
Immune-mediated diseases (IMDs) comprise a clini-
cally heterogeneous group of disorders affecting ~3–5% 
of individuals of European origin. Knowledge of their 
pathogenic mechanisms remains limited, although 
genome-wide association studies (GWASs) have pro-
duced powerful new insights over the past 7 years. 
GWASs provide a hypothesis-free survey of the human 
genome for common variants associated with disease 
susceptibility1,2. The most recent genetic studies of 
IMDs have used GWAS meta-analysis allied to the 
Immunochip, which is a single-nucleotide polymor-
phism (SNP) microarray designed for deep replication 
and fine mapping3 (BOX 1). Hundreds of IMD suscepti-
bility loci have now been identified convincingly. Some 
are disease-specific and these often exert relatively large 
effects, but it is clear that many others affect the risk of 
several IMDs.

Overlapping aetiological factors among IMDs 
have long been suspected owing to shared clinical and 
immunological characteristics. In addition, individu-
als with one IMD have an increased risk of developing 
another, and familial aggregation of multiple IMDs is 
well established. The patterns are themselves instruc-
tive. Broadly, two clusters are identified: seropositive 
autoimmune diseases, such as coeliac disease, pri-
mary biliary cirrhosis (PBC), type 1 diabetes (T1D), 
autoimmune thyroid disease (AITD) and rheumatoid 

arthritis4–6; and seronegative auto-inflammatory condi-
tions, including Crohn’s disease, psoriasis and anky-
losing spondylitis, in which autoantibodies are not a 
common or characteristic feature7. Despite the distinct 
pathogenic mechanisms implied by these subdivisions, 
shared susceptibility loci have been found across all of 
these phenotypes since the earliest GWASs.

In recognizing the overlap, the scientific literature 
has risked over-emphasizing the commonality of path-
ogenic mechanisms among IMDs. One question that 
has arisen is why, given that even across the serologi-
cal divide there are many shared genetic risk loci, the 
co‑occurrence of, for example, inflammatory bowel dis-
ease (IBD) and T1D in individuals and families is not 
more common. In this Analysis, we examine the output 
of several recent IMD genetic studies carried out using 
the Immunochip microarray, systematically identify 
‘pleiotropic’ loci shared across IMDs, and discuss the 
complexities that are evident. We highlight loci that 
are phenotype-specific, and in particular flag shared 
loci where distinct variants are associated with differ-
ent diseases or where the susceptibility allele is shared 
but in opposite directions. As well as highlighting key 
immune-regulatory genes, these loci may signpost 
pathways that are critical for organ selectivity.

In addition, we focus on major areas of interest as 
the field moves from GWASs to the post-GWAS era, 
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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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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.

where the goals move to defining causal variants and 
understanding their impact on transcriptional regula-
tion and function in the relevant cell types. Important 
clues relating to environmental triggers and their 
interaction with genetically mediated mechanisms are 
described. We also discuss the increasing understand-
ing of the allelic spectrum of IMD susceptibility and 
how these patterns overlay the complex relationship 
between different IMDs. The genetic clustering of clini-
cally distinct phenotypes is quantified and discussed, 
and we reflect on the challenges that remain.

Association mapping and allelic architecture
The main goals of the Immunochip studies were the 
deep replication of GWAS data and fine mapping of 
confirmed susceptibility loci (BOX 1). A major inciden-
tal benefit has been the study of tens of thousands of 
patients with distinct IMDs using a common genotyp-
ing array. Loci included on an array owing to associa-
tion with one IMD have been genotyped in many other 
IMDs, aiding comparisons and driving new gene dis-
covery for many phenotypes. An unresolved question 
is what statistical threshold should be used to identify 

new associations, given the high prior probability of 
association for Immunochip SNPs compared to vari-
ants selected randomly from anywhere in the genome 
(for which P < 5 × 10−8 is conventionally used). For 
clarity in this Analysis we continue to use the GWAS 
significance threshold of P < 5 × 10−8, but this is clearly 
too conservative for Immunochip studies.

Notably, there is a strong correlation between 
sample size and the number of loci detected in both 
GWASs8 and Immunochip studies (FIG. 1). The number 
of new associations identified through Immunochip for 
each disease has, unsurprisingly, correlated with the 
numbers of new samples genotyped (that is, those not 
previously assessed by GWASs). The differing data-set 
sizes among IMDs have produced variation in statisti-
cal power for drawing firm conclusions regarding asso-
ciations, particularly with low-frequency risk alleles of 
modest effect. It can therefore be difficult to say with 
certainty that a particular phenotype is not associated 
with such loci, particularly in diseases in which only 
modest-size sample sets are available. Nevertheless, 
Immunochip has undoubtedly facilitated comparison 
of the molecular genetic architecture between IMDs, 
and has allowed a more thorough exploration of the 
extent and nature of the overlap, as discussed below.

Fine mapping. Relating to its ‘fine mapping’ goal, the 
use of Immunochip has narrowed the association 
signals to different extents across the various IMDs. 
Improved resolution has resulted from the use of 
tens of thousands of samples to define recombination 
rates and linkage disequilibrium (LD) blocks compared 
to the few hundred used in HapMap analyses, and 
from the genotyping of all identified variants within 
a region (rather than the condensed set present on 
GWAS chips). However, there are limitations to the 
Immunochip design, as indicated in BOX 1. These may 
affect some IMDs more than others, depending on the 
genetic architecture of each. For some loci the causal 
variant may not have been genotyped (particularly in 
cases in which it is a structural variant), and for others 
it will be impossible to identify using SNP genotyping 
and association mapping alone (for example, where up 
to 100 SNPs in tight LD show equivalent association 
signals). Resolution of causal variants in such instances 
is likely to require integration of expression and func-
tional data derived from relevant cell types; for example, 
identifying where SNPs implicated by association analy-
sis overlap regulatory motifs such as transcription factor 
binding sites in regions of open chromatin.

In coeliac disease, Immunochip has enabled approx-
imately half of known signals to be narrowed to indi-
vidual genes, and in some cases to subregions of genes. 
At almost all loci, a ‘credible’ set of polymorphisms that 
are likely to contain the causal variant (or variants) has 
been defined24. Notably, the risk attributable to these 
is not substantially greater than the original markers 
defined by GWASs. Investigators of rheumatoid arthri-
tis have refined associations to 1 gene or subregion in 
19 of 39 densely genotyped loci and, with additional 
bioinformatics analysis, provided suggestive evidence 

Box 1 | An overview of Immunochip 

Immunochip is an Illumina Infinium single-nucleotide polymorphism (SNP) 
microarray. The probes on this array interrogate 195,806 SNPs and 718 small 
insertion–deletions. The chip was designed in 2009 by investigators of 11 distinct 
autoimmune and inflammatory diseases24,95.
There were two major goals:
•	Deep replication of meta-genome-wide association studies (GWASs). The top 

2,000 independent association signals for each disease were included.

