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Abstract

We are currently in an exciting time where our understanding of genetic underpinnings of
inflammatory bowel disease (IBD) has undergone a revolution, based in large part by novel
genotyping and sequencing technologies. With >160 susceptible loci identified for IBD, the goals
now are to understand at a fundamental level, the function of these susceptibility alleles. Clinical
relevance of how these susceptible genes shape the development of IBD is also a high priority. The
main challenge is to understand how the environment and microbiome play a role in triggering
disease in genetically susceptible individual, as the interactions may be complex. To advance the
field, novel in vitro and mouse models that are designed to interrogate complex genetics and be
able to functionally test hypotheses are needed. Ultimately, the goal of genetics studies will be to
translate genetics to the patients with IBD and improve their care.
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Introduction

Two major subtypes comprise most cases of inflammatory bowel disease (IBD) and include
Crohn’s disease (CD) and ulcerative colitis (UC). Though classification into either CD or
UC is usually possible due to distinguishing features, it is important to note that CD and UC
have substantial overlapping clinical and pathologic features which appear to be reflected in
our emerging understanding of IBD genetics. Clinically, both CD and UC are associated
with intermittent, abdominal pain and diarrhea that occurs over a wide spectrum of severity.
Pathologically, both forms show acute and chronic inflammation within the mucosa of the
intestine that includes cryptitis and crypt abscesses. (1). The major pathologic hallmarks that
distinguish CD from UC are “skip lesions’ (inflamed areas admixed with uninflamed areas)
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that can occur anywhere within the gastrointestinal (Gl) tract, non-caseating granulomas, as
well as fistulas and deep penetrating ulcers. Perianal disease is a manifestation of an
aggressive form of CD that is observed in a subset of patients (1). Conversely, UC classically
affects the distal rectum and has the potential to extend proximally (2); the upper GlI tract
and ileum are usually not involved. Pathologically, UC lesions are homogeneous without
skip areas and the inflammation is limited to the mucosa. Typically these ulcers do not
penetrate into the muscle wall. A small subset of patients initially present with symptoms
and pathology that doesn’t easily distinguish between CD and UC. These patients are
classified as IBD-undetermined type, and can evolve into a more UC or CD-like clinical
pictures in time. In all cases, cure is rare but clinical remission is often achievable by current
medical therapies. The major clinical issues include the lack of durability of medical
therapy, the high risk for eventual interventions (~50% of IBD cases) and the difficulty in
managing patients post-resection.

The study of IBD genetics has flourished over the past decade and has contributed
significantly to our understanding of the pathogenesis of IBD (Figure 1). To date, the
majority of these studies have focused on patients in areas that historically have had high
prevalence, though additional exciting studies are ongoing throughout the world including
areas where IBD is rapidly increasing in incidence. In predominately Caucasian populations
(North America, Europe and Israel), >160 susceptible loci been identified predominately
through large-scale (>75,000 patients and controls) genome wide association studies
(GWAYS). Interestingly, there are a significant proportion of shared genes between UC and
CD (3; 4). Through the application of state-of-the-art sequencing technology, susceptibility
loci have been associated with specific genes or regulatory regions (5; 6). In addition, IBD
geneticists have begun to identify rare variants and some of the causative genes that are
transmitted through Mendelian inheritance (7). Taken together, this work has suggested that
alteration of complex networks of host genetics, immune dysregulation, and environmental
factors can trigger or exacerbate IBD (8; 9).

