
How does genotype influence disease phenotype in
inflammatory bowel disease?

Ashwin N Ananthakrishnan, MD, MPH1,2 and Ramnik J Xavier, MD, PhD1,2,3,4

1Division of Gastroenterology, Massachusetts General Hospital, Boston, MA
2Harvard Medical School, Boston, MA
3Center for Computational and Integrative Biology, MGH, Boston, MA
4Broad Institute of Harvard University and Massachusetts Institute of Technology, Cambridge, MA

Abstract
Inflammatory bowel diseases (Crohn’s disease (CD); ulcerative colitis (UC)) are chronic
immunologically mediated diseases of the gut. Advances in genetics have revolutionized our
understanding of the pathogenesis of these conditions with 163 risk loci identified, encompassing
a variety of immunologic functions. There is substantial heterogeneity in the natural history of
these diseases with respect to disease onset, course, and progression to complications. There are
also significant variations in response to therapies, and susceptibility to therapy-related and
disease-related complications. An important need in the field is to identify predictors of disease
course, complications, and likelihood of response and adverse events to allow for targeted
therapeutic decision making. The genotype of an individual in constant and non-modifiable, and
thus could potentially fulfill the role of important predictors of these outcomes. In this review, we
discuss the existing literature on the prediction of various disease phenotypes in CD and UC
utilizing underlying genotype. We also identify gaps in the literature and suggest future directions
for research. There is need for large, multi-institution, and international collaborative consortia
with efficient and detailed cohort accrual, phenotypic definition, genotyping, and dynamic
assessments of external (for example, diet) and internal (microbiome) environment to allow us to
progress towards personalized and precision medicine in the management of these complex
diseases.
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Inflammatory bowel diseases (IBD; Crohn’s disease (CD), ulcerative colitis (UC)) affect an
estimated 1.4 million Americans1, 2. Recent advances have significantly improved our
understanding of the pathogenesis of these chronic inflammatory disorders. Through the use
of genome wide association scans (GWAS), a total of 163 distinct genetic risk loci have
been identified that contribute to risk of either disease with 110 loci shared between both3, 4.
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The identified loci encompass a spectrum of functions including innate immunity,
maintenance of epithelial barrier function, regulation of adaptive immunity, autophagy,
endoplasmic reticulum stress, epithelial restitution, pathogen sensing, and modulation of
activation thresholds for adaptive immunity3, 4. In particular, recent analyses by the
Immunochip consortium have revealed significant overlap between IBD risk loci and
susceptibility to mycobacterial infection highlighting the key role of host-microbial
interaction in influencing disease pathogenesis3. However, despite significant advances in
our understanding of the genetic contribution to the pathogenesis of these diseases, much
less is known about the influence of genetics on the natural history of disease. The past
decade has also witnessed tremendous advances in the therapy of IBD. The availability of
monoclonal antibodies to tumor necrosis factor α (TNF-α) has significantly increased our
ability to achieve disease remission, reduce the need for hospitalizations or surgery, and
improve patients’ quality of life5. In addition, recent trials have demonstrated that it is
possible to achieve complete mucosal healing, raising the possibility of potentially
moderating the natural history of IBD5, 6. Furthermore, drugs under development attack
novel targets including integrin, janus kinases, and IL-12/IL-23 allowing for the potential to
select therapeutic agents based on dominant mechanism of underlying inflammation in
different patient subsets. Variations in cytokine profiles among individuals with IBD, and
their potential implication for the underlying pathogenesis including microbial reactivity
could also potentially allow for such therapeutic targeting. In this review, we discuss the
existing literature on the prediction of various disease phenotypes in CD and UC by
underlying genotype. We also identify gaps in the literature and propose future directions for
research.

The need for “personalizing” IBD care
Both CD and UC are characterized by remarkable heterogeneity in their natural history, and
response to therapy. A majority of patients with CD present with inflammatory disease, but
over time will develop stricturing or penetrating complications, particularly those with small
bowel involvement2, 7. While a minority of patients have perianal disease, this phenotype is
associated with considerable morbidity and is a marker for more aggressive disease
behavior8. In UC, 10% of those with left-sided colitis progress to pancolitis over 20 years.
The extent of colitis is associated with risk of surgery and approximately one-third of all
patients may eventually need colectomy for management of refractory disease or disease-
related complications such as dysplasia or cancer9.