•	Fine mapping of GWAS loci. The content included all SNPs for which probes could be 
designed from the 1000 Genomes Project and resequencing data from various sources 
within all confirmed GWAS association intervals for each of the 11 immune-mediated 
diseases (IMDs). This was done without the filtering of SNPs on spacing or linkage 
disequilibrium, as had been used in earlier GWAS arrays. The chip also has dense 
coverage of the major histocompatibility complex (MHC) and killer immunoglobulin-
like receptor (KIR) loci. Overall, 186 loci are densely covered with SNPs.

The cost of the chip was approximately 20% of that of contemporary GWAS chips, 
thus enabling far more subjects to be studied. As the number of loci identified 
strongly correlates with sample size8, this has substantially increased the number of 
new IMD genes identified. In inflammatory bowel disease, for example, the total 
number of confirmed susceptibility loci has increased from 100 to 163, and in 
ankylosing spondylitis from 13 to 31. Genotyping using a uniform array has also 
enabled direct comparison across phenotypes much more readily than is possible 
using data from different GWAS arrays.

Limitations of Immunochip
•	It was designed using early 1000 Genomes Pilot data (February 2010 release) and it 

has incomplete coverage, particularly of lower frequency variation. Some of this 
variation can be filled in using imputation of genotypes; in some cases such imputed 
SNP data will show a stronger association signal than that seen for genotyped SNPs.

•	It is focused on SNP content rather than structural variants. The most-associated 
SNP may thus tag the causal variant rather than itself as being causal.

•	Approximately 10% of SNPs failed assay design and could not be included on the array.

•	The design was based on SNPs identified in individuals of European origin; variation 
present in non-European-origin populations is under-represented.

•	Newly identified loci are not densely covered.
Development of a cost-effective, updated Immunochip is the subject of discussion 
within the IMD genetics community and will depend on demand.
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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.

for a single causal variant at 7 of these9. In ankylos-
ing spondylitis, less than 10% narrowing of the region 
was observed for 4 of 8 loci; the resolution here being 
limited by extensive LD. Fine mapping remains an area 
of methodological development, and results for other 
IMDs are awaited10,11.

Genetic architecture. Although notably few rare (minor 
allele frequency (MAF) of less than 0.5%) coding muta-
tions causing IMDs have been identified so far, low-
frequency variants (MAF of 0.5 to 5%) do contribute to 
the allelic spectrum of IMDs. Low-frequency and rare 
variants are generally not tagged by GWAS arrays but 
they often confer relatively large effect sizes and can 
both pinpoint likely causal genes among many poten-
tial candidates and help to provide functional informa-
tion on pathogenic mechanisms. For example, early 
GWASs identified an association of Crohn’s disease and 
ankylosing spondylitis with a locus containing caspase 
recruitment domain family, member 9 (CARD9)12–14. 
After resequencing, an independent deleterious low-
frequency splice-site variant in CARD9 was identified15. 
This variant is protective against Crohn’s disease, ulcera-
tive colitis and ankylosing spondylitis, whereas the 
common variant that was detected in GWASs (and that 
is not in LD with the low-frequency variant) increases 
risk and correlates with increased CARD9 transcription 
in expression quantitative trait locus (eQTL) analyses15. 
Similar approaches have been successful in resolving 
interferon induced with helicase C domain 1 (IFIH1) 
as a causal gene in T1D16, and tumour necrosis factor 
alpha-induced protein 3 (TNFAIP3) in systemic lupus 
erythematosus (SLE)17.

In rare cases, highly penetrant mutations within loci 
identified by GWASs cause a familial or Mendelian dis-
ease, which phenotypically overlaps an IMD, further 
illustrating the spectrum of immune diseases. For exam-
ple, mutations in the three prime repair exonuclease 1 
(TREX1) gene cause Aicardi–Goutieres syndrome, which 
resembles cerebral lupus18; insulin (INS) mutations lead 
to neonatal diabetes mellitus19; nucleotide-binding oli-
gomerization domain-containing 2 (NOD2) mutations 
distinct from those associated with Crohn’s disease cause 
a systemic granulomatous inflammation termed Blau 
syndrome20; and interleukin-10 receptor beta (IL10RB) 
mutations lead to severe intestinal inflammation in 
infancy21, echoing the confirmed association of Crohn’s 
disease and ulcerative colitis to the IL10 gene locus22.

Distinct haplotypes within IMD susceptibility loci 
may confer independent effects. For some loci, the risk 
that can be attributed to them has increased markedly 
with the identification of such signals, as seen in the 
regression-based analysis of the association of IL12A 
with PBC23. Further Immunochip analyses have identi-
fied multiple associated haplotypes in roughly one-third 
of GWAS loci. In rheumatoid arthritis, 6 of 45 tested 
loci have multiple independent effects9, and this is also 
true for 14 of 40 loci (including human leukocyte anti-
gen (HLA) loci) in coeliac disease (5 of these have 3 or 
more risk haplotypes)24. Interestingly, where there was 
more than one association signal at a shared locus, in no 
instance was one signal concordant and the other dis-
cordant in our analysis: they were always either in the 
same direction (both concordant or both discordant) or 
one was correlated and the other not.

Loci that overlap between diseases
Although pleiotropy has long been recognized, 
Immunochip studies have highlighted subtleties that 
were not immediately evident from comparing GWAS 
results alone. Here we illustrate these subtleties by con-
sidering in detail Immunochip results for six key IMDs 
with large sample sets analysed so far: namely, anky-
losing spondylitis3, coeliac disease24, IBD25, psoriasis26,  
rheumatoid arthritis9 and T1D (J. Todd and S. Rich, per-
sonal communication) (see Supplementary information 
S1 (figure) for a summary of the results, Supplementary 
information S2 (box) for a description of our analyti-
cal methods, and Supplementary information S3 (table) 
for full results). Although sharing is common — 71 loci 
show associations at P < 5 × 10−8 with two or more of 
these diseases — it is also complex. Thus, overlap can 
comprise a shared locus for which the same SNP (or 
same haplotype) confers increased risk for more than one 
disease (‘correlated and concordant’); a shared locus for 
which the same haplotype increases risk for one disease 
but is protective for another (‘correlated but discordant’);  
or a shared locus for which different haplotypes are 
implicated (‘non-correlated’).

Many examples were found in each category. 
Pairwise, there were 416 instances of overlap: 45% were 
concordant, 14% discordant and 42% were not cor-
related. The extent of sharing and the degree of con-
cordance depends on which diseases are compared 

Figure 1 | Relationship between sample size and the number of associated loci 
with genome-wide significance.  A plot of sample size (total number of cases plus 
controls) against the number of associated loci detected that reach the genome-wide 
significance threshold of P < 5 × 10−8, for Immunochip and genome-wide association 
studies (GWASs)3,9,23–26. Strong correlation is shown: r2 = 0.94 when including a large 
inflammatory bowel disease study reported previously25; even if that large study is 
excluded the correlation remains strong, with r2 = 0.86.
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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.