Common vs. rare genetic variants

The biological basis and impact on disease differs when comparing rare and common
polymorphisms (10-12). Common human genetic polymorphisms, as the term implies,
occur in a given population with a minimum frequency of 5% (13). In IBD, many identified
susceptibility loci are found at a much higher frequency (typically 20-50%). In part, because
of this high frequency in target populations, several susceptibility alleles were identified in
early, smaller cohort GWAS studies (4; 14) because of the greater power to detect
associations of IBD with such variants (10-12). It is believed that such common variants that
are associated with increased IBD susceptibility are retained in a given population because
of some advantage that is conferred by the polymorphism. However, discussed later,
common genetic variants identified through these studies typically have modest effects on
IBD susceptibility, with most odds ratios < 1.1 for a given locus. In addition, the majority of
these common variants are located in the non-coding regions (10-12). In contrast, rare
variants, defined as occurring with < 0.5% frequency, are often specific to certain
populations, and are highly deleterious. Rare variants are often missense alleles, and with
greater effect sizes (odds ratio > 1.5). There is, however, less power with these variants to
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uncover associations with IBD (10-12). For example, GWAS on the order of 10,000 patients
will miss these variants. Such variants have been associated with very early onset IBD
(VEO-IBD), specific polymorphisms in adult IBD (i.e. NOD2)(5) and other mutations
associated with immunodeficiency (15; 16).

Genetics of VEO-IBD

In addition to providing insights into pathogenesis, genetic studies in specified cohorts for
IBD (eg. VEO-IBD) are clinically useful, as these cases are not easily diagnosed with
standard histological and immunological features (17). The results from genetic analysis can
also be used for genetic counseling for family members of patients (17). Thus, it has
tremendous clinical implications beyond pathogenesis research (17). The key
geneticalterations in VEO-IBD have been uncovered through a combination of genetic
mapping, association studies and ultimately exome sequencing of specific patients (either
global or targeted). As mentioned above, rare variants are often monogenic (17). Most
identified genetic causes of VEO-IBD are associated with defects in the epithelial barrier,
neutrophils, T-, and/or B-cells, regulatory T cells, and IL-10 signaling, or association with
other hyperinflammatory and autoinflammatory disorders (17), Because of the well-defined
genetics in VEO-IBD patients, translational studies identifying involved pathways and
potential environmental triggers can lead to identification of therapeutic targets (Figure 2).

NADPH oxidase

Multiple SNPs associated with increased risk of IBD are located in coding regions of
multiple NADPH oxidase complex genes. These mutations reduce reactive oxygen species
(ROS) formation, but do not lead to chronic granulomatous disease (CGD). Specifically,
SNPs associated with coding variants of the NCF2 gene (a.k.a. p67phox) were found in 4%
of VEO-IBD patients. These mutations all affect binding with the downstream signaling
molecule RAC2 and result in reduced ROS production (18; 19). Subsequently, several
investigations focused on the genetic landscape of VEO-IBD and associated
immunodeficiency disorders, including CGD, and primary immunodeficiency X-linked
lymphoproliferative disease type 2 (XLP2). The rationale was that such cases are relatively
rare and the hypothesis was that there were common genetic mechanisms. This was the case,
as they found additional SNPs associated with genes that are part of the core NADPH
oxidase complex genes (20). The majority of the VEO-IBD patients with the NADPH
oxidase-associated SNPs were heterozygous for these mutations as compared to patients
with CGD that are homozygous for such mutations. Other genes associated with the
NADPH oxidase pathway included Annexin A1, which in mouse models has been shown to
promote epithelial wound repair through a complex formed with Rac1, p120, Vav2, and
Nox1 which in turn leads to activation of Src (21). In a follow up study, Leoni and
colleagues showed that endogenous Annexin Al can be released by intestinal epithelial cells
as a component of extracellular vesicles, which activate wound repair process (22).
Interestingly, patients with IBD have higher serum levels of Annexin Al-containing
extracellular vesicles (22).
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Tetratricopeptide repeat domain 7

XIAP

In a separate study, patients with variants of the tetratricopeptide repeat domain 7 (77C7A)
gene were identified within a small cohort (n=41) of severe VEO-IBD cases. Whole exome
and targeted sequencing showed truncation of the 77C7A gene. In vitro studies with
primary intestinal epithelial cells grown as organoids showed that the 77C7A mutations
reversed the apical and baso-lateral surfaces leading to organoid inversion. In addition, the
epithelial cells in these organoids showed decreased adhesion, increased apoptosis, and
decreased phosphatidylinositol 4-phosphate production (23). In a separate study, intestinal
organoids isolated from patients with combined immunodeficiency and 77C7A mutation
(determined by whole exome sequencing) also showed inversion of apicobasal polarity of
the epithelial cells (24). Interestingly, the epithelial abnormality could be reversed
pharmacologically by Rho kinase inhibitor (24).