Despite the significant advances rendered by existing (and novel) therapies, there is a similar
substantial heterogeneity in likelihood of response. Over a quarter of the patients may not
achieve even an initial response to anti-TNF therapies and an additional 10–15% lose
response every year10. In addition, there remain the significant risks associated with
immunosuppression including the risk of infections and treatment-related malignancies.
Such risks are not uniformly distributed across all users. Our ability to accurately predict
adverse events associated with treatment remains inadequate. Equally important is the
ability to identify non-responders to specific treatments, allowing for early use of therapies
with alternate modalities of action, thus potentially reducing cumulative bowel damage.
Recent strategy trials have highlighted that use of biologic anti-TNF therapies earlier in the
disease course6 or in combination with azathioprine in newly diagnosed disease11 may allow
for superior rates of clinical and endoscopic remission. However, safety concerns suggest
the need for caution prior to the wide adoption of such strategies to all patients. In addition,
the high costs associated with newer therapies makes it imprudent from a societal view point
to apply the same treatment paradigm to all patients regardless of their risk of disease
complications, likelihood of response or adverse events related to treatment. Thus, a key
need in the field is the ability to identify patients who are most likely to have aggressive
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disease (or conversely, those least likely to develop complications). In addition, the ability to
predict both response and adverse outcomes related to therapy offers the promise of being
able to tailor therapy to maximize likelihood of response and minimize adverse events.

Genotype-phenotype correlations in IBD
A majority of the existing studies examining the effect of genotype on IBD phenotype have
been correlative studies where statistical methods are applied to explore the association
between the occurrence of one (or more) genotype(s) more frequently in individuals with a
phenotype of interest compared to controls without that phenotype. While this method is
susceptible to biases and confounding, nevertheless these studies have yielded some
consistent associations with disease phenotype reviewed below and have suggested other
hypotheses that haven’t been replicated.

Crohn’s disease phenotypes and genetic associations
Disease location—Several genetic variants have been associated with disease location in
CD. In a UK cohort of 244 Caucasian patients with CD, carriage of the NOD2 variant allele,
in particular the Leu1007fsX1008 mutation, was associated with a four-fold increase in
likelihood of ileal CD12. Similar but weaker trends were observed for the two other common
NOD2 polymorphisms. All patients who were compound heterozygotes or homozygotes had
ileal disease (OR 30.3, p<0.0001)12. However, a subsequent study by Abreu et al. suggested
that the association between NOD2 and ileal location was specific to the fibrostenosing
phenotype13. The rate of carriage of NOD2 was similar in those with small bowel disease
without fibrostenosing complications as the overall CD cohort. Mutations in the autophagy
pathway have also been associated with ileal CD but less consistently so. Prescott et al.
identified an association between the T300A mutation at the ATG16L1 locus and ileal
location of CD, with carriage of the rare allele conferring a two-fold elevation in risk14.
Similarities in the effect of risk alleles on disease phenotypes may also offer clues regarding
overlapping functional consequences of the genetic variants. For example, both NOD2 and
autophagy variants have been associated with specific cellular phenotypes, in particular,
distinct paneth cell granule distribution, defective paneth cell function and impaired
microbial clearance15, 16. The overlapping function may be inferred from synergistic effects
on disease risk and behavior. Variants in the Wnt pathway transcription factor (TCF-4)17

and hetero- or homozygosity for the +1059G/C polymorphism in the C-reactive protein
gene18 have also been associated with terminal ileal involvement in CD.

Fewer associations have been identified with non-ileal CD. In a German study, the
rs7574865 SNP in the STAT4 gene was associated with colonic CD19. The HLA-DRB1
(DR3) allele has been associated with colonic CD (11.5% vs. 0.4%)20 while the TNF
receptor superfamily polymorphism TNFRSF1B was inversely associated with colonic
involvement independent of NOD221. Homozygosity for the TCF4 transcription factor in the
Wnt pathway17 and NOD2 (Leu1007fsX1008) homozygosity have been associated upper
gastrointestinal involvement in CD while a promoter region polymorphism in the
macrophage migration inhibitor factor (MIF) appears to confer protection against upper gut
involvement22. The above studies also highlight that different allelic variants within a
specific gene, for example NOD2, may have varying consequences, both at macroscopic and
cellular functional levels, and it is important for future studies to have an adequate sample
size to be able to tease out the effect of these individual variants.

Perianal disease—Unlike its association with internal fistulizing complications, NOD2
variants do not predict perianal disease or associated complications13 or may, in fact, be
inversely associated23, 24. In the study by Annese et al., NOD2 homozygosity was associated
with perianal disease. Among the individual SNPs, R702W mutation was positively
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associated (OR 1.48) while the G908R mutation was inversely associated (OR 0.56) with
perianal disease25. In a Belgian study, the NOD2 variant was associated with a reduction in
risk for perianal disease (OR 0.56, 95%CI 0.38 – 0.83)23. In the meta-analysis by Adler et
al., the cumulative weight of evidence suggested a 60% reduction in likelihood of perianal
complications in those with carriage of the G908R mutation (RR 0.40, 95% CI 0.19 –
0.83)24. Other mutations that have been associated with perianal fistulae include the
presence of a C-allele at CDKAL1 rs690842523 and IRGM 26 though replication has been
less robust. The overall burden of genetic polymorphisms has not been shown to correlate
with the occurrence of perianal CD27.