(see Supplementary information S1,S3 (figure,table)). 
For example, between IBD and ankylosing spondyli-
tis, the lead SNP was correlated at 19 out of 20 shared 
loci, whereas for IBD and T1D, 19 loci were shared but 
the signal was not correlated for 6 of these; and for the 

13 loci that shared the same lead SNP the signal was  
discordant at 8 of them.

To aid interpretation, we have quantified the degree 
to which one IMD is enriched for loci shared by another 
(BOX 2). Although scores for IBD using this method are 

Reference disease Number of 
confirmed 
loci

Fold enrichment (number of shared loci)
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Ankylosing spondylitis 31 - 65 (9) 52 (20) 66 (9) 14 (5) 21 (5)

Coeliac disease 40 60 (9) - 33 (20) 59 (10) 43 (10) 42 (9)

Inflammatory bowel 
disease

163 20 (20) 17 (20) - 17 (21) 13 (22) 12 (19)

Psoriasis 36 63 (9) 61 (10) 39 (21) - 14 (5) 8 (4)

Rheumatoid arthritis 48 12 (5) 41 (10) 23 (22) 13 (5) - 22 (8)

Type 1 diabetes 43 20 (5) 41 (9) 19 (19) 6 (4) 23 (8) -

Box 2 | Extent and direction of sharing of loci between six immune-mediated diseases

The extent of sharing of loci between immune 
mediated diseases (IMDs) can be quantified by 
the number of overlapping loci and by an 
enrichment score. The enrichment score 
quantifies an enrichment odds ratio of one set of 
genomic intervals in a second set of genomic 
intervals relative to the genome as a whole. A 
genomic interval was defined as 250 kilobases 
(kb) on either side of each lead single-nucleotide 
polymorphism (SNP) (as only data for lead SNPs 
and not summary data for all SNPs in the loci were 
available to us, the boundaries of the loci had to be defined 
by distance), and overlapping intervals in two IMDs defined a 
shared locus. Enrichment scores and definition of a locus 
were calculated using a method described previously25.

Pairwise enrichment scores and the number of shared loci 
between six IMDs — ankylosing spondylitis 3, coeliac disease24, 
inflammatory bowel disease (Crohn’s disease and ulcerative colitis)25, 
psoriasis26, rheumatoid arthritis 9 and type 1 diabetes — are presented 
above (see the table). The total number of loci reported for each IMD is 
also given. For each IMD (shown as ‘Reference disease’ in the table), we 
computed the fold enrichment observed for susceptibility loci from each of the 
other five IMDs (columns). Thus, for example, the list of loci associated with 
ankylosing spondylitis has a 52‑fold enrichment of inflammatory bowel disease 
loci and a 21‑fold enrichment of type 1 diabetes loci.

The enrichment score is not symmetric. This is evident when comparing the 
enrichment scores from the inflammatory bowel disease list: the enrichment of ankylosing 
spondylitis loci in the inflammatory bowel disease list is 20‑fold, whereas the enrichment  
of inflammatory bowel disease loci in the ankylosing spondylitis list is 52‑fold. This reflects  
the substantially different sample sizes and study power for each disease, correlating with  
different numbers of confirmed susceptibility loci. Thus, inflammatory bowel disease has a much 
larger number of confirmed loci, producing a large denominator for all comparisons with this 
disease; hence, enrichment scores in the inflammatory bowel disease row seem generally low.

A second approach to quantify the extent of sharing of loci between two IMDs is to interrogate whether the reported 
index SNPs are correlated and, if so, to determine whether effects are concordant or discordant between the IMDs. The 
figure contains pairwise comparisons between the six IMDs considered, represented as pie charts (see the figure). Each pie 
chart is sized in proportion to the number of shared loci with correlated signals: green sectors represent concordant 
associations and red sectors represent discordant associations. See Supplementary information S1 (figure) for graphical 
representations of disease pairwise comparisons with annotations.
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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.

depressed by the large number of loci identified for 
this disease, the scores do highlight the close relation-
ship between the seronegative diseases Crohn’s disease, 
ulcerative colitis, ankylosing spondylitis and psoriasis. 
In addition, they show enrichment between coeliac dis-
ease and these conditions, perhaps hinting that immu-
nological interactions in the gut contribute to them all. 
There is a surprising lack of correlation between the two 
rheumatological conditions ankylosing spondylitis and 
rheumatoid arthritis; these diseases only share five loci, 
three with the same SNP implicated but correlated at 
just one of these. The enrichment score between them is 
among the lowest for any pairs, which suggests that dis-
tinct pathogenic pathways lead to joint inflammation in 
each case. So far, most drugs for ankylosing spondylitis 
are selected for trial owing to previously demonstrated 
efficacy in the treatment of rheumatoid arthritis; these 
genetic findings underline the importance of disease-
specific drug development based on a true understanding  
of pathogenic mechanisms.

Although future cross-phenotype studies using 
genotype-level data will facilitate further understand-
ing of the overlap, the analysis we have performed pro-
vides interesting insights. Overall, a surprisingly limited 
range of genes and pathways are found to contribute sub-
stantially to IMD risk. We briefly discuss a few of these 
below and summarize more of the pleiotropic genes and 
pathways and their disease associations in TABLE 1. The 
examples discussed have been selected for their impor-
tance, their mechanistic interest, their contemporary 
relevance derived from recent Immunochip studies and 
the increasingly evident complexity of their effects in 
different IMDs.

Major histocompatibility complex. The major histocom-
patibility complex (MHC) is an extremely gene-dense 
region with long-range LD and hundreds of immuno-
logically active genes. MHC loci were the first reported 
genetic associations with IMDs and, for most of the 
diseases, remain the strongest. Seropositive diseases are 
typically associated with HLA class II alleles: several clas-
sical autoimmune phenotypes (including coeliac dis-
ease, T1D, AITD, SLE and others)27 are associated with 
the HLA‑DR3‑DQ2 haplotype; rheumatoid arthritis is 
associated with different alleles of HLA‑DRB1 (REF. 28). 
By contrast, the seronegative diseases are generally 
associated with HLA class I alleles, and these tend to be 
disease-specific. For example, ankylosing spondylitis 
is associated with HLA‑B27 (REF. 29–31), psoriasis with 
HLA‑Cw6 (REF. 32), and Behçet’s disease with HLA‑B51 
(REF. 33). A notable exception is Crohn’s disease; although 
it is associated with SNPs in the MHC class I region, it is 
not associated with any classical HLA allele25.

Association of individual diseases with multiple MHC 
genes has long been suspected. However, the strength of 
the MHC associations and the extensive LD that they 
demonstrate has frustrated the dissection of these asso-
ciations. Using large data sets, dense SNP typing and 
improved analytical methods — including imputation of 
HLA alleles — multiple independent MHC signals have 
recently been reported in multiple sclerosis 34, T1D35, 

rheumatoid arthritis36, psoriasis37 and ankylosing spon-
dylitis3. For example, in addition to a very strong associa-
tion between HLA‑B27 and ankylosing spondylitis, HLA 
imputation studies using Immunochip data identified 
a further independent signal at HLA‑A*0201 (REF. 3). 
Similarly, alongside the strong HLA class II association 
with T1D, an independent association of HLA‑B*39 with 
this disease was found35. Recently, by imputing classi-
cal HLA alleles and amino-acid polymorphisms, the 
so‑called ‘shared epitope’ HLA‑DRB1 alleles associated 
with rheumatoid arthritis were refined to three amino 
acids within the peptide-binding groove, and further 
associations were identified at HLA‑B and HLA‑DPB1 
(REF.  36). Many more such independent MHC  
associations are likely to emerge soon.

