
COIMMU-1139; NO. OF PAGES 5
What have we learned from six years of GWAS in autoimmune
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Genome-wide association studies (GWAS) have discovered

hundreds of common genetic variants that predispose humans

to autoimmune diseases, opening up unprecedented potential

for elucidating the pathways and processes of disease. To

understand the role of these variants in susceptibility, we need

to derive mechanistic insight by integration of genetic results

with other biological data types and also with careful functional

studies. In many cases, such studies have highlighted coherent

biological processes at a high level and elucidated specific

mechanisms that contribute to autoimmunity and inflammation.

The understanding of the genetic component of autoimmune

etiology will become more complete as fine-mapping and

sequencing data become readily available. A comprehensive

catalog of human immune phenotypes could provide a

functional basis for assessing genetic influence on immune

function and variation in response to therapeutic interventions,

as well as for rationally designing new targeted therapeutics.
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Introduction
Autoimmune diseases are a clinically diverse group of

diseases caused by inappropriate or hyperactive immune

responses against tissues and substances normally con-

sidered ‘self.’ Although malfunction of the immune sys-

tem is clearly indicated, the mechanism of autoimmune

pathogenesis is still far from elucidated. Family and twin

studies have long suggested that genetics contributes
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significantly to autoimmunity, and earlier linkage studies

identified a handful of strong genetic variants primarily in

the major histocompatibility (MHC) region encoding

human leukocyte antigens (HLA). Since the completion

of the HapMap Project and development of massively

parallel array-based genotyping technologies, genome-

wide association studies (GWAS) in search for common

variants have been extensively carried out in complex

diseases. In this review, we examine approaches that have

been taken and progress made to understanding of auto-

immune genetics through GWAS, with examples of

mechanistic insight derived from follow-up studies. We

also suggest areas where association studies can be

improved to yield further insights.

Since 2006, hundreds of single-nucleotide polymorph-

isms (SNPs) have been associated with rheumatoid arthri-

tis (RA), systemic lupus erythematosus (SLE), multiple

sclerosis (MS), Crohn’s disease, ulcerative colitis (UC),

type 1 diabetes (T1D), celiac disease, psoriasis and other

autoimmune diseases [1]. While a significant accomplish-

ment given the limited historical successes in complex

trait genetics, these studies by themselves have limited

value without subsequent steps to link emergent genetics

to function by pinpointing causal variants, deriving bio-

logical relevance, and elucidating pathogenic mechan-

isms. Although occasionally these risk loci harbor

functional coding variants in genes known to be involved

in immune processes that alter protein sequences, most

others implicate genes with unknown function or are

simply non-coding. Furthermore all the currently vali-

dated variants have moderate effect sizes and account for

only a fraction of the heritability [2]. Therefore, even with

an explosion of genetics data, a reasonable question arose:

are GWAS results truly useful for either understanding

etiology, or for clinical diagnosis and management of

autoimmune diseases?

How do we learn about autoimmune diseases
from GWAS?
One critical challenge in defining disease biology from

associated alleles is the absence of an understanding of the

specific genes implicated and the molecular perturbations

created by associated alleles. However what GWAS poten-

tially provides is the genetic architecture that underlies

autoimmunity, around which the relevant physiological

and pathological pathways can be constructed. Following

SNP discovery, investigators have devised statistical

methods and carried out functional studies to elucidate

relevant biology. The approaches taken by these studies
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Two broad approaches taken by GWAS follow-up studies. In a more

traditional ‘bottom-up’ approach, a specific variant/gene is selected

from the GWAS results to investigate its functions and the effect of

perturbation in the context of the disease. In a ‘top-down’ approach, the

entire list of variants identified by GWAS is analyzed together, often

incorporating existing biological data types, to highlight processes and

pathways pertinent to disease, which helps to prioritize and focus

additional follow-ups such as targeted functional assays and/or

discovery of more risk variants.
can be broadly grouped into two major categories, as

described in Figure 1: (1) a traditional ‘bottom-up’

approach in which individual alleles, genes and proteins

are examined to gain insight into molecular mechanisms of

disease and (2) a ‘top-down’ approach, where lists of

disease-associated regions are examined together to out-

line relevant biological systems and pathways.

‘Bottom-up’ approach: focused follow-up studies

directly shed light on molecular mechanisms of

pathogenesis

In traditional Mendelian genetics, the identification of

disease causing mutations in a single gene would be

immediately followed by targeted follow-up efforts to

understand the function of the gene and how its alteration

precipitates disease. Similarly, conducting focused func-

tional and statistical follow-up studies in well-validated

loci have quite directly suggested specific molecular

mechanisms through which allelic variants confer risk

or protection in autoimmune diseases [3–7,8�,9–13].

For example, Pidascheva et al. determined that the

R381Q (rs11290926) variant in IL23R, which is associated

with reduced risk of inflammatory bowel disease, results

in a loss of function which reduces T-cell activation in

response to IL-23, lending evidence that the IL-23 path-

way is pathogenic [5]. Leucine-rich repeat kinase 2

(LRRK2) is another major risk gene for Crohn’s disease.