Disease complications - Penetrating / Stricturing disease—The greatest interest in
the clinical application of genetics in CD has been for the prediction of complicated disease.
Studies have differed in their definition of complicated disease with some including only
either the penetrating or stricturing phenotypes while others have used a composite endpoint
including both. In one of the earliest studies, Abreu et al. identified that just under half the
patients with fibrostenosing CD carried at least one NOD2 variant allele (46%), significantly
exceeding the rate of carriage in those without this complication (24%)13. Similarly, Annese
et al. found the effect of NOD2 variant allele carriage to be associated with an increased risk
of fibrostenosing disease independent of its effect on disease location25. However, in other
studies, it has been more challenging to tease out the independent effect of NOD2 carriage
on disease behavior from disease location. In the study by Henckaerts et al., while the
presence of at least one NOD2 variant was associated with increased risk for stricturing
disease, this did not retain statistical significance after correcting for ileal location, male
gender and duration of follow-up23. In an elegant meta-analysis, Adler et al. reviewed the
literature examining this association and demonstrated a dose-dependent effect. The
presence of one variant NOD2 allele was associated only weakly with complicated disease
(RR 1.08, 95% CI 0.96 – 1.21)24. Carriage of two NOD2 variant alleles increased the RR to
1.41 (95%CI 1.26 – 1.57). However, NOD2 mutations had poor sensitivity and a low
positive likelihood ratio conferring only weak utility in clinical practice. Among the three
common NOD2 mutations, the G908R variant was the only allele independently associated
with complicated disease in a dominant model (RR 1.33, 95%CI 1.11 – 1.60). However, in a
homozygous model, the Leu1007fsX1008 achieved statistical significance (RR 1.30, 95%CI
1.10 – 1.54). Examining stricturing and penetrating phenotypes separately, the G908R allele
was the only mutation that was statistically significant for both associations24. The reason
for the differing effects of the various NOD2 polymorphisms is unclear. NOD2 consists of a
NOD region linked to a leucine-rich repeat (LRR) region in its C-terminal side and two
caspase recruitment domains (CARD) at its N-terminal28. While 30 different
polymorphisms have been described within the gene, three (R702W, G908R, and
Leu1007fsX1008) account for the vast majority of the mutations. There is limited data
describing the functional consequence of each mutation, but there is evidence that there may
be variations in effect. For example, the frameshift mutation is specifically associated with a
reduction in ileal defensin production28. Such functional variations could lead to different
effects on disease phenotype.

Other genetic variants have also been associated with the complicated phenotype, though the
replication has been less robust than for NOD2. Homozygosity at the rs1363670 G allele
located in the vicinity of the IL12B gene conferred a five-fold increase in risk for stricturing
disease23, and a shorter time to strictures. In the same study, the IRGM rs4958847 G allele
conferred a strong risk (OR 9.22) for non-perianal penetrating disease23. In addition to
prediction of complicated disease, there is also clinical utility to variants that may predict a
milder course of CD, a group where the traditional step-up therapy may be appropriate.
However, few such genetic variants have been identified. In a Canadian cohort, the
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TNFRSF1A +36 variant allele was negatively associated with the stricturing phenotype
independent of the NOD2 status21.

While most studies have examined the contribution of individual genetic alleles to
complicated disease, it is plausible that there exists an additive or multiplicative interaction
between the various loci such that while the individual contribution of each to complicated
disease may be weak, the cumulative burden of risk loci may explain considerably more of
the heterogeneity in disease phenotype. To answer this question, Weersma et al. genotyped
1684 CD patients at 5 loci (NOD2, ATG16L1, IL23R, DLG5, IBD5). In addition to the
individual SNPs, the overall lumber of mutations also directly correlated with likelihood of
complicated disease (Ptrend = 0.0008)27. Despite the number of distinct risk loci for CD and
UC now at 163, many of the genetic variants can be mapped to a much smaller number of
specific pathways4. Though the effect of individual variants may be weak, there may be a
stronger effect size for concurrent mutations affect different steps within the same pathway.
As our understanding of the functional consequences of the various risk alleles increases,
further analyses should attempt to group genes within the same pathway, and in addition to
examining the effect of individual SNPs, examine the association between functional
pathways and disease phenotype and complications.