Although most associations are with classical HLA 
alleles, it is likely that non-MHC genes in the MHC 
region also contribute to IMD heritability. Rare variant 
studies may help to distinguish the contributions of these 
polymorphisms from those of common haplotypes, as 
has been achieved for associations between complement 
genes and SLE38. 

IL‑23 and TH1 pathways. IL-23 and T helper 1 (TH1) 
pathways have a key role in regulating the immune 
response to exogenous antigens, and the contribution 
of the IL‑23 pathway to IMD pathogenesis has been par-
ticularly highlighted by genetics studies (FIG. 2; TABLE 1). 
In health, the IL‑23 pathway mediates defence against 
extracellular bacteria and antimicrobial responses at epi-
thelial surfaces, such as the skin and gut. Early GWASs 
demonstrated an association between the IL‑23 recep-
tor (IL23R) coding variant Arg381Gln (rs11209026) and 
several seronegative IMDs2,39,40. Many other variants in 
this gene were later found to have independent IMD 
associations.

Although TH17 lymphocytes (which are CD4+ and pro-
duce IL‑17) were initially assumed to be the main effec-
tors, several distinct IL‑23‑responsive IL‑17‑producing 
cell types are now implicated. More than one cell type 
may contribute in different contexts41. For many dis-
eases, association with IL23R was the first indication that 
IL‑23 and the downstream cytokines IL‑17 and IL‑22 
were involved in their pathogenesis. This finding has led 
to the development of targeted cytokine inhibitor thera-
pies that are now in widespread clinical use — an early 
success for the clinical translation of genetic findings.

Many other genes in the IL‑23 response pathway 
have been implicated in IMDs (FIG. 2). Perhaps unsur-
prisingly, pleiotropic effects are widespread. For exam-
ple, common variants at the tyrosine kinase 2 (TYK2) 
locus are associated with ankylosing spondylitis, pso-
riasis, Crohn’s disease, ulcerative colitis, T1D, multiple 
sclerosis, rheumatoid arthritis and PBC — interestingly, 
with little overlap in the specific allele implicated. Rare 
TYK2 polymorphisms add to the complexity: a variant 
predicted to influence RNA splicing is associated with 
ankylosing spondylitis with a high odds ratio of 7.7, and 
a distinct non-synonymous TYK2 variant predicted 
to affect phosphorylation activity is associated with  
multiple sclerosis42,43.
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Table 1 | Examples of genes and pathways that are associated with two or more immune-mediated diseases* 

Pathway or genes Positional candidate genes 
shared by ≥2 diseases 
(cytogenetic position)‡

Diseases associated with this pathway or ≥1 
of these loci (genes)

Diseases for which the main 
signal is discordant or not 
correlated with the others (gene)

IL‑23 and T
H
1 IL23R (1p31), IL12B (5q33), 

IL12A (3q25), TYK2 (19p13), 
JAK2 (9p24), STAT3 (17q21), 
STAT4 (2q32), IL27 (16p11) 
and CCR6 (6q27)

Ankylosing spondylitis (IL23R, IL12B, TYK2, JAK2, and 
IL27); IBD (IL23R, IL12B, TYK2, JAK2, STAT3, STAT4 
and IL27); psoriasis (IL23R, IL12B, TYK2 and STAT3); 
coeliac disease (IL12A and STAT4); rheumatoid 
arthritis (TYK2, STAT4 and CCR6); T1D (TYK2); SLE 
(TYK2, STAT4 and IL27); and multiple sclerosis (IL12B, 
IL12A, TYK2 and STAT3)

Psoriasis (IL12B); psoriasis and 
rheumatoid arthritis (TYK2); multiple 
sclerosis (STAT3 and TYK2); IBD and 
rheumatoid arthritis (STAT4)

NF-κB REL (2p16), TNFAIP3 (6q23), 
NFKB1 (4q24) and TNIP1 
(5q32)

IBD (REL, TNFAIP3 and NFKB1); psoriasis (REL, 
TNFAIP3, NFKB1 and TNIP1); coeliac disease (REL 
and TNFAIP3); rheumatoid arthritis (REL and 
TNFAIP3); T1D (TNFAIP3); SLE (TNFAIP3 and TNIP1); 
and multiple sclerosis (NFKB1)

Psoriasis (REL and TNFAIP3); 
rheumatoid arthritis (REL) and  
SLE (TNFAIP3)

Aminopeptidase ERAP1 (5q15) and ERAP2 
(5q15)

Ankylosing spondylitis (ERAP1 and ERAP2);  
IBD (ERAP2); and psoriasis (ERAP1 and ERAP2)

-

IL‑2 and IL‑21 IL2, IL21§ (4q26), IL2RA (10p15) 
and IL2RB (22q13)

IBD (IL2, IL21 and IL2RA); coeliac disease (IL2, IL21); 
rheumatoid arthritis (IL2, IL21, IL2RA and IL2RB); T1D 
(IL2, IL21, IL2RA and IL2RB); and multiple sclerosis 
(IL2RA)

IBD (IL2, IL21) and coeliac disease 
(IL2RA)

IRF family IRF4 (6p25), IRF5 (7q32), IRF7 
(11p15) and IRF8 (16q24)

IBD (IRF5 and IRF8); psoriasis (IRF4); coeliac disease 
(IRF4); rheumatoid arthritis (IRF5 and IRF8); SLE 
(IRF5, IRF7 and IRF8); and multiple sclerosis (IRF8)

Psoriasis (IRF4) and rheumatoid 
arthritis (IRF8)

T-cell co-stimulation CD40 (20q12), CD28, CTLA4, 
ICOS§ (2q33) and ICOSLG 
(21q22)

Ankylosing spondylitis (ICOSLG); IBD (ICOSLG); 
coeliac disease (CD28, CTLA4 and ICOSLG); 
rheumatoid arthritis (CD40, CD28 and CTLA4); T1D 
(CD28, CTLA4); and multiple sclerosis (CD40)

Coeliac disease (ICOSLG) and IBD 
(CD40)

PTPN2, PTPN22 PTPN2 (18p11) and PTPN22 
(1p13)

IBD (PTPN2 and PTPN22); coeliac disease (PTPN2); 
rheumatoid arthritis (PTPN22); T1D (PTPN2 and 
PTPN22); and SLE (PTPN22)

Crohn’s disease (PTPN22)

Ubiquitylation UBE2L3 (22q11) Ankylosing spondylitis, IBD, psoriasis, coeliac 
disease, rheumatoid arthritis, SLE and multiple 
sclerosis