Liu et al. [6] investigated the molecular mechanisms by

which LRRK2 negatively regulates NFAT1 which med-

iates T-cell activation as well as cytokine production in
Please cite this article in press as: Hu X, Daly M. What have we learned from six years of GWAS in 

j.coi.2012.09.001

Current Opinion in Immunology 2012, 24:1–5 
antigen presenting cells, and showed that LRRK2-

deficiency conferred increased risk to colitis in mouse

model. And in one of the clearest examples of novel

insights gained from GWAS, the role of autophagy in

Crohn’s disease, previously unsuspected before the first

GWAS studies, has now become a major therapeutic

target in disease owing to the elucidation of the role of

variation at ATG16L1 and IRGM [described in detail by

Garder and Xavier in this issue]. In these follow-up

studies that characterize specific candidate genes that

emerged from GWAS, the functional effect of variants

on immune response has been clearly illustrated.

In other examples, using detailed statistical approaches

Raychaudhuri et al. [8�] delved into one of the longest-

known susceptibility loci associated with anti-CCP-

positive rheumatoid arthritis, namely the MHC region.

They imputed alleles in the region including HLA-DRB1
using existing GWAS genotypes, followed by conditional

analysis, and successfully fine-mapped the causal variants

to sequences of five amino acids located the binding

groove of three MHC molecules. This analysis improved

upon the ‘shared epitope’ theory that had existed for more

than 30 years [14], and is a successful example of deli-

neating the causal variants from GWAS data. Okada et al.
focused on the HLA-Cw*1202-B*5201-DRB1*1502 hap-

lotype and were able to tease apart its opposite effects on

the two closely-related inflammatory bowel diseases in

the Japanese population, specifically increasing suscepti-

bility to ulcerative colitis but reducing risk of Crohn’s

disease [7]. This observation supports the hypothesis that

Crohn’s disease is a Th1-like disease (preferentially pro-

ducing a repertoire of Th1 cytokines such as interferon-g)

whereas UC is more Th2-like; and susceptibility differ-

ence between the two are manifestations of Th1/Th2

imbalance in immune response induced by differential

helper T-cell responses to specific pathogens.

‘Top-down’ approaches: examining GWAS results in

aggregate outlines coherent biological processes

While the bottom-up approach is more tractable and

traditional, the realization emerging from GWAS that

autoimmune diseases are the result of many, probably

hundreds, of simultaneously contributing genes and var-

iants has borne an alternate approach to the problem by

considering all associations together. Many analytic

methods have therefore been developed to interpret

GWAS results by examining groups of risk regions or

implicated genes in aggregate, incorporating information

from other biological data types such as gene and protein

expression [15–19,20�,21,22,23��,24]. Encouragingly,

these analyses have often convincingly shown that dis-

ease-associated regions implicate coherent biological pro-

cesses and molecular pathways. For example, for many

autoimmune diseases, significant enrichment of physical

interactions among genes in associated risk loci has

been demonstrated, implicating organized networks of
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biological pathways [23��]. Similarly, the evaluation of

cell-specific expression of autoimmune SNPs-implicated

genes showed enrichment in particular immune cells,

providing an unbiased method for using raw GWAS

results to identify likely pathogenic cell types [19]. Such

analyses must be undertaken with care – biases in both

the genetic discovery data (e.g. GWAS arrays preferen-

tially discover associations that are both gene and SNP

rich, certain gene families are systematically much larger

than others) and in the biological data to be integrated

(e.g. certain families of genes are more well-studied in

protein interaction experiments and more well-

represented on expression arrays) require careful atten-

tion in the evaluation of statistical significance.

If managed properly, these issues can be overcome, and

when GWAS results are shown to implicate regions that

contain genes that are compellingly non-randomly drawn

from specific pathways or which are unusually closely

related in the context of independent functional data,

such relationships clearly indicate a convincing biological

insight into disease has emerged from the collective

GWAS results set. In one study, Lee et al. constructed

a genome-scale human gene network using genomic and

proteomic data. Studying genes regions associated with

Crohn’s disease, they observed the interaction of genes in

the TNF pathway, the Th17-differentiation network, as

well as genes involved in autophagy. Moreover, they were

able to combine this approach to boost the detection

power of GWAS, and suggest more candidate genes based

on their interaction partners in highlighted pathways,

such as GRB2 and SHC1 [20�].