Need for surgery—Consistent with its association with complicated CD, NOD2 variants
have been alleles most frequently associated with need for surgery in adult and pediatric CD.
Alvarez-Lobos identified a three-fold increase in risk independent of its association with
stricturing disease29. Annese et al. also found a 50% increase in risk of bowel resection in
those with carriage of at least one mutant NOD2 allele25. In the meta-analysis incorporating
17 relevant studies, the presence of one or more mutant NOD2 alleles was associated with a
50% increase in risk for surgery (RR 1.58, 95% CI 1.38–1.80)24. In contrast to its effect on
complicated disease, the excess risk of surgery was similar in magnitude among those who
possessed one (RR 1.48) or two (RR 1.49) mutant alleles24. The pooled sensitivity of one
NOD2 mutant allele was 0.31 while that of two mutant alleles was lower at 0.27. It also
remains to be clearly defined if the effect of NOD2 on surgery is independent of its
association with ileal disease or the fibrostenosing phenotype. In a Belgian cohort, carriage
of at least one NOD2 variant was associated with higher risk for IBD-related surgery (OR
1.4)23. However, adjusting for ileal involvement and development of strictures neutralized
this. NOD2 has also been associated with increased risk of surgery earlier in the disease
course in pediatric CD30, 31.

Other genetic variants have also been associated with the need for intestinal surgery in CD.
Sehgal et al. genotyped a cohort of 66 patients with ileocolonic Crohn’s disease who
underwent ileocolectomy for 83 IBD-associated SNPs; the average number of resections per
patient was 1.7 with a mean duration of disease of 14.7 years. Only one SNP is the IRGM
gene (rs4958847) was significant after correcting for multiple observation testing, both in
the additive and dominant models32. Patients with the mutant allele had a mean interval
between resections of 6.9 years compared to 11.4 years among those with the wild-type (p =
0.007). NOD2 was not associated with surgery in this study possibly due to the fact that the
cohort was restricted to those with ileocolonic location, a phenotype that correlates
significantly with NOD2. In the study by Weersma et al., increasing number of mutations at
the five risk alleles genotyped demonstrated a direct correlation with the likelihood of
intestinal resection (Ptrend = 0.02)27.

There is less data examining whether genotype predicts repeat resections in those with prior
surgery, a predictive power that would have important clinical utility by allowing for
selection of patients for tailored post-operative prophylaxis. The NOD2 variants have been
variably associated with risk of repeat surgery. Alvarez-Lobos et al. identified a three-fold
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risk for repeat resection and earlier time to repeat resection for NOD2 carriers29, but other
studies failed to find a similar association 33.

Response to therapy - Immunomodulators—The widest use of genetics to predict
treatment response or treatment-related AE in CD is the use of the thiopurines methyl
transferase (TPMT) genotype and enzyme activity to guide response to treatment with
thiopurines (azathioprine, 6-mercaptopurine). The most common variant alleles associated
with reduced TPMT activity include TPMT*2, TPMT*3A, TPMT*3B, and TPMT*3C.
Approximately 4–11% of individuals are heterozygous while 0.3% of the population is
homozygous for these variant alleles. A recent systematic review identified the sensitivity of
the genotype in determining the enzymatic activity to be 80%34. Individuals who are
heterozygotes for the reduced enzyme activity alleles had a four-fold increase in risk for
leukopenia34. Homozygotes had a substantially greater incidence of myelotoxicity but the
effect size estimates were imprecise due to small numbers. Testing for TPMT activity prior
to initiating thiopurines has been shown to be cost-effective35. In contrast to its utility in
predicting myelosuppression, TPMT has limited role in predicting response to thiopurines.
However, a polymorphism in the inosine triphosphate pyrophosphatase (ITPA), the c.94 C >
A variant has been associated with non-response to thiopurine therapy36.