-

Viral response IFIH1 (2q24) IBD, psoriasis, T1D and SLE IBD

Other IL10 (1q32) IBD, T1D and SLE T1D

IL18RAP (2q12), IBD, coeliac disease and T1D -

FCGR2A (1q23), Ankylosing spondylitis, IBD (ulcerative colitis), 
rheumatoid arthritis, T1D, SLE and multiple sclerosis

Ulcerative colitis

PTGER4 (5p13) Ankylosing spondylitis, IBD and multiple sclerosis -

BACH2 (6q15), Ankylosing spondylitis, IBD, coeliac disease, T1D 
and multiple sclerosis

IBD

CARD9 (9q34), Ankylosing spondylitis and IBD -

ZMIZ1 (10q22), IBD, psoriasis, coeliac disease and multiple sclerosis -

YDJC (22q11), IBD, psoriasis, coeliac disease, rheumatoid arthritis 
and SLE

-

TAGAP (6q25) IBD, psoriasis, coeliac disease, rheumatoid arthritis, 
T1D and multiple sclerosis

Rheumatoid arthritis, T1D

PRDM1 (6q21) IBD, rheumatoid arthritis and SLE Rheumatoid arthritis, SLE

BACH2, BTB and CNC homology 1, basic leucine zipper transcription factor 2; CARD9, caspase recruitment domain family, member 9; CCR6, CC chemokine 
receptor 6; CTLA4, cytotoxic T lymphocyte-associated protein 4; ERAP1, endoplasmic reticulum aminopeptidase 1; FCGR2A, Fc fragment of IgG, low affinity IIa, receptor 
(CD32); IBD, inflammatory bowel disease; ICOS, inducible T‑cell co‑stimulator; ICOSLG, ICOS ligand; IFIH1, interferon induced with helicase C domain 1; 
IL18RAP, interleukin-18 receptor accessory protein; IL23R, interleukin‑23 receptor; IRF, interferon regulatory factor; JAK2, Janus kinase 2; NFKB1, nuclear factor 
of kappa light polypeptide gene enhancer in B cells 1; PRDM1, PR domain containing 1, with ZNF domain; PTGER4, prostaglandin E receptor 4 (subtype EP4); 
PTPN2, protein tyrosine phosphatase, non-receptor type 2; SLE, systemic lupus erythematosus; STAT3, signal transducer and activator of transcription 3; T1D, 
type 1 diabetes; TAGAP, T cell activation RhoGTPase activating protein; T

H
1, T helper 1; TNIP1, TNFAIP3 interacting protein 1; TNFAIP3, tumour necrosis factor 

alpha-induced protein 3; TYK2, tyrosine kinase 2; UBE2L3, ubiquitin-conjugating enzyme E2L 3; ZMIZ1, zinc finger, MIZ-type containing 1.*For more details and 
references of the individual studies see the ImmunoBase website. ‡The lead positional candidate gene for the respective association interval (identified by 
genome-wide association studies and interrogated on Immunochip) is shown. Note that in some cases these genes have not yet been confirmed as causal and 
that many loci contain several candidate genes. §Two of the loci highlighted here contain more than one strong candidate gene: IL2 and IL21; and CD28,  
CTLA4 and ICOS. 
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IL‑12 and IL‑23 cytokines and receptors, which 
crucially influence TH1 and TH17 cell differentiation, 
respectively, are closely related and their pathways share 
many components (FIG. 2). In addition, the IL23R and 
IL12RB2 genes are adjacent, and eQTL data suggest 
that IMD-associated variants at this locus can affect the 

expression of both genes. Furthermore, IL12B, which 
is associated with several seronegative IMDs, includ-
ing IBD, psoriasis, multiple sclerosis and ankylosing 
spondylitis, encodes the p40 component that is shared 
between IL‑12 and IL‑23 heterodimers. Both signal 
transducer and activator of transcription 3 (STAT3) 
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Figure 2 | Associations of components of the IL‑23R response pathway with immune-mediated diseases.  Multiple 
components of the interleukin‑23 receptor (IL‑23R) response pathway show genome-wide significant associations with a 
broad range of immune-mediated diseases (IMDs); that is, these components map within genomic intervals that are 
associated with the respective disease in genome-wide association studies or Immunochip analyses with P < 5 × 10−8. 
Although this figure shows these components in the conventional context of T helper 1 (T

H
1) and T

H
17 lymphocytes, it is 

now recognized that they are widely expressed in innate lymphoid cells and also atypical lymphocytes. All of these cell 
types are candidates for their site of action in IMD predisposition, and the specific cell type may vary from phenotype to 
phenotype. CARD9, caspase recruitment domain-containing protein 9; CCR6, CC chemokine receptor 6; IFNγ, 
interferon-γ; JAK2, Janus kinase 2; NF‑κB, nuclear factor-κB; PTGER4, prostaglandin E2 receptor EP4 subtype; STAT3, 
signal transducer and activator of transcription 3; TYK2, tyrosine kinase 2.
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TH1 lymphocytes
(T helper 1 lymphocytes). 
A subset of T helper cells that 
produce interferon‑γ (and 
other cytokines) and that 
activate macrophages.

and STAT4, which are expressed in TH17 and TH1  
lymphocytes, respectively, show notable and overlap-
ping pleiotropic effects (FIG. 2). Interestingly, there are 
three independent STAT4 signals for coeliac disease, 
and a further independent signal at this locus is shared 
by Crohn’s disease and rheumatoid arthritis, but it has 
discordant effects.

Nuclear factor-κB and its regulators. Nuclear factor-κB 
(NF‑κB) is a highly conserved and ubiquitously 
expressed master transcriptional regulator of inflamma-
tion. It is constitutively present in the cytoplasm and its 
canonical pathway is activated rapidly by a variety of 
danger signals, including cytokines (TNF, IL‑1β) and 
microbial motifs (through Toll-like receptors (TLRs) 
and NOD-like receptors). GWAS meta-analyses and 
Immunochip studies have identified associations 
between several NF‑κB components and multiple IMDs. 
Although individual effect sizes are modest, NF‑κB 
components have been highlighted by the enhanced 
power of bioinformatic techniques to detect patterns 
in association data and of network analyses to identify 
causal genes from among many positional candidates, 
when using very large Immunochip data sets25,44.

Some susceptibility genes cluster with seropositive or 
seronegative IMDs, but susceptibility genes involved in 
the NF‑κB pathway are truly pleiotropic. Of the five pro-
teins in the human NF‑κB family, loci encompassing the 
REL and NFKB1 genes have shown the most IMD asso-
ciations so far: REL with rheumatoid arthritis, coeliac 
disease, psoriasis, Crohn’s disease and ulcerative colitis; 
and NFKB1 with multiple sclerosis, psoriasis and ulcera-
tive colitis. Genes that are directly involved in NF‑κB 
regulation, for example, by ubiquitylation of NF‑κB, have 
also been widely implicated. For example, ubiquitin-
conjugating enzyme E2L 3 (UBE2L3), which encodes a 
protein that ubiquitylates the NF‑κB1 precursor p105 to 
target it for degradation, is associated with rheumatoid 
arthritis, coeliac disease, SLE, multiple sclerosis, anky-
losing spondylitis and Crohn’s disease; and the TNFAIP3 
locus is associated with rheumatoid arthritis, coeliac dis-
ease, T1D, SLE, scleroderma, psoriasis, Crohn’s disease 
and ulcerative colitis.