Rare variants in X/AP were identified in 4% of male VEO-CD patients in a study from
Germany. Interestingly, the in vitro mechanistic studies suggested the lack of functional
XIAP in immune cells from these patients may be related to NOD1/2signaling rather than
other alterations in innate and adaptive immunity (25). Pediatric IBD with these CD-unique
private mutations tend to have ileocolonic disease location and respond to traditional
therapy. Moreover, while the sample size is small, X/AP-deficiency does appear to carry a
higher penetrance than NODZ2-deficiency (25).

IL-10 receptors

IL-10 receptor genes (/L-10RA and /L-10RB) were among the first genes shown to be
associated with early onset IBD (26; 27). The major function of this receptor is to suppress
inflammation and tumor necrosis factor (TNF) secretion as validated in human monocytes
from patients with deficient /L-Z0R. These patients are characterized by refractory colitis
and perianal disease, but lack significant small intestinal involvement (26; 27). Interestingly,
allogeneic stem cell transplantation appears to be a promising therapeutic approach (26; 27).
Importantly, deficient /L-10R has not yet been observed in adult onset IBD. These studies
highlight how genetic findings associate with clinical phenotype and can be translated to
patient management (26).

Animal studies with targeted knockout of /L-10R genes have revealed its role in specific cell
types. Within intestinal epithelial cells, CD1d protects inflammation in a /L-10 STAT3
HSP110-dependent manner (28). In both resident intestinal and bone marrow-derived
macrophages, /L-10R deletion resulted in enhanced proinflammatory cytokine and reduced
anti-inflammatory cytokine secretions (29). Interestingly, in mouse models, the /L-10
produced by macrophages did not affect gut homeostasis, supporting the clinical finding of
/L-10R deficiency in VEO-IBD patients (30). Variants of other immunodeficiency-
associated genes with somewhat variable age of onset of intestinal inflammation includes
Wiscott-Aldrich syndrome, immune dysregulation, polyendocrinology, enteropathy, X-
linked (IPEX; associated with FOXP3), and common variable immunodeficiency (LRBA)
(17). Importantly, in a mouse model of immunodeficiency (HO/L-1 knockout), a
hyperinflammatory phenotype can be induced by chronic Mycobacteriaum tuberculosis or
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murine y-herpesvirus 68 infections, thus highlighting the importance of environmental
factors in phenotypic studies of immunodeficiency (31).

IBD genetics in defined populations

Genetics studies for IBD (and other diseases) have benefited by the investigation of specific
population subsets. For example, the modern Ashkenazi Jewish population resulted from
recent narrow population bottleneck (~350 individuals) followed by rapid expansion (32).
This population is known to have a distinct genetic landscape and harbors a high prevalence
of autosomal recessive diseases as well as a higher risk of other common diseases. A recent
study involving 128 complete genomes of Ashkenazi Jewish individuals showed 47% more
novel variants per genome than control populations (32). Further studies confirmed the
complementary value of studying this population. Novel IBD susceptible genes included
RPL7, CPAMDS, PRGZ, PRG3, and HEATR3(33; 34). These genes are of unclear function
and are targets for further study. This study supports the notion that variants that are rare in
the general population are relatively not rare if studied in a defined population with
enhanced susceptibility to IBD.

