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Abstract
Genetic studies in complex diseases have been highly successful, but have also been largely one-dimensional: predominantly focusing on the genetic contribution to disease susceptibility. While this is undoubtedly important – indeed it is a pre-requisite for understanding the mechanisms underlying disease development – there are many other important aspects of disease biology that have received comparatively little attention. In this review, I will discuss how existing genetic data can be leveraged to provide new insights into other aspects of disease biology, why such insights could change the way we think about complex disease, and how this could provide opportunities for better therapies and/or facilitate personalized medicine. To do this, I will use the example of Crohn’s disease – a chronic form of inflammatory bowel disease that has been one of the main success stories in complex disease genetics. Indeed, thanks to genetic studies, we now have a much more detailed understanding of the processes involved in Crohn’s disease development, but still know relatively little about what determines the subsequent disease course (prognosis) and why this differs so considerably between individuals. I will discuss how we came to realise that genetic variation plays an important role in determining disease prognosis and how this has changed the way we think about Crohn’s disease genetics. This will illustrate how phenotypic data can be used to leverage new insights from genetic data and will provide a broadly applicable framework that could yield new insights into the biology of multiple diseases. 
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It is nearly 100 years since Ronald Fisher first proposed the genetic model that underpins our current understanding of complex disease genetics: that traits (or diseases) are likely to be determined by the inheritance of a sufficient number of “risk” alleles from across the genome, assuming an appropriate environmental context1. This model was in sharp contrast to traditional thinking of the time, which was based on Mendelian genetics, but proved to be a seminal insight since it explained why certain anthropometric features, such as height and hair colour, ran in families, even though they could not be explained by Mendelian genetics – a conundrum that had puzzled several eminent scientists since the late 19th century2. Interestingly, however, it then took nearly 90 years, and the advent of genome-wide association studies (GWAS), to definitively validate this model, and in so doing provide novel insights into the aetiology of complex diseases and phenotypic traits. For example, the role of autophagy in Crohn’s disease3, or of glutamate signaling and neuronal synaptic function in obesity4, had not been appreciated before single nucleotide polymorphism (SNP) associations were detected in, or near to, genes involved in these pathways. For this reason, GWAS studies of complex diseases and traits are rightly considered to have been a major success5 – especially considering the paucity of knowledge that had emerged from many years of largely unsuccessful linkage studies. Nonetheless, it is important to remember that by comparing the genetic profiles of patients who have a particular disease with those of healthy controls, conventional GWAS is designed to identify genetic variants that are involved in disease risk or susceptibility. Other aspects of disease biology, such as age at diagnosis, disease distribution, or the clinical course of disease are all ignored in conventional GWAS design. This has resulted in a notable imbalance in our understanding of complex disease genetics, for while we know much about the genetic contribution to disease risk, we understand very little about the contribution to other aspects of disease biology (or even whether there is any contribution at all). Here, I will review some insights that are beginning to emerge from genetic studies that go beyond simple analyses of disease susceptibility into other, clinically-important aspects of disease biology – particularly clinical outcome, or prognosis. 

Prognosis – a variable and unpredictable aspect of disease biology
In almost all complex diseases, the clinical course and eventual outcome (or prognosis) of disease can vary substantially from patient to patient6-8. This variability is usually unpredictable, which makes assigning patients to the most appropriate treatment a major challenge in modern medicine9. Too potent a therapy will expose an affected individual to unnecessary risks and possible side-effects related to the medication, while a treatment that is not strong enough to control an individual’s disease will inevitably lead to disease-related morbidity and possible complications. Indeed, from a clinical point-of-view, disease prognosis is probably the most important aspect of disease biology, as it can make the difference between an excellent long-term outcome or a torrid, treatment-refractory course leading to progressive disability and/or death. Importantly, patients also prioritise disease prognosis over disease diagnosis, with questions such as “How will this disease affect my life?” being a much greater concern than “What caused this disease to develop?”. Despite this, the determinants of prognosis in most complex diseases remain poorly understood. It has been noted, however, that in families where more than one member is affected by a particular disease, the pattern of disease behavior is often similar10-12. For example, in a cohort of 262 co-affected siblings with multiple sclerosis, significant concordance was observed for measures of disability, disease progression, and eventual handicap12. This, together with similar observations in other diseases10,11, suggested that there might be a genetic contribution to disease course, and led investigators to begin to explore whether they could link specific genetic variants to disease outcome.