TNFAIP3 (also known as A20) is a ubiquitin-editing 
enzyme with potent anti-inflammatory properties medi-
ated by NF-κB inhibition45. A20 expression is induced 
rapidly by TNF, microbial TLR ligands, NOD-like 
receptors and other NF‑κB-dependent signals to pro-
vide important negative feedback. Although associated 
with many IMDs, TNFAIP3 shows substantial allelic 
heterogeneity. The same non-coding variant seems to 
contribute to rheumatoid arthritis, coeliac disease, T1D 
and ulcerative colitis, but this is distinct from the lead 
psoriasis SNP, and SLE and scleroderma are associated 
with another independent signal, a non-synonymous 
coding variant known to impair A20 function. In  
addition, TNIP1, which encodes a TNFAIP3‑interacting  
protein, is associated with psoriasis and SLE.

Functional data relating to TNFAIP3 are interesting: 
various IMD phenotypes result from conditional knock-
outs in mice. Animals lacking A20 in myeloid lineages 

develop an erosive polyarthritis similar to rheumatoid 
arthritis46, whereas deletion of A20 in dendritic cells pro-
duces T-cell-dependent colitis, ankylosing spondylitis 
and enthesitis47. Mice with A20‑deficient B cells spon-
taneously develop an autoimmune condition analogous 
to SLE, with increased plasma cells, autoantibodies and 
renal immunoglobulin deposition48. A20 thus seems 
to have a central role in immune homeostasis, and its 
cell-specific deletion triggers inflammatory pheno-
types closely matching those seen in at least some of the  
diseases genetically associated with TNFAIP3.

Interferon regulatory factor proteins. Another group of 
proteins whose contribution to IMD pathogenesis has 
been highlighted by Immunochip studies is the inter-
feron regulatory factor (IRF) family. These transcrip-
tion factors have diverse roles, including virus-mediated 
activation of interferon, immunoregulation and modu-
lation of cell growth, differentiation and apoptosis. The  
locus encoding IRF4, which is widely expressed in  
the cells of the immune system and regulates both 
IL‑17A and IL‑21 production, has been associated 
with psoriasis and coeliac disease, whereas distinct 
loci for IRF5 and IRF8 have been associated with PBC, 
rheumatoid arthritis, scleroderma, multiple sclerosis, 
Crohn’s disease and ulcerative colitis. IRF5 polarizes 
macrophages towards the M1 microbicidal phenotype. 
It also directly activates transcription of IL12A, IL12B 
and IL23A, and represses IL‑10, hence priming a potent 
TH1–TH17 response49. IRF8 is critical for the develop-
ment of monocytes and dendritic cells, and mutations 
in this gene lead to human primary immunodeficiencies 
and loss of antimycobacterial immunity50. These asso-
ciations have raised interest in the overlap among loci 
for IMD susceptibility, immunodeficiency and risk of 
infection, as discussed below. In addition, IRF1 (among 
other strong positional candidates) has been associated 
with psoriasis, ulcerative colitis and Crohn’s disease.

Aminopeptidases. Aminopeptidases catalyse the cleav-
age of amino‑terminal amino acids from peptides and, 
among other functions, trim peptides to the optimal 
length for HLA class I presentation (FIG. 3). Variants 
in several aminopeptidase genes  —  endoplasmic 
reticulum aminopeptidase 1 (ERAP1), ERAP2, leucyl/
cystinyl aminopeptidase (LNPEP) and aminopepti-
dase puromycin sensitive (NPEPPS) — are associated 
with ankylosing spondylitis2, and there are concordant 
associations of ERAP1 with psoriasis51, and of ERAP2 
with IBD52.

The ERAP1 variants show protective association 
with ankylosing spondylitis and psoriasis. They reduce 
cleavage of peptides in vitro and reduce HLA class I 
expression. The ERAP2 allele is also protective for 
ankylosing spondylitis and Crohn’s disease; it causes 
splice site variation, decay of ERAP2 mRNA and the 
absence of translated protein53. Together, these find-
ings suggest that reduced peptide presentation by HLA 
class I molecules is protective for seronegative diseases. 
ERAP2 and, to a lesser extent, ERAP1 are subject to 
balancing selection53,54 (as are the HLA loci). This 
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probably reflects the need to preserve genetic diversity 
in key immune-response genes.

An interesting mechanistic observation reported in 
the index GWASs was evidence of gene–gene interaction 
between ERAP1 and HLA‑B27 in ankylosing spondylitis14,  
and between ERAP1 and HLA‑Cw6 in psoriasis 51. These 
represent the most robust examples of epistasis reported 
in common human diseases so far. The finding suggests 
that the mechanisms by which HLA‑B27 induces anky-
losing spondylitis, and HLA‑Cw6 induces psoriasis,  
are closely related.

The IL-2 and IL-21 T cell activation pathway. The 
cytokines IL‑2 and IL‑21 regulate the growth, pro-
liferation and differentiation of T cells and also regu-
late thymic T  cell maturation. The approximately 
400‑kilobase (kb) region on chromosome 4q27 encoding 
IL2 and IL21 has been associated with coeliac disease, 
T1D, ulcerative colitis and rheumatoid arthritis. It has 
unusually strong LD and, even though tens of thousands 
of individuals have been studied, is has not been possible 
to narrow the association signal to either gene24.

Expression of IL‑2R is a defining feature of CD4+ 
regulatory T  cells, but IL‑2R is also expressed on  
CD4+ memory T cells and can be upregulated following 
stimulation of several innate immune cells. Several hap-
lotypes at the IL2RA locus, which encodes one IL‑2R 
subunit, are associated with IBD, T1D, multiple scle-
rosis, rheumatoid arthritis and vitiligo. IL2RB, which 
encodes the other subunit, is associated with rheuma-
toid arthritis and T1D. The functional role of IL2RA 
variants has been dissected in detail in human leukocyte 
samples55. Correlation between distinct T1D‑associated 
haplotypes and surface expression of IL‑2RA is complex 
and cell-type specific — issues that may be mirrored for 
other IMD-associated genes.

Discordant associations
A notable feature that is apparent from the Immunochip 
data is the number of loci shared between IMDs 
for which the same SNP shows the strongest asso-
ciation, but in opposite directions (BOX 2; TABLE 1; see 
Supplementary information S1,S3 (figure,table)). This 
discordancy is particularly common between seronega-
tive and seropositive diseases, and may help to explain 
the lack of obvious familial clustering across this divide. 
Thus, variants at each of IL27, IL10, STAT3, CD40 and 
FCGR2A (Fc fragment of IgG, low affinity IIa, receptor 
(CD32)) are associated with increased risk of Crohn’s 
disease, ulcerative colitis, Behçet’s disease and ankylos-
ing spondylitis, but are protective against some or all of 
T1D, rheumatoid arthritis, SLE and multiple sclerosis. 
For example, at FCGR2A, which encodes a cell-surface 
receptor on phagocytes, His131 is a risk allele for ulcera-
tive colitis but is protective for SLE, multiple sclerosis 
and T1D. The ‘opposite’ Arg131 variant, which has 
lower affinity for immunoglobulin G (IgG) immune 
complexes, is the risk allele for SLE, multiple sclerosis 
and T1D.

