dubois, P. C. et al. Multiple common variants for celiac disease influencing immune gene expression. Nature Genet. 42, 295â€“302 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Di Meglio, P. et al. The IL23R R381Q gene variant protects against immune-mediated diseases by impairing IL-23-induced Th17 effector response in humans. PLoS ONE 6, e17160 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Manolio, T. A. et al. Finding the missing heritability of complex diseases. Nature 461, 747â€“753 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yang, J. et al. Common SNPs explain a large proportion of the heritability for human height. Nature Genet. 42, 565â€“569 (2010). This study developed a methodology that enables estimation of the contribution of common variants to common diseases using GWAS data from unrelated individuals. This showed that much of the 'missing heritability' in common diseases is still to be found among common variants.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Park, J. H. et al. Estimation of effect size distribution from genome-wide association studies and implications for future discoveries. Nature Genet. 42, 570â€“575 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stahl, E. A. et al. Bayesian inference analyses of the polygenic architecture of rheumatoid arthritis. Nature Genet. 44, 483â€“489 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bloom, J. S., Ehrenreich, I. M., Loo, W. T., Lite, T. L. & Kruglyak, L. Finding the sources of missing heritability in a yeast cross. Nature 494, 234â€“237 (2013). This study used yeast cross-experiments to demonstrate that geneâ€“gene interactions contributed 0â€“54% of broad-sense heritability, but even in this controlled setting the responsible loci were largely elusive. It identified variants responsible for 72â€“100% of narrow-sense heritability, indicating that multiple variants of small individual effect are largely responsible for the missing narrow-sense heritability.
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Trynka, G. et al. Chromatin marks identify critical cell types for fine mapping complex trait variants. Nature Genet. 45, 124â€“130 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fairfax, B. P. et al. Genetics of gene expression in primary immune cells identifies cell type-specific master regulators and roles of HLA alleles. Nature Genet. 44, 502â€“510 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57â€“74 (2012). This is a summary of an important series of papers that shed light on the role of non-coding variation in the human genome in the control of its function.

	Cortes, A. & Brown, M. A. Promise and pitfalls of the Immunochip. Arthritis Res. Ther. 13, 101 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kirino, Y. et al. Genome-wide association analysis identifies new susceptibility loci for Behcet's disease and epistasis between HLA-B*51 and ERAP1. Nature Genet. 45, 202â€“207 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
M.P. is supported by the UK National Institute for Health Research (NIHR) Biomedical Research Centre award to Addenbrooke's Hospital and University of Cambridge School of Clinical Medicine. D.A.v.H. is funded by the UK Medical Research Council (G1001158). M.A.B. is supported by a National Health and Medical Research Council (Australia) Senior Principal Research Fellowship.


Author information
Author notes	Miles Parkes and Adrian Cortes: These authors contributed equally to this work.


Authors and Affiliations
	Department of Medicine, Inflammatory Bowel Disease Research Group, Addenbrooke's Hospital, University of Cambridge, Cambridge, CB2 0QQ, UK
Miles Parkes

	The University of Queensland Diamantina Institute, Translational Research Institute, Princess Alexandra Hospital, 37 Kent Road, Woolloongabba, Brisbane, QLD 4102, Australia
Adrian CortesÂ &Â Matthew A. Brown

	Blizard Institute, Barts and The London School of Medicine, Queen Mary University of London, London, E1 2AT, UK
David A. van Heel


Authors	Miles ParkesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Adrian CortesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David A. van HeelView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Matthew A. BrownView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Miles Parkes.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Related links

FURTHER INFORMATION

                    ENCODE
                  


                    ImmunoBase
                  


                    Ricopili
                  


                    US National Human Genome Research Institute (NHGRI) catalogue of published genome-wide association studies
                  


                    Wellcome Trust Case Control Consortium
                  




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Table 1




Supplementary information
Supplementary information S1 (figure)
Circos plots illustrate sharing between loci associated with six immune mediated diseases (IMDs): ankylosing spondylitis (AS), celiac disease (CeD), inflammatory bowel disease (IBD; Crohn's disease plus ulcerative colitis), psoriasis (Ps), rheumatoid arthritis (RA), and type 1 diabetes (T1D). (PDF 5224 kb)


Supplementary information S2 (box)
Correlation of SNPs within pleiotropic loci (PDF 193 kb)


Supplementary information S3 (table)
Supplementary tables 1â€“6 (XLS 148 kb)





Glossary
	Deep replication
	
                  Attempted replication of a long list of single-nucleotide polymorphisms (SNPs) for which there is some evidence of association in index genome-wide association studies (GWASs) or GWAS meta-analyses. Most studies attempt to replicate a modest number of SNPs (5 to 100); Immunochip studies attempted this for the top 2,000 independent association signals for each phenotype.

                
	Seropositive
	
                  The presence of antibodies that are directed against one or more of an individual's own proteins (known as autoantibodies). For example, there are anti-tissue transglutaminase antibodies in coeliac disease, and anticitrullinated peptide antibodies in rheumatoid arthritis.

                
	Seronegative
	
                  The absence of antibodies that are directed against one or more of an individual's own proteins (known as autoantibodies).

                
	Auto-inflammatory
	
                  A disease, usually of mostly unknown aetiology, in which the immune response seems to be directed against 'self' antigens. The term may be used to include antibody- mediated disease as well as non-autoantibody-mediated pathology.

                
	Pleiotropic
	
                  The phenomenon in which variants in a single gene are responsible for several distinct and seemingly unrelated phenotypic effects.

                
	Linkage disequilibrium
	
                  (LD). The non-random association of two or more alleles. Alleles that are in LD are found together on the same haplotype more often than would be expected under a random combination of alleles. The pattern of LD in a given genomic region reflects the history of natural selection, mutation, recombination, genetic drift and other demographic and evolutionary forces.

                
	Minor allele frequency
	
                  In a population, the frequency of the less common allele of a genetic variant. It has a value of between 0 and 0.5, and may vary among populations.

                
	HLA class II
	
                  (Human leukocyte antigen class II). Part of the human chromosome 6 major histocompatibility complex region that encodes HLA-DP, -DQ and -DR alleles. These are expressed on professional antigen-presenting cells and present antigens from extracellular proteins such as those derived from pathogens to CD4+ T cells.

                
	HLA class I
	
                  (Human leukocyte antigen class I). Part of the human chromosome 6 major histocompatibility complex region that encodes HLA-A, -B and -C. These molecules can present antigen from inside the cell (including virally encoded proteins) to other immune cells, and are present on most cell types.

                
	Shared epitope
	
                  The hypothesis that a subregion of the human leukocyte antigen DR (HLA-DR) molecule involved in peptide presentation is important in rheumatoid arthritis pathogenesis.

                
	TH17 lymphocytes
	
                  (T helper 17 lymphocytes). A subset of CD4+ T helper cells that produce interleukin-17 (IL-17) and that are thought to be important in inflammatory and autoimmune diseases.

                
	TH1 lymphocytes
	
                  (T helper 1 lymphocytes). A subset of T helper cells that produce interferon-Î³ (and other cytokines) and that activate macrophages.
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