Another population where genetic associations have begun to shed light on IBD
pathogenesis is Asian populations. Previous studies showed that Japanese and Korean IBD
patients do not harbor NODZ2 variants (which is specific to patients from European ancestry),
and the contribution of A7TG16L1 T300A to pathogenesis is likely minor (35; 36). GWAS
studies from CD patients in Japan and Korea showed that while there is a fraction of
susceptibility alleles that overlap with Caucasians with CD, there is clearly a panel of
distinct alleles that show significant association in these Asian cohorts (37; 38). For
example, TNFsf15and MHC I/ are both highlighted by studies from Japan and Korea to be
highly associated with CD (35; 36). Further studies with larger cohorts will clarify whether
susceptibility alleles associated with A7G16L2and ELFI1 are significant in Asian CD
patients (35; 36). In contrast, there is greater overlap with Asian and Caucasian populations
when comparing UC susceptible loci (39). Thus, further study of these ethnically distinct
populations will broaden our understanding of the genetic contribution of specific alleles and
can help identify novel environmental triggers. Of note, many of the published genotyping
work from these ethnically distinct populations were conducted using SNP chips based on
Caucasian genetics. One future direction is to compile such chips that are based on the
genetics specific to these populations.

The concept of genetic burden

The previous discussed rare genetic variants are associated with a nearly 100% likelihood of
developing IBD. However, most susceptibility alleles for IBD are based on common variants
and are therefore far less penetrant. Some studies have suggested that the cumulative genetic
burden of these common genetic variants is associated with an early age of diagnosis. This
has been reported for CD, but not UC (40) and the overall susceptible loci only account for
~30% of all cases (3; 40). These types of genetic studies are very challenging and require
substantial populations of IBD patients that are well-phenotyped and genotyped.
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Fine-mapping of the susceptible genes

GWAS studies identify markers that map to blocks of linkage disequilibrium and may
extend from tens to hundreds of kilobases away from the target locus and may contain many
genes (41). Functional involvement of any given gene is therefore not defined simply by the
proximity of the gene to the most associated variant in the block (41; 42). One economical
method to identify gene associations with candidate polymorphisms is through a process of
fine mapping to SNPs that are concentrated to areas of susceptibility loci. Algorithms such
as conditional regression can be used to determine whether the effect of each variant
explains linkage disequilibrium (41). Designed in 2009 by researchers of 11 distinct
autoimmune and inflammatory disorders and further developed by Illumina, Immunochip is
a SNP microarray that interrogates 195,806 SNPs and 718 small insertion-deletions (43; 45).
The use of Immunochip allowed deep replication of previous GWAS data, including the top
2,000 independent association signals for each disease (45; 46). In addition, it also allowed
fine mapping of the loci identified by other previous GWAS (3; 35; 41-44). Another recent
study using this high-density genotyping approach including 7,406 SNPs within the MHC
region on >30,000 IBD patients and >30,000 control subjects showed a primary role for
HLA-DB1*01:03 in both CD and UC (47). Thus, targeted high density mapping could
potentially reveal additional susceptible loci.

By analyzing the 200,000 known SNPs associated with autoimmune disease-associated loci,
Farh et al. found that approximately 90% of the causal variants are in non-coding regions,
whereas 60% mapped to enhancers of immune cell types (42). This landmark study
represents an important next step to advance GWAS studies. One recent study provided
clues to the functional implications of the IBD causal variants in non-coding regions. Up to
half of the tested SNPs (91/216) were associated with super enhancers of T cells, and these
super enhancers were selectively targeted by tofacitinib, a JAK inhibitor (48). Super
enhancers are a group of transcriptional factors important for genes associated with cell
identity and genetic risk of disease (49). Thus, such a comprehensive super enhancer
landscape of relevant cell types can be used in IBD genetics to facilitate discovery of
druggable targets. In the future, whole genome sequencing will likely be the standard
method to pinpoint IBD susceptibility loci.