The non-synonymous variant, Arg620Trp, in 
the gene encoding protein tyrosine phosphatase 22 
(PTPN22) confers a sizable odds ratio of 1.78 for rheu-
matoid arthritis9 and was identified before the GWAS 
era56–58. The same allele, which is almost certainly causal, 
was later found to increase the risk of T1D, SLE, vitiligo, 
AITD and ulcerative colitis. Although ulcerative colitis 
and Crohn’s disease are closely related phenotypes, this 
variant is actually protective against Crohn’s disease. 
PTPN22 encodes a lymphoid tyrosine phosphatase that 
modulates T cell receptor signalling. The Arg620Trp 
variant facilitates cleavage in vitro by calpain 1 and is 
more readily ubiquitylated, leading to its degradation by 
the proteasome. The lower levels of PTPN22 result in 
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Figure 3 | Associations of components of the major histocompatibility complex 
class I antigen processing pathway with immune-mediated diseases.  Antigenic 
proteins are degraded in the proteasome and trimmed by cytoplasmic aminopeptidases 
(namely, aminopeptidase puromycin sensitive (NPEPPS) and leucyl/cystinyl 
aminopeptidase (LNPEP)) before delivery by ‘transporter associated with antigen 
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to the specific aminopeptidase genes are associated at P < 5 × 10−8 with susceptibility to 
seronegative immune-mediated diseases ankylosing spondylitis1,3, psoriasis51, Behçet’s 
disease96 and inflammatory bowel disease52, with strong evidence of interaction between 
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spondylitis14 and psoriasis51. β2m, β2-microglobulin; TCR, T cell receptor. 
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impaired dephosphorylation of substrates, thus increas-
ing T cell receptor signalling and activation59. The cor-
relation of the Crohn’s-disease-associated variant with 
T cell suppression mirrors the paradoxical association 
between Crohn’s disease and NOD2 variants that inhibit 
pro-inflammatory signalling in innate immune cells. 
These observations add to the evidence that Crohn’s 
disease may represent an atypical immunodeficiency 
state25,60.

As discussed above, multiple IL‑23 pathway associa-
tions are shared across several seronegative IMDs, but 
the direction of effect is inconsistent for some. For exam-
ple, the STAT3 risk allele for Crohn’s disease is protec-
tive against multiple sclerosis; and the minor allele at 
rs6887695 that lies adjacent to the IL12B gene, which 
encodes the p40 subunit shared by IL‑12 and IL‑23, is 
protective for psoriasis but is a risk allele for Crohn’s  
disease and ankylosing spondylitis.

Consistent with discordant genetic associations, 
treatments targeting one IMD may inadvertently pro-
voke or exacerbate another. For example, the rs1800696 
variant of TNF receptor 1 (TNFR1; also known as 
TNFRSF1A), is protective for ankylosing spondylitis 
but increases the risk of multiple sclerosis. This SNP 
affects TNFR1 splicing, leading to loss of the transmem-
brane domain and an increase in the level of soluble 
TNFR1 (REF. 61). Notably, anti-TNF therapy is highly 
effective for ankylosing spondylitis, but can induce 
and exacerbate multiple sclerosis. In another example, 
IL6R polymorphisms show concordant association with 
ankylosing spondylitis and rheumatoid arthritis, but dis-
cordant association with coronary heart disease (which 
is increasingly recognized as an inflammatory pheno-
type). IL‑6R inhibition is therapeutic for rheumatoid 
arthritis62 but can increase cholesterol and low-density 
lipoprotein levels, raising concerns about the long-term 
effects of IL‑6R inhibition on vascular health63. Also 
echoing a discordant genetic association, in the context 
of the IL‑23 and TH1 pathway (discussed above), safety 
concerns have been raised regarding IL‑17-specific anti-
body therapy, which is effective for psoriasis but exac-
erbates Crohn’s disease64. A better understanding of the 
genetic and immunological signals might have antici-
pated these problems: Crohn’s disease is associated with 
excess TH17 activation, whereas deficient TH17 activa-
tion owing to mutations in STAT3 leads to hyper-IgE 
syndrome, which is associated with recurrent extracel-
lular bacterial and fungal infections65. Understandably, 
in this context IL‑17-specific antibody therapy trialled 
in Crohn’s disease caused mucocutaneous candidiasis in 
some patients, emphasizing the delicate regulation of gut 
mucosal immunity by IL‑17.

The presence of discordantly associated variants 
emphasizes the functional importance of the impli-
cated genes, but in most cases their precise biological 
impact and how this translates to phenotypic differences 
between IMDs awaits future study.

Disease-specific susceptibility loci
Although many IMD susceptibility loci are pleiotropic, 
some are convincingly phenotype-specific. Interestingly, 

these often confer large effect sizes. Consequently, they 
were among the first complex disease loci to be iden-
tified, using modestly powered sample sets for candi-
date gene analysis, association mapping within linkage  
intervals or early GWASs.

Phenotype-specific HLA associations have been 
discussed above. These are a feature of seronegative dis-
eases, whereas seropositive phenotypes often share HLA 
haplotypes. Non-HLA examples in seronegative diseases 
include NOD2 (per-allele odds ratio = 3) and autophagy 
related 16‑like 1 (ATG16L1) (per-allele odds ratio = 1.23) 
in Crohn’s disease; and hepatocyte nuclear factor 4 alpha 
(HNF4A) (per-allele odds ratio = 1.23) in ulcerative colitis. 
The associations at NOD2 and autophagy genes ATG16L1 
and IRGM (immunity-related GTPase family M)  
first highlighted defective handling of intracellular bacte-
ria as important in Crohn’s disease pathogenesis66–70; and 
the HNF4A association has implicated epithelial barrier 
defects as an ulcerative colitis‑specific mechanism71.

Phenotype-specific associations in seropositive IMDs 
particularly implicate genes that encode relevant autoan-
tigens. Examples of this include INS (encoding insulin) 
in T1D, TSHR (encoding thyroid stimulating hormone 
receptor) in Graves’ disease72, and PRTN3 (encoding 
proteinase 3) in anti-neutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis73. Genes that are involved 
in producing the auto-antigen are also implicated, 
such as PADI4 (encoding peptidyl arginine deiminase, 
type IV) in rheumatoid arthritis74; PADI4 citrullinates 
peptides targeted by anticitrullinated peptide antibodies, 
which are highly specific for rheumatoid arthritis.