The role of disease susceptibility variants in prognosis
To date, most studies into the genetics of prognosis in autoimmune and inflammatory diseases have focused upon disease susceptibility variants. As such, the majority of these experiments have been conducted as candidate gene studies (investigating a limited number of variants rather than using a genome-wide approach) and the results have been highly variable. For example, in Crohn’s disease, individual studies have reported associations between variants in: TLR10 and inflammatory behaviour and need for surgery13, IRGM and fistulating behaviour14, and SMAD3 and need for recurrent surgery15. However, these results – and others from similar candidate gene studies – have often not been replicated in subsequent studies16-18. 
One of the few loci that has been consistently linked with disease behaviour in Crohn’s disease is NOD2, which has been associated with need for surgery in several studies19-21. Based on these reports, it was concluded that genetic variation in NOD2 influenced both the development of Crohn’s disease and its subsequent course – a finding that may have encouraged researchers to examine other susceptibility variants to see if they too influenced prognosis. However, it has since been shown that the link between NOD2 variants and surgery is not an association with disease course, but rather a secondary phenomenon driven by the association of these variants with ileal Crohn’s disease (a form of Crohn’s disease that only affects the ileum – the final part of the small intestine). Crohn’s disease at this location typically only involves a short section of the intestine, and is therefore amenable to a relatively small surgical resection – an operation that carries a lower morbidity than other forms of intestinal surgery. For these reasons, surgical treatment is more commonly used for ileal disease than for other forms of Crohn’s disease (e.g. colonic Crohn’s disease) and thus the association of NOD2 variants with surgery is actually due to the association with ileal disease, rather than any effect on disease course per se17,18,20,22. Indeed, when disease location is taken into account, no association between NOD2 variants and disease behavior is detectable22. 
This situation – where candidate gene studies have produced mixed results regarding the association of susceptibility variants with prognosis – is similar in other diseases. For example, in both multiple sclerosis and rheumatoid arthritis, several disease susceptibility variants have been reported to associate with clinical outcome, only for subsequent studies to fail to replicate these associations. Specifically, in multiple sclerosis an association was initially reported between HLA-DR15, a known susceptibility haplotype, and disease course23, only for a larger and better-powered study to fail to replicate this24. Similarly in rheumatoid arthritis, associations were originally reported between disease progression and susceptibility variants in TRAF125 and TNFAIP326 only for a larger study from the same group to fail to replicate either of these associations27. Interestingly, one exception is the “shared epitope”, a 5 amino acid sequence in HLA-DR1, which represents the strongest rheumatoid arthritis susceptibility haplotype and has also been repeatedly associated with disease severity, albeit with a much smaller effect size28. Nonetheless, as with the association of NOD2 variants and surgery in Crohn’s disease, this association appears to be a secondary effect driven by a primary association between the shared epitope and anti-cirullinated peptide antibody-positive rheumatoid arthritis29 – a poor prognosis form of the disease. 
Perhaps due to this general failure to identify prognostic associations at single variants, more recent studies have explored whether a polygenic risk score (calculated by summing the total number of risk alleles across all susceptibility SNPs) might show an association with clinical outcome. The rationale for this approach was based on the hypothesis that multiple weak effects at susceptibility SNPs would be difficult to identify individually – due to the constraints of study power – but might be detectable using an aggregate score. While this is both a reasonable hypothesis and approach, these studies have also failed to provide strong evidence for a link between susceptibility variants and disease course. For example, a study of approximately 700 Crohn’s disease patients and 400 ulcerative colitis patients did not identify any association between genetic burden (assessed using a polygenic risk score for 163 susceptibility variants) and development of complicated disease or need for bowel resection17. Similarly, a meta-analysis of 10 MS studies, including over 7,000 patients, did not detect any association between a 52 SNP polygenic risk score and disease severity30. 