Response to therapy - Biologic anti-TNF agents—Given the central role of TNF-α
in systemic and intestinal inflammation, it has been hypothesized that several of the
pathways involved in CD pathogenesis or related to the TNF- α may also play an important
role in predicting response to therapy directed against it using monoclonal antibodies
(infliximab, adalimumab, certolizumab pegol). However, results have been divergent and
inconsistent with weak effects that haven’t been replicated in independent cohorts. Initial
studies suggested that TNF-α and TNF-receptor (TNFR) polymorphisms may predict
response to infliximab. In the study by Taylor and colleagues, individuals homozygous for
the TNF-α/lymphotoxin A (LTA) polymorphism were non-responders to infliximab37. A
Belgian cohort subsequently demonstrated an association between TNFR1A36G
polymorphism and response to infliximab with a lower rate of response in those carrying the
G-allele. However, neither of these associations was replicated in subsequent cohorts38–40.
Similarly, Louis et al. initially identified an association between a polymorphism in the Fc
receptor III a (FcYRIIIa), a mediator of antibody-mediated cell cytotoxicity and non-
response to infliximab41, but a subsequent analysis of the ACCENT I trial failed to
replicated this association42. Several authors have investigated the potential role of NOD2
polymorphisms and response to infliximab and have failed to identify a correlation39, 43, 44.
In contrast, the homozygous variant of the IBD5 locus (5q31) was associated with a three-
fold increase in likelihood of non-response to infliximab45. Induction of apoptosis is a key
mechanism by which infliximab and adalimumab exert their anti-inflammatory effect; thus,
apoptosis related genes may also influence response to therapy. To examine this hypothesis,
Hlavaty and colleagues genotyped 287 consecutive patients on infliximab with refractory
luminal or fistulizing CD for 21 apoptosis related genes46. Fas-ligand TT genotype and
caspase-9 CC/CT genotypes were associated with lower rates of response to infliximab46. In
a subsequent study, the authors developed an apoptotic pharmacogenetic index (API) that
ranged from 0 (low apoptotic response) to 3 (high apoptotic response). Response in both
luminal and fistulizing CD increased with increasing apoptosis scores. Individuals with an
API ≤ 1 had remission rates of 39.5% and 28.6% for luminal and fistulizing CD respectively
compared to 56.1% and 44.9% in those with an API of 2. However, the effect of low
apoptotic index could be neutralized by the addition of azathioprine. The remission rate in
those with API < 1on infliximab monotherapy was 15.8%, increasing to 63.2% in those who
were also on azathioprine, a rate comparable to those with higher apoptotic index47. Thus
genetic predictors may be incorporated into individualized therapeutic decision making.
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Ulcerative colitis phenotypes and genetic associations
Disease extent—In contrast to the wealth of data examining phenotypic correlates of
genetic variants in CD, there is much less data associating genotype with extensive, severe
or refractory disease in UC. In one such study, Annese et al. genotyped 114 UC patients and
102 CD patients for various HLA-DRB1 alleles20. While the HLA-DRB1 genotype itself
was not associated with risk of CD or UC after applying Bonferroni correction, the HLA-
DRB1 (DR13) allele was strongly associated with the presence of pancolitis20. However,
even in patients with pancolitis, the occurrence of the allele was infrequent (5%). The HLA
DRB1 (DR3) allele was found more commonly in those with distal UC though its
occurrence within this cohort also remained infrequent (12.5%). In the Scottish population, a
polymorphism in the multi-drug resistance gene (MDR1) locus was associated with
extensive colitis48.

Need for Colectomy—While most studies have adopted a candidate-gene approach to
identify risk factors for severe disease, Haritunians et al. performed an unbiased GWAS
analysis comparing 324 patients with medically refractory UC to 537 controls with
treatment responsive disease49. A risk score that incorporated 46 SNPs explained 48% of the
variance for colectomy risk with a sensitivity and specificity of 79% and 86% respectively.
Patients in the lowest quartile of the risk score were unlikely to require surgery while those
in the highest quartile nearly universally required colectomy. Relevant SNPs that were
significant in this analysis included the TNFSF15 (TL1A), a known UC susceptibility locus,
other putative loci including IL-10 (1q32.1), IL-12B (5q33.3), 12q15 (INFG/IL-26), and
KIF1A. In addition, the previously described associations with various major
histocompatibility complex (MHC) loci were replicated. Several of the other loci implicated
had functions related to bacterial-host interactions (BICD1), epithelial barrier integrity
(MAGI1), and Th17 regulation (retinoid-related orphan receptor)49.

Response to therapy—Studies on prediction of response to therapy in UC have focused
on corticosteroids and infliximab. Glucocorticoids (GC) exert their action by passive
diffusion across the plasma membrane, binding to the cytosolic GC receptor, subsequent
nuclear translocation, and activation of the target genes50. Approximately half of the UC
patients initiated steroids achieve immediate and long-term response at one year, but
approximately one-quarter each become steroid dependent or require surgery51. The most
widely studied polymorphism in the context of resistance to steroids has been at the MDR1
locus. Over-expression of MDR1 results in increased p-glycoprotein mediated efflux of
corticosteroids and consequent resistance to steroids. MDR1 polymorphisms themselves
have been variably associated with UC. From a French cohort, Daniel et al. identified an
association between the TT genotype of exon 21 MDR1 polymorphism and lack of response
to cyclosporine in patients with steroid refractory UC52. Similar refractoriness to therapy
was demonstrated in an independent cohort by Potocnik and colleagues53. In rectal biopsies,
MDR1 expression appears reduced in inflamed tissue compared to non-inflamed tissue or
from controls. MDR1 expression level also correlates inversely with response to treatment
with higher levels of MDR1 gene expression in those with therapy responsive disease or in
long-term remission54. Dubinsky et al. conducted an unbiased GWAS analysis of
therapeutic response to IFX in pediatric CD and UC pooled together55. Among the
susceptibility loci, only the BRWD1 locus was associated with non-response to IFX; three
other pharmacogenetic loci – TACR1, FAM19A4 and PHACTR3 were also associated with
non-response to IFX56. Duraes et al. identified an association between mutations in the
autophagy loci - ATG16L1, ITLN1, IRGM - with response to corticosteroids,
immunosuppressants, and biologic therapy57.
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Recent studies have used unbiased RNA expression studies using microarray technology
applied to colon biopsies obtained before and after administration of infliximab to identify
potential predictors of treatment response. Data from two independent cohorts of UC
patients receiving infliximab, a Belgian cohort (n=24) and participants in the ACT trials
(n=22) was used to develop a probe set that would allow for prediction of response to 1–3
doses of infliximab58. A total of 74 probe sets comprising 53 known genes were
differentially expressed between responders and non-responders. The top five differentially
expressed genes were all involved in the adaptive immune response and included
osteoprotegerin, stanniocalcin-1, prostaglandin-endoperoxide synthase 2, IL-13Rα2 and
IL-1158. In contrast, homozygous carriers of the UC risk-increasing IL23-R variants were
associated with increased rates of response to IFX than those homozygous for the risk-
decreasing variants59.