Given the phenotype specificity of these loci, their 
generally large effect sizes and their links to specific 
pathogenic pathways, it is likely that they have key 
phenotype-determining roles for each IMD. Their pen-
etrance is likely to depend on their co‑segregation with a 
‘permissive’ number of pleiotropic risk alleles. Other fac-
tors, including discordant loci and ‘chance effects’ such 
as the nature or route and timing of environmental expo-
sures (with regard to the developing immune system and 
recognition of self versus non-self antigens), clearly also 
have a major role in determining specific IMD pheno-
types. Although identifying pleiotropic loci may point to 
common pathways against which new therapies can be 
directed, targeting non-pleiotropic pathways may pro-
duce effective, disease-specific therapies with less sys-
temic toxicity than drugs that disrupt central immune 
mechanisms.

Genetic clues for environmental triggers
An emerging theme is the overlap between the genetic 
loci that confer susceptibility to seronegative IMDs and 
those that alter the risk of infection. This is particularly 
the case for Crohn’s disease and mycobacteria, for which 
seven out of eight risk loci for Mycobacterium leprae 
infection are confirmed Crohn’s disease susceptibility 
loci (in six of these cases the same SNP is implicated). 
Marked overlap is also seen between Crohn’s disease 
and Mendelian susceptibility to mycobacterial dis-
ease. The relationships are complex: some associations 
are concordant and others discordant25. It is currently 
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unclear whether these signals reflect an evolutionary 
signature of resistance to mycobacterial disease that 
confers increased risk of Crohn’s disease or a direct role 
of mycobacteria or other microorganisms in Crohn’s 
disease pathogenesis.

Few formal statistical tests for gene–environment 
interactions in IMDs have been performed so far. There 
is evidence that smoking interacts with risk alleles at 
HLA DRB1*16 and HLA A*02 in multiple sclerosis75. 
In rheumatoid arthritis there is an interaction among 
smoking, anticitrullinated protein antibodies (a hall-
mark of seropositive rheumatoid arthritis), the 620Trp 
variant in PTPN22 and ‘shared epitope’ HLA‑DRB1 
alleles76–78. Adding these genetic risk factors to smok-
ing alone increases the risk ratio from approximately 1.5 
to greater than 20. Different lines of evidence suggest 
that smoking induces citrullinated and perhaps other 
autoantigens in the lung, and implicate periodontitis 
induced by Porphyromonas gingivalis in the poten-
tial breakdown of self-tolerance to these peptides79; 
rheumatoid arthritis may then occur in genetically  
susceptible individuals.

Several IMD-associated genetic loci affect host 
responses to viral infection. For example, the IFIH1 locus 
contains a common variant signal, as well as multiple 
low-frequency coding variants, associated with T1D16,80. 
These variants lead either to lower IFIH1 expression or 
reduced protein function81. The IFIH1 protein senses 
double-stranded RNA during picornavirus replication. 
One such picornavirus, enterovirus, has been implicated 
in T1D aetiology by epidemiological studies. The IFIH1 
locus has also been associated with IBD25, psoriasis51, 
SLE82 and vitiligo83. In addition, the region encoding 
TLR7 and TLR8 is associated with T1D84 and coeliac 
disease85, and these proteins recognize viral endoso-
mal single-stranded RNA. Furthermore, the IRF family  
proteins (discussed above) mediate virally induced 
interferon-α (IFNα) and IFNβ production.

Discussion and future directions
Possible evolutionary origins. The key question that 
arises is how best to explain the plethora of shared vari-
ants that increase predisposition to IMD concordantly or 
discordantly. Clearly, immune-regulatory mechanisms 
operate within a range of tolerances. They vary among 
individuals and among cell types, reflecting genetic and 
epigenetic diversity and contributing in part to IMD 
susceptibility.

Many pleiotropic loci encompass genes that affect 
proximal events in T  cell receptor signalling and 
co‑stimulation, hence influencing adaptive immunity; 
examples include PTPN22, CD45, cytotoxic T lym-
phocyte-associated protein 4 (CTLA4) and inducible 
T cell co‑stimulator ligand (ICOSL). It is intuitive that 
in environments in which pathogens are encountered 
frequently, a selective advantage would be conferred by 
a finely set immune-response trigger that also efficiently 
primes immune memory to foreign antigens. However, 
in a modern and clean environment that has altered 
‘training’ of the developing immune system by reduced 
exposure to microorganisms in infancy, increased 

exposure to as‑yet-unidentified environmental triggers 
and a contribution from phenotype-specific genes, this 
finely set trigger may predispose to IMD. Such an argu-
ment may, for example, pertain to the common IL23R 
coding variant Arg381Gln that is present in approxi-
mately 90% of healthy controls and 95% of patients with 
Crohn’s disease, ankylosing spondylitis and psoriasis; 
the low-frequency, protective arginine allele attenuates 
IL‑23‑induced TH17 cell effector function86, whereas 
the common glutamine allele enhances this. The glu-
tamine allele presumably conferred selective advantage 
through infection-prone evolutionary history but is now  
associated with IMD predisposition.

Missing heritability. For all IMDs studied, a substantial 
proportion of heritability (estimated from epidemiologi-
cal and twin data) is yet to be accounted for87. Part of 
this heritability probably lies in common variant loci 
that have effect sizes that are too small to detect using 
a conventional P < 5 × 10−8 significance threshold, at 
least using tractable sample sizes. Recent analyses show 
that many hundreds (perhaps thousands) of such loci 
contribute to the genetic variance of complex traits, 
including IMDs88–91. The extent to which rare variants 
contribute to IMD susceptibility is currently unknown, 
but should become clearer with the widespread appli-
cation of whole-genome sequencing and the develop-
ment of new statistical approaches to analyse these data. 
Although rarer variants associated with IMDs have so far 
had large effect sizes, this probably represents a biased 
view as these studies have lacked statistical power to 
detect smaller effects.

Cross-disease and trans-ethnic studies. Analysing mul-
tiple disease data sets simultaneously — for example, 
grouping seropositive and seronegative data sets and 
deploying multinomial analyses — is likely to extend 
knowledge regarding pleiotropy and identify more 
IMD genes. There is also interest in analysing genotype 
data in light of more detailed clinical information — for 
example, using disease subphenotypes and serological 
biomarkers. For some phenotypes the loss of power 
incurred by analysing subsets within each disease will 
be more than offset by the reduced heterogeneity and 
increased signal-to‑noise ratios. Trans-ethnic studies are 
also underway, and will leverage different patterns of LD 
to help pinpoint causal variants.

Defining causal genes and the cells in which they act. 
A key challenge is to identify which gene among the 
many positional candidates in each association interval 
is causal, and in which cell type it exerts an effect; resolv-
ing this will have a critical bearing on downstream func-
tional analyses. A variety of informatics approaches have 
been deployed to identify causal genes, including those 
used in the recent IBD Immunochip analysis25. With 
regard to cell of origin, statistical methods based on tran-
scriptional profiles have been used to identify cell types 
enriched for the expression of susceptibility genes for 
specific IMDs92. For example, this approach has impli-
cated dendritic cells in Crohn’s disease pathogenesis25.
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