Overlap with other diseases

One important consequence from the IBD Immunochip project was the discovery of
overlapping susceptible loci of IBD with other diseases (3). A significant proportion (70%;
113/163) of the loci identified is shared with other complex diseases or traits (3). The
spectrum of diseases with shared susceptible loci includes immune mediated diseases (e.g.
rheumatoid arthritis), primary immunodeficiency, Mendelian susceptibility to mycobacterial
disease, and leprosy (3). Susceptibility loci associated with /L12B, STAT1, IRF8, TYKZ2,
STAT3, IFNGRZ, and /FNGR1 are found in both IBD and mycobacterial infection, whereas
susceptibility loci associated with NODZ, RIPK2, TNFsf15, LRRK2, IL23R, and C130rf31
are shared between IBD and leprosy (3). Interestingly, anti-TNF, one of the most effective
therapies for IBD, can be associated with re-activation of latent mycobacterial disease (50).
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Thus, these findings may provide additional mechanistic insights into therapy-associated
adverse effects.

Protective loci

The various GWAS, fine-mapping, and sequencing studies identified several protective
alleles for IBD (3; 5; 14). These alleles are associated with /L23R, CARDY, NODZ2, and
PTPNZ22. Among the /L23R SNPs associated with CD, the less common glutamine allele of
R381Q confers approximately 3-fold protection against developing CD (14). Further deep
sequencing studies identified two additional rare, protective alleles in the /L23R gene,
namely G149R and V362l (5). Given the critical role of IL23R in the differentiation of
CD4* Th17 cells, these findings suggest that modulating the 1L23/Th17 pathway may be an
important therapeutic approach. Indeed, ustekinumab, a monoclonal antibody targeting 1L12
and IL23, shows great promise in CD (51).

A splice-site variant in CARD9was also associated with a protection effect for IBD (5). The
hypothetical transcript was found in cDNA from many cell types, including spleen, lymph
node, and peripheral blood mononuclear cells (5). CARD9 functions as an adaptor protein
that is downstream of cell surface receptors that include Dectin-1 which binds components
of fungi. Functional studies with knockout mice for CARD9 show alterations in the
intestinal microbiome and defects in wound repair and clearance of pathogenic bacterial
infections (52).

One interesting finding from the GWAS-Immunochip study was that two CD susceptibility
loci, PTPN22and NODZ, showed significant protection effects for UC (3). PTPN22, a
protein kinase phosphatase expressed mainly in hematopoietic cells, is associated with other
immune diseases, including rheumatoid arthritis, systemic lupus erythematosus. type |
diabetes, multiple sclerosis, and Grave’s disease (53). The risk allele associated with these
diseases is associated with diminished IL-2 production of T cells upon TCR stimulation, and
is a more potent negative regulator of T lymphocyte activation (53). A separate study
showed that the R620W gain of function variant was significantly associated with CD,
whereas the R263Q loss of function variant was associated with UC (54). Mechanistically,
however, while it is likely that R263Q involves regulating lymphocyte activation through
modulating Src family kinase, the functional consequence of the polymorphisms in human
and mice are not well studied (55). Likewise, while the roles of NODZin inducing
inflammation is known (56), the mechanisms of which a susceptible allele for CD may be a
protective allele for UC is still unclear.

Expression quantitative trait loci (eQTL) mapping

Expression quantitative trait loci (eQTL) is a method to correlate specific polymorphisms to
the abundance of certain gene transcript(s) and identify potential causal variants (57). This
method is performed by correlating genotyping data with transcript abundances (either by
RNA microarray or RNA seq analysis) within a tissue of interest. Other factors that alter the
transcription status (e.g. epigenetic changes) can also be integrated (57-59). The resultant
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gene expression profile and that of eQTL can be further used to study potential gene-gene
interactions and networks (59).