A number of overlapping HLA and non-HLA risk alleles

have emerged across autoimmune diseases, implicating

shared pathogenic pathways among phenotypically

heterogeneous diseases. It is intuitive that immune

response pathways would be broadly involved in all

autoimmune diseases; as well as diverging pathways

should eventually lead to variation in clinical presenta-

tions. Systematically examining the shared alleles pro-

vides one means for comparing and contrasting

autoimmune diseases in terms genetic backgrounds

and implications on shared pathogenic mechanisms

[25–31]. As one example, Ramos et al. investigated the

genetic connections across 17 autoimmune diseases, and

noted the strongest correlations between RA and T1D as

well as between Crohn’s disease and UC, suggesting

common pathogenic mechanistic pathways. They also

noted that SLE possesses a distinct genetic background,

supporting partial pleiotropy among autoimmune dis-

eases [28].

The ‘top-down’ approach often does not directly yield

validated risk genes and variants, however it is powerful

in highlighting coherent biological processes relevant to

the diseases, and in turn providing guidance to focus
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statistical and functional follow-ups on the most interest-

ing candidate genomic regions and the most relevant

molecular and cellular models.

How can autoimmune GWAS be improved?
Identifying the remaining genetic architecture

It is estimated that all the validated SNPs in aggregate

explain a fraction hovering around 10–40% of total herit-

ability in most complex-trait diseases [32,33], making

missing heritability a glaring issue with existing GWAS

results. There are several oft-discussed possible sources for

what has been termed this ‘missing heritability’, including

the potentially large-effect rare and structural variants,

gene–gene interactions (epistasis), gene–environment

interactions, as well as many more common variants that

simply have not been discovered owing to the lack of power

as limited by sample size [34,35]. Stahl et al. modeled the

polygenic architecture based on Bayesian inference in

several complex-trait diseases, and suggested that thou-

sands of undiscovered common SNPs could explain an

additional 20% and 43% of disease risk in RA and celiac

disease, respectively [36��]. Similarly Park et al. predicted

that for Crohn’s disease, more than 140 risk loci with effect

sizes comparable to the first 32 validated loci together

would account for 20% of the heritability [37].

Next-generation deep sequencing in candidate regions

has been successful in discovering a handful of rare

variants associated with several diseases [38–42].

Examples include a splice variant in CARD9
(OR = 0.29) associated with reduced risk of Crohn’s dis-

ease [40], four protective rare variants in IFIH1 in T1D

[41], as well as several rare variants contributing to the risk

of celiac disease discovered by Trynka et al. using data

from pilot 1000 Genome Project studies and other rese-

quencing data [42]. Much more than increasing herit-

ability explained by identifying rare variation missed by

GWAS, such studies can provide clearer functional

insights into the roles of individual genes and in the

case of strongly protective variants, articulate clear thera-

peutic hypotheses that can be pursued.

Harnessing the value of genetics: profiling the human

immunophenotypes is necessary to link genetics to

function in autoimmune diseases

The value of genetic knowledge we have gathered

through GWAS is one piece of the puzzle for elucidating

normal physiology and disease mechanisms of autoim-

munity. One major hindrance to delineating the func-

tional role of genetic variants as well as in autoimmune

research in general lies in the lack of a comparable

functional catalog of the human immune system [43].

Much of the current immunological knowledge has come

from mouse models. While it has been a valuable

source, the mouse immune system only emulates

the human system partially. Without clear definitions

and comprehensive descriptions of the normal immune
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system, it will be difficult for sporadic and focused

manipulative assays to capture patterns of functional

variance with respect to genetic or environmental changes

in such a complex system. Also clinically, diagnosis of

autoimmune diseases is largely descriptive with few

reliable biomarkers, and it is difficult to design, assess,

and improve efficacy of therapeutic agents. It is therefore

crucial to establish the phenotypes and functional profiles

of the components of the human immune system. Then,

the relationship between function and genetics can be

systematically assessed, and therapeutic interventions

can be designed and modified accordingly.

Conclusion
For years the primary bottleneck in understanding auto-

immune disease was the inability of genetics to provide

genuine, replicable insights – this has been overcome, but

simply places the emphasis now on challenges greater than

expected, the interpretation of hundreds of contributing

genetic risk factors into a coherent and actionable biological

insights. Now a large volume of statistical and functional

follow-up studies to GWAS results is starting to emerge.

But, despite the amount of raw data and follow-up statisti-

cal and functional studies, many mechanisms of genetic

contribution to autoimmune diseases remain unclear.

It is important to keep in mind that in the effort to

ultimately understand disease mechanisms, GWAS and

other statistical approaches do not replace in vitro or in
vivo functional studies. Rather, GWASs have proven to

serve as a powerful first step to guide and complement

functional studies, as they (1) outline relevant and coher-

ent systems and processes involved in disease pathogen-

esis; (2) suggest specific molecular pathways and

appropriate cellular/organismal models for focused func-

tional studies; and (3) offer a promising path to discover-

ing potential leads of targeted therapy. It is particularly

encouraging that progress is being made beyond GWAS

via the integration of many different types of biological

data such as gene expression, immunophenotypes, epi-

genetics, protein interactions and clinical data. These

efforts are helping to elucidate the complex biology that

association studies outline and make further progress

towards realizing the promise of human genetics.
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