Phenotypes common to CD and UC
Age of onset—Epidemiologic evidence suggests that patients with early onset disease
may have a stronger genetic contribution to their disease pathogenesis. Individuals with
younger age at diagnosis of CD or UC are more likely to have an affected family member
than those diagnosed at a later age60, 61. However, literature examining the contribution of
genotype in determining age of onset of CD or UC has yielded inconsistent results. In the
cohort by Abreu et al., carriage of NOD2 variants was not associated with earlier age of
onset of CD13. Ahmad et al. similarly did not find a significant association between NOD2
carriage and age of diagnosis once correction for multiple comparison testing had been
applied12. In contrast, in the study by Annese et al., carriers of at least one NOD2 mutation
had a younger age of diagnosis than those with wild-type alleles25. The same study also
identified a dose-dependent effect; NOD2 homozygotes had a younger age of diagnosis (24
years) than heterozygotes (29 years) or those with no risk alleles (33 years, p=0.001)25.
Another group demonstrated an association between the 3020insC polymorphism at the
NOD2 locus and early onset disease62, while the IBD5 locus63 and the STAT4 loci19 have
been associated with earlier onset in some studies. In addition to individual SNPs, it has
been hypothesized that an overall increase in the number of CD-risk alleles may correlate
with age of onset. In the study by Weersma et al., individuals with onset of disease at an age
younger than 40 years had a greater number of variant alleles compared to those with later
onset disease (Ptrend=0.028)27. However, most studies have adopted a candidate gene
approach to answer this question with few studies large enough to perform an unbiased
GWAS for early onset disease. Two such studies, together comprising over 2000 CD and
1000 UC patients found a substantial overlap in the distribution of risk alleles between
pediatric- and adult-onset IBD with the majority of risk alleles for adult CD being replicated
in the pediatric group55. However, two SNPs, rs3024505 (in the region of IL10) and
rs917997 (IL18R1) were significantly associated with CD in the pediatric but not adult
population.

Extra-intestinal symptoms—Extra-intestinal manifestations (EIM) are common in
patients with IBD, occurring in 25–40% of patients. The most common EIM is arthropathy
involving either the axial (1–26%) or the appendicular skeleton (5–20%). In addition,
ankylosing spondylitis (AS) can occur in 3–10% of patients with IBD and is associated with
HLA-B27 positivity though the strength of association is weaker than in non-IBD AS64, 65.
The known IBD risk alleles have not demonstrated a strong association with the occurrence
of EIM. NOD2 carriage or the total number of variant risk alleles did not correlate with the
presence of EIM20, 27. In contrast, HLA-linked variants have demonstrated stronger
correlation with the occurrence of EIM. The HLA DRB1 (DR13) allele was associated with
EIM in UC while HLA DRB1 (DR3) allele was associated with EIM in CD. In a British
study of 976 UC and 483 CD patients, HLA-B*58, HLA-B*27 and HLA-DRB1*0103 were

Ananthakrishnan and Xavier Page 8

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



associated with uveitis, an EIM associated with CD or UC and occurring occasionally in
patients with IBD where it correlates with active bowel disease. Prior studies had identified
the latter two alleles to be associated with peripheral arthritis as well. Mendoza et al.
demonstrated an association between the Fc receptor-like 3 gene (FcRL3) promoter variant
and peripheral arthritis in CD66. Dermatologic manifestations are the next most common
EIM, occurring in 3–24% of patients and predominantly taking the form of either erythema
nodosum (EN) or pyoderma gangrenosum (PG). Orchard et al. demonstrated an association
between a polymorphisms in the TNF-α promoter (-1031C) and EN; this mutation was
twice as common in cases (67%) as controls (37%)64. However replication studies are
lacking, largely due to lack of cohorts of sufficient size.