The complexity of the eQTL approach can be illustrated by the choice of a relevant cell type
and the optimal physiologic context. Using 56 cell types and 21 immune-mediated diseases
for the analysis of c/s-regulatory elements, Farh et. a/. found that transcripts for immune
cells were largely enriched in IBD patients, compared to intestinal mucosa (42). In addition,
they also found that the SNPs identified through GWAS and eQTLs from peripheral blood
comprise a different landscape — noteworthy is the involvement of enhancer region in up to
60% in the GWAS SNPs vs. 14% in the eQTL SNPs (42). A separate study by Fairfax et. al.
took the approach further and investigated in a ‘context-specific’ manner, in which
peripheral monocytes from healthy individuals were stimulated with lipopolysaccharide
(LPS) or interferon-gamma (IFN-¥) (60). Stimulation with LPS or IFN-¥ resulted in local
changes in eQTL (¢/s-eQTL) in immediate short term but also distant changes (#rans-eQTL)
on separate gene sets (e.g. MHC /1), which collectively support an IFN-signaling cascade
(60). Notably, induced eQTL were significantly enriched for GWAS loci, thus providing an
independent signal for disease association (60). Therefore, it is plausible that the currently
defined eQTLs may likely represent only a subset of the genuine eQTLs, and further studies
taking the context-specific approach may yield further insight into the regulation of eQTL
and the functions of identified polymorphisms.

Gene-gene interaction

Gene-gene interaction in IBD has been investigated using various statistical modeling
approaches, including logic regression, and predictability of disease was assessed by area
under the curve (AUC). For instance, a recent study by analyzing the UC GWAS datasets
showed potential interactions between HLA-DQA1, RIT1/UBQLN4, and IFNG/IL26/IL22,
highlighting known pathways of host response to microbial organisms (61). Likewise, a
similar study performed in pediatric CD patients found additive gene-gene interaction
involving 7LR4, PSMG1, TNFRsf6B, and /RGM (62). However, while this is clearly of
interest, there are very limited validation studies.

Causal pathways and networks

The abundant data generated from GWAS and transcriptional profiling studies identified
signaling pathways that regulate IBD pathogenesis. The complexity of the affected pathways
revealed potential signaling networks composed of various pathways that are critical for the
pathogenesis of IBD. TNF, for example, can be secreted by a variety of cell types, including
macrophages, dendritic cells, T cells, adipocytes, and fibroblasts. In turn, TNF acts on
targeted cell types including effector T cells, endothelial cells, intestinal epithelial cells,
Paneth cells, and myofibroblasts. NF-kB, a central player in TNF signaling, is also critical in
the signaling of many other important pathways (i.e. TLRs) (63). Indeed, the link between
NF-kB activation and intestinal inflammation and subsequent intestinal epithelial cell death
is well documented (34; 64). Thus, by connecting the identified signaling pathways and
networks, one is able to determine the key modulators which are the most connected ‘hot
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spots’ (3). Further superimposed on these networks are host-microbial interactions which
will be discussed later.

Identifying environmental factors

Clinical clues are abundant that environmental factors play a prominent role in the IBD
pathogenesis. The incidence rate of IBD is rapidly increasing worldwide and most notably in
areas where IBD was rare prior to the 1990s (65). More detailed examinations of specific
European and North American countries further support the role of the environment. In
Spain, a north-south disease gradient occurs where the incidence is highest in the northern
region of Spain and gradually decreases toward the southern region (66). Likewise, in
Canada, an east-west disease gradient occurs with the highest incidence in the eastern region
(66). Though interesting, the genesis of these population gradients is unclear. In addition,
while patients with mutations in /L-Z0R gene will develop spontaneous colitis with 100%
penetrance, /n vivo studies using mouse model with deficiency in IL-10 signaling highlight
the importance of the environmental triggers, in the development of colitis, and in this case,
certain commensal bacteria that trigger colitis (67). Thus, it is possible that the required
“dosage” of environmental exposure that will trigger IBD correlates with the genetics of the
patients (Figure 3). For example, patients who harbor one of the Mendelian gene mutations
or rare variants may require less of a dose (e.g. specific commensal microbe) to trigger
disease, whereas patients with common variant(s) may require a greater exposure dosage
(e.g. complex environmental trigger).