Collectively, therefore, the resounding message from these and other studies is that susceptibility variants do not seem to play a major role in disease prognosis. Importantly, however, this does not mean that associations would not be detected if a sufficiently large cohort were analysed (i.e. with enough power to detect very small effects). For example, a recent study by the International IBD Genetics Consortium which included approximately 20,000 Crohn’s disease patients and 15,000 ulcerative colitis patients did identify a small but significant association between a genetic risk score and the development of complicated disease22. However, the need for such large cohorts in order to detect any association at susceptibility variants highlights that if a genetic contribution to prognosis exists, it is probably mediated by non-susceptibility variants.   

How are disease susceptibility and prognosis related? 
Although susceptibility SNPs represent a convenient pool of variants to begin investigating the genetic contribution to disease prognosis, it is important to note that if these SNPs are hypothesized to affect disease course, then this implicitly suggests that common biological processes are expected to drive both the initial development and subsequent course of a disease (Figure 1A). In other words, this would imply that disease susceptibility and prognosis are not distinct entities, but rather related quantitative traits on a continuous spectrum, such that patients who carry more disease susceptibility variants would experience a worse prognosis (Figure 1A). If correct, this would have important implications for our understanding of disease and would also provide robust support for ongoing efforts to discover new therapies using GWAS data31 since it would confirm that pathways implicated in disease development remain relevant after diagnosis. Such a relationship between the total number of risk variants and the severity of the associated phenotype is certainly observed in quantitative traits, such as height or blood pressure. For example, most of the common height-associated SNPs have been reported to have an additive effect equivalent to a ~0.2 cm increase in height per allele32. Similarly, hypertension-associated SNPs have been associated with an increase in systolic blood pressure by ~1 mmHg per risk allele33. Indeed, the additive relationship between quantitative traits and their associated SNPs is so close that whole genome genetic data can be used to accurately predict traits such as height34. 
In medicine, however, most diseases are not diagnosed in a quantitative fashion. Moreover, unlike genetic analyses of continuous traits, which include a quantitative measure for each individual (e.g. height in centimetres or blood pressure in mmHg), GWAS studies in complex disease only include an individual’s case / control status with no information regarding disease severity. Methodologically, it would therefore be surprising if this study design did identify prognosis-associated SNPs given that the disease cases will represent a highly admixed population with respect to prognosis. It is thus unsurprising that for most complex diseases, susceptibility variants have not shown a clear association with prognosis. Indeed, if disease development and prognosis are due to distinct biological processes, then any genetic contribution to prognosis would be expected to be driven by non-susceptibility variants (Figure 1B). As such, it is important to ensure that studies of disease prognosis – and potentially other aspects of disease biology – are not limited to disease susceptibility variants, but include other variants as well. Such a study design will also be important in order to answer the fundamental question of how disease susceptibility and prognosis are related.

Looking beyond disease susceptibility variants
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]To date, very few genetic studies of disease prognosis have considered non-susceptibility variants. This is probably because it is difficult to know which variants to include if a genome-wide approach is not used. Accordingly, the resulting situation is analogous to the state of disease susceptibility genetics prior to the advent of GWAS, when candidate gene linkage studies had provided mixed and sometimes contradictory results regarding the genetic contribution to disease development35. However, on the few occasions where a genome-wide approach has been applied to disease prognosis, the results have proven insightful, not least because the application of a genome-wide statistical threshold (P < 5 x10-8) has reduced concerns over false-positive associations. For example, two genetic loci were recently identified as disease modifiers of Huntington’s disease in a GWAS stratified by age at clinical onset. This result was particularly striking because Huntington’s disease is an autosomal dominant disorder where the genetic risk is entirely due to a CAG expansion in the Huntingtin gene36. As such, the realization that other genes and pathways could modify the onset of disease immediately presents new possibilities for therapeutic intervention. Similarly, a GWAS of survival in Amyotrophic Lateral Sclerosis identified two loci that influenced prognosis37, which had not previously been associated with disease development38. In Crohn’s disease, we recently performed a within-cases GWAS in which we compared the genetic profiles of patients with contrasting clinical courses of disease – defined using detailed phenotype data regarding the treatments that patients had required39. We identified four loci that were associated with prognosis in Crohn’s disease, including a haplotype in FOXO3 that we had previously shown modulates inflammatory cytokine production in monocytes40 and an extended HLA haplotype (ancestral 8.1) that is known to lead to altered T cell responses41 – consistent with emerging evidence that the nature of T cell responses may influence prognosis in several diseases42-44. We also demonstrated that disease susceptibility loci showed no association with prognosis either individually or collectively – thus further emphasizing that the genetic architecture of prognosis is distinct from that of disease development. Intriguingly, however, we did find additional evidence that the genetic contribution to prognosis may be shared between distinct diseases. For example, the FOXO3 haplotype that was associated with a milder course of Crohn’s disease, and reduced TNFα production, has also been associated with a milder course of rheumatoid arthritis40,45 and with more severe courses of malaria40,46 and tuberculosis47. Similarly, the IGFBP1/IGFBP3 locus that was associated with more aggressive Crohn’s disease was previously shown to associate with anti-citrullinated peptide antibodies in rheumatoid arthritis48. 