Primary sclerosing cholangitis (PSC) occurs in 2–10% of patients with IBD and also shares
some common environmental risk factors with current smoking conferring protection
against both PSC and UC. Recent advances in genetics have improved our understanding of
this disease through GWAS from multicenter genetics consortia. Karlsen et al. identified
two SNPs near HLA-B locus at chromosome 6p21 to be associated with risk of PSC67. In
other studies, other UC-associated loci demonstrated independent association with PSC
suggesting a shared pathogenic mechanism68, 69.

Genotype as a window to susceptibility to environmental influences
Environmental factors that may play an important role in IBD pathogenesis include
smoking, infections, diet, use of non-steroidal anti-inflammatory agents, hormone agents,
antibiotics, stress, and vitamin D status. However, there is limited understanding of whether
susceptibility to the effect of such environmental factors relates to underlying genetic
proneness to develop IBD or polymorphisms in other pathways involved in metabolism.
Studies have demonstrated an interaction between polymorphisms in the cytochrome P-450
or glutathione transferase and cigarette smoking in mediating risk of lung cancer and
rheumatoid arthritis, respectively70, 71. In animal models, a GRK4 polymorphism mediates
salt sensitivity and blood pressure response to salt intake72. Hutter et al. demonstrated that
the effect of the EIF3H/UTP23 polypmorphism (8q23) on colorectal cancer risk was
influenced by vegetable consumption, with a stronger effect at higher levels of vegetable
consumption73. Mutations in GPR120 influence sensing of dietary fat and susceptibility to
obesity and regulation of energy balance74. Whether similar genetic polymorphism
influence susceptibility to the deleterious (in CD) or protective effect (in UC) of cigarette
smoke and other environmental factors has not been studied but remains an important area
of research. Examination of gene-environment interactions often require detailed
environmental exposure assessments which impact ability to assemble large cohorts or
willingness for participation. However, novel methods in environmental exposure
assessment including the concept of ‘top-down’ assessment of an individuals lifetime history
of both external and internal environmental exposures (the “exposome”) using biomarker
assessments from single biospecimens offers considerable promise in extending our ability
to quantify and study environmental influences in the context of microbiota and genetics75.

Epigenetics
Recent studies have been published exploring the emerging role of epigenetics in disease
risk and phenotype. In a study by Lin and colleagues, seven CpG sites were differentially
methylated between IBD and controls76. In addition, CpG methylation was also different at
specific sites between UC and CD. Examination of effect of epigenetics on IBD phenotype
has been mainly limited to colorectal cancer where CpG island methylation was found less
commonly than in sporadic colorectal cancer77.
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Personalizing IBD therapy – Pitfalls and Challenges
The realm where personalized medicine has achieved widest success has been in oncology.
Molecular characterization led to the classification of glioblastoma multiforme into distinct
disease subtypes based on specific mutations in EGFR, NF1, and PDFGR/IDH1
respectively. These subtypes correlate with age of diagnosis, prognosis, and response to
treatment78. A similar personalized medicine approach has demonstrated utility for the
selection of chemotherapeutic regimens based on underlying genetic data. Between 20–30%
of breast cancer tumor tissue over-express human epithelial growth factor receptor (HER2);
such tumors have superior outcomes on treatment with traztusumab (herceptin), a
monoclonal antibody against HER2 whereas the drug is ineffective in those without
overexpression of the receptor79. Similar, while the IRESSA trial of gefitinib (EGFR
inhibitor) in non-small cell lung cancer showed no benefit, the subgroup of patients with
patients with a somatic EGFR mutation benefitted from drug administration80. Recent
studies have highlighted the role of interleukin-28B polymorphisms in predicting viral
kinetics and response to interferon treatment in hepatitis C81 providing further support for
the principle of incorporating genomic medicine into clinical practice. However, several
challenges to development and adoption of a similar approach in IBD care remain.

First, single center studies often lack sufficient numbers of patients with uncommon variants
or phenotypes. Second, there are several existing large genetic IBD consortia that have
contributed significantly towards the identification of the 163 genetic risk loci for CD or
UC. But such consortia with detailed genetic information often lack detailed information on
disease sub-phenotypes. More importantly, there is also missing, inaccurate or only
approximate information on potentially important environmental factors. In contrast, cohorts
that are rich in phenotypic data lack associated biosamples for genetic analysis. Structured
clinical trials that allow for the best opportunity to accurately assess therapeutic response
without the biases of observational assessment also often lack the ability to examine genetic
information. Third, current studies have mostly employed an ‘association’ approach where
statistical methods are employed to demonstrate an association between candidate or
unbiased SNPs and disease phenotypes at varying levels of statistical significance. However,
candidate gene approaches run the risk of a high number of false positive findings, and often
ignore inter-relationship between various SNPs affecting the same pathway. As our
understanding of the function associated with the various genetic polymorphisms grows
incrementally, there is need for associating clinical cohorts with fresh biosamples for
functional analysis to develop a more informed approach to selection of relevant genes or
pathways.