Several potential environmental factors have been evaluated in detail and include smoking,
diet, use of antibiotics, and overall sanitization status. In Western countries, smoking
consistently is shown to be detrimental for CD but protective for UC (66). In contrast, a
recent Asia-Pacific study failed to identify any link between smoking status and the
incidence of CD (68). Interestingly, in Asia, ex-smoking appears to be a risk factor for
developing UC (68). The polymorphisms of various nicotine metabolizing enzymes have
been postulated to be associated with an effect on the incidence of IBD in patients who are
exposed to smoking. Indeed, a recent study showed that SNP of one such gene, CYP2AGE,
may increase the incidence of CD among smokers (69). Similarly, the SNPs in GSTP1 gene
is associated with increased risk of UC in ex-smoker (69).

The mechanism by which smoking modulates intestinal inflammation in IBD patients is still
unclear, but animal studies provide some insights into its diverse effects in both the small
and large intestine (70). However, one major limitation of these animal studies is the lack of
standardization for smoking exposure. The type of exposure ranged from nicotine patches,
cigarette extracts, to actual cigarettes, and amongst each type of exposure, the dosages used
are variable among studies (70). Added to the complexity is the use of various injury models
(i.e. chemical- vs. pathogen-induced colitis) to trigger intestinal damage, as smoking by
itself does not result in spontaneous enterocolitis in most animal models (70). Nonetheless,
in vitro application of cigarette extract on patient-derived dendritic cells showed that it
increased the prevalence of Foxp3+ CD4 T cells in UC whereas it skewed toward Thl subset
in CD (71), suggesting a possible differential effect in immune cells in CD vs. UC. One
possible scenario is that to trigger/aggravate IBD requires combinations of specific sets of
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genes and smoking exposure, thereby explaining the seemingly different effects in patients
from different ethnic groups. Future studies investigating the potential interplay between
susceptible genes in Asian vs. Caucasian IBD patients in this regard may yield new insights.

Given the increased incidence and prevalence of obesity and associated metabolic symptoms
over the last decades, which coincide with the increased incidence of that of IBD, the role of
diet in the pathogenesis of IBD must be considered (65; 66; 72). In humans, genetics only
appears to account for a small part of the increase in body mass index (~5%) (73; 74).
Preclinical models have highlighted the diverse impact of nutrients in regulating intestinal
mucosal immunity and shaping microbiota composite, both of which have significant
implications to the pathogenesis of IBD (72; 75). In addition to human data, animal studies
illustrate how certain diets (e.g. “Western” diet) can induce dysbiosis (76), presumably
through affecting the metabolites (77; 78), which in turn is associated with host mucosal
barrier dysfunction. Studies investigating the impact of diet on microbiota and metabolomics
are ongoing and will be of particular interest in the future.

Challenges in studying gene-environment interactions in IBD

The notion that a combination of genetic and environmental factors is required in causing a
disease phenotype is not a novel concept in medicine. This is illustrated by studies from
phenylketonuria, an autosomal recessive disease (79). Individuals with mutations in
phenylalanine hydroxylase require exposure to phenylalanine in the diet to develop the
disease (80). Likewise, in intestinal tract, the pathogenesis of Celiac disease involves
susceptible genes (HLA-DQ2 and DQ8) and environmental exposure (gluten-containing
diet) (81). It is therefore perceivable that certain gene-environment interactions are important
in the pathogenesis of IBD. However, unlike phenylketonuria or Celiac disease, both of
which involves relatively limited numbers of susceptible genes and known triggers, IBD is a
complex genetic disease with as yet unclear triggers. Therefore it is very difficult to study
the gene-environment interactions in these patients. Added to the complexity is that the
‘dosage’ of the environmental exposure is difficult to quantify. Therefore, the traditional 2 x
2 approach of dichotomous genotype (dominant and recessive) and dichotomous exposure
(plus and minus) used in traditional genetic epidemiology studies do not necessarily address
these questions (79).