In addition to clarifying how genetic variation contributes to disease prognosis, these studies also highlight two important points regarding sub-phenotype studies in general. First, they demonstrate the absolute requirement for high quality, detailed phenotype data. Indeed, if the available phenotype data are insufficient to identify patient subgroups of interest, then any “within-cases” analysis are likely to produce erroneous results. This might occur because the phenotype data are insufficiently detailed, or if there are cryptic biases that affect the consistency of the data, such as differences in clinical practice between centres or inconsistencies in how certain parameters are recorded. Careful consideration must therefore be paid to subphenotype definitions in order to ensure that the resulting patient subgroups reflect the intended biological differences being studied. Second, these studies demonstrate how existing GWAS data can be re-purposed in order to yield new insights into disease biology. Since the advent of GWAS, thousands of studies have been performed resulting in the genome-wide genotyping of hundreds of thousands of individuals49. However, other than to perform ever larger meta-analyses, most of these datasets have not been re-examined since their initial publication. It would therefore appear that if sufficient phenotype data can be obtained, these historical datasets could be leveraged to obtain new insights into disease biology – and potentially avoid the costs associated with additional genotyping. 

Conclusions
Despite the success of GWAS studies in complex disease, we are only beginning to understand how genetic variation influences aspects of disease beyond susceptibility. In Crohn’s disease, and probably many other diseases, the genetic contribution to prognosis appears to be distinct from the contribution to disease development. This finding has important implications, as the initiation of an immune-mediated disease – under the influence of susceptibility variants – is thought to occur years before the disease becomes clinically apparent50,51. The observed distinction between the genetics of disease susceptibility and prognosis therefore suggests that disease initiation is not only temporally distinct from active symptomatic disease, but also governed by separate biology. Indeed, it would appear that susceptibility variants, which are biologically relevant at the pre-clinical stage of disease, have little or even no role once disease is established. This is not entirely unexpected, as the factors influencing immunological tolerance, for example, might not be expected to remain important once tolerance is broken and an inflammatory disease has developed. Importantly, however, this does imply that using susceptibility GWAS data to prioritise candidate genes as therapeutic targets may not yield the most effective therapies. Instead, a more productive strategy might be to focus drug development efforts upon the genes and pathways that are relevant once the disease is established and that specifically determine disease outcome. Early evidence suggests that these pathways may be shared between different diseases and thus have effects on prognosis that are independent of a specific diagnosis40,44. Further elucidation of the extent of this sharing, and the biology of disease prognosis in general, would therefore appear to be an important step in the quest to deliver personalized medicine in immune-mediated disease.   
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Figure 1. Possible relationships between disease susceptibility and prognosis
(A) The “continuous” model: disease susceptibility and prognosis are influenced by the same genetic variants – and thus biological pathways – on a quantitative continuum so that the burden of susceptibility variants determines the clinical course of disease (individuals who carry more susceptibility variants will experience a worse prognosis). (B) The “compartmentalised” model: disease susceptibility and prognosis are influenced by distinct sets of genetic variants – and thus distinct biological pathways – so that susceptibility variants, and the pathways they influence, play little or no role in determining disease prognosis. 
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