Implications for future study design
There are a few key principles in the design of future studies examining genotype-phenotype
studies in IBD. First, there is the need for large enough samples sizes that would allow for
examination of the effect of uncommon variants, as well as accurately define the effect sizes
for known associations while controlling for potential confounders. Several recently
assembled cohorts offer insights into how this may be done efficiently and cost-effectively.
The Type 1 diabetes exchange (http://t1dxregistry.jaeb.org/) is a registry of 67 participating
clinics that collect structured clinical and laboratory information with the data warehoused
in a common data repository. Through such multicenter collaboration, over 25,000 patients
with type 1 diabetes have been assembled within 20 months. The Crohn’s and Colitis
Foundation of America (CCFA) Partners registry (https://cgibd.med.unc.edu/ccfapartners/
index.php), a similar registry, has recruited nearly 12,000 CD or UC patients who have self-
reported detailed clinical information. In addition, patient self-report in such registries also
allows for ascertainment of detailed and repeated environmental exposure data as well as
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key patient reported outcomes. Finally, multi-institution networks such as the eMERGE
consortium (https://www.mc.vanderbilt.edu/victr/dcc/projects/acc/index.php/Main_Page)
are leveraging the power of bioinformatics and natural language processing to mine vast
numbers of electronic medical records assembled as part of routine care to accurately
determine disease phenotype. This allows for efficient assembly of extremely large cohorts,
and when linked to biospecimen repositories or discarded blood samples, allows for large
scale genotype-phenotype analysis.

Second, most of the effect sizes identified have been relatively modest. While 163 alleles
appear to modify risk of CD or UC, most of the relative risks are between 1–1.8, suggesting
small effect sizes. Cumulative genetic burden of disease appears to demonstrate a stronger
association. The odds ratios for genetic polymorphisms in predicting disease course, and in
particular, therapy response are likely to be larger given that such processes have not been
subject to the principle of natural selection. As more information on this become available,
we will know if individual SNPs (like IL-28 polymorphisms in hepatitis C) will be key
predictors, or if a more inclusive ‘genetic panel’ approach to stratify disease and therapy will
be required. A pre-requisite for this is that in addition to examining individual SNPs,
analyses also be undertaken to group polymorphisms into pathways based on their
functional consequences. This would allow for examination of whether pathway-level effect
sizes are stronger than that of individual SNPs.

Third, evolution of disease behavior is a dynamic process involving varying environmental
influences. For example, stress, smoking, diet, and antibiotic exposure have all been
proposed to influence disease course either through their direct effects on immune cell
function or through their effect on intestinal microbiota. There may be genetic variants that
do not directly influence disease behavior, but may exert their effect through modulation of
susceptibility to specific environmental influences. Thus, dynamic measures of putative
environmental influences, should be incorporated where possible, to allow for examination
of gene-environment interactions.

Finally, a key requirement for the widespread adoption of genomic medicine is the cost-
effectiveness of such an approach, particularly when effect sizes are modest. Genomic
sequencing has become markedly less expensive over the past several years, and is likely to
continue to get cheaper as more efficient and large-scale operations become available. This
will allow for ready incorporation of such platforms, first within the setting of clinical trials,
to provide the background that therapeutic decisions can be made based on underlying
genotype, and subsequently into routine clinical practice.

Conclusions
In conclusion, while genetics has tremendously improved our understanding of the
pathogenesis of CD and UC, it has only modestly allowed for the ability to predict
complicated disease. The most widely replicated association is between fibrostenosing ileal
CD and NOD2 variants alleles. Other associations have been demonstrated less consistently
and merit replication in larger cohorts. One limitation has been the relative paucity of large
cohorts with detailed phenotypic, genetic, and environmental (e.g. smoking) information
suggesting the need for multicenter collaborative cohorts. In addition, a majority of the
phenotype-genotype data stems from Caucasian cohorts in the Western hemisphere. As
several of the genetic risk alleles have failed to demonstrate a similar association in Asian
cohorts, there is also the need to replicate the genotype-phenotype correlative studies within
diverse populations. The utility of genotype in predicting response to therapy has been less
widely studied with some of the earlier reported associations failing to be replicated in
subsequent studies. Pharmacogenetics SNPs may be useful in predicting likelihood of
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response to therapy. There is also need to determine if genetic predictors can be utilized to
predict likelihood of adverse events related to therapy. This would allow for a more
personalized approach to management of IBD incorporating predictors of disease
progression as well as a tailored approached to therapeutic decision making.
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Figure 1.
Conceptual framework for use of genetics to personalize management of inflammatory
bowel diseases
* SNPs described in the figure are those where there exists ≥ 1 study in the literature
demonstrating an association with the outcome of interest.
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Figure 2.
Proposed structural framework for study design examining genotype-phenotype
relationships in IBD
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