The study design is another challenge when trying to incorporate the massive information
obtained from the various GWAS and fine mapping studies to identify gene-environment
interactions. The GWAS and fine mapping studies are performed mostly by a cross-section
and/or case-control (retrospective) study design (82). While this is the most cost-efficient
approach for genetics studies, for identifying environmental exposure, there is a high
potential for selection bias and recall bias (79; 82). Nonetheless, the potential environmental
exposure identified from these studies (if available), can be used as a screening for further
validation (79). The use of various pre-existing databases for nested case-control studies
may be used as additional sources to identify environmental exposure. We envision
environmental factors will be clustered based on their effects on specific genotype of the
IBD patients (Figure 4). For example, as seen in the genetic studies in Caucasian and Asian
CD populations, while many susceptible loci are shared between the two populations, there
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are clear subsets of susceptible alleles that are predominantly identified in each population.
Likewise, it is possible that environmental triggers will follow the same classifications.

In addition to study design, sample size possesses another challenge. For instance, using a
simplified model of dichotomous genetics and dichotomous environmental exposure, the
minimum sample size required to determine the joint effect of gene-environment is at least 4
times the sample size that is needed to evaluate the effect of each of the component (83).
Therefore, assuming this very simplistic model, the currently available database designed to
study IBD genetics is not powered to study gene-environment interactions. Further statistical
models and new studies are necessary and must take into account more complex models.

Even with sufficient sample size, additional questions remain. As in genetics one has to
differentiate linkage disequilibrium from true causative variants, many of the environmental
factors are part of complex mixtures and are highly correlated with each other, thus
separating the effects of each individual environmental factor may not be easy.

Role of microbiota in IBD patients

The importance of gut microbiota in induction, training, and function of the immune system
is well recognized (84). In addition, elements of the environment may act on host indirectly
through the microbiome. Thus, understanding the details of host-microbial interactions is
highly relevant to IBD.

Recent studies of the microbiome in IBD patients, including improvements in the
standardization of methodology and study design, have advanced our understanding of IBD
pathogenesis. However, while these data are intriguing, most studies provide associations
and not cause-effect relationships (85-87). For instance, studies examining the microbiome
from fecal and mucosal biopsies from twins with IBD have confirmed the reduced diversity
and changes in abundance in certain phyla in ileal CD but not colonic CD as compared to
healthy controls (88). This study however, found that the effect of disease phenotype was
greater than that of the host genotype (88). A similar study examining the fecal microbiota
from CD patients showed that unaffected relatives of CD patients also have a different
composition of microbiota compared to healthy controls, including less Collinsella
aerofaciens, a member of the Escherichia coli-Shigella group, and more Ruminococcus
torques, suggesting a potential subclinical mucin degradation in unaffected relatives of CD
(89). It was, however, unclear whether any of the unaffected relatives developed CD later,
which would be suggestive of early disease-causing mechanism. In a separate study, the
microbiome of a large cohort of treatment-naive pediatric CD patients was analyzed. They
found that the microbiome of CD patients contained an increased abundance in specific
bacterial families including Enterobacteriaceae, Pasteurellacaea, Veillonellaceae, and
Fusobacteriaceae, and decreased abundance in Erysipelotrichales, Bacteroidales, and
Clostridiales (90). In the same study, it was found that the degree of mucosal dysbiosis was
greater in patients who had previous exposure to antibiotics, suggesting that the dyshiosis
status may be affected by antibiotics usage (90). No genetic correlations were performed in
this study.
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Further studies have examined correlations between the host genotype and mucosal
microbiome by comparing areas with active and inactive disease in CD patients. The
hypothesis was that certain host genotypes (i.e. A7G16L1T300A) predispose to defects in
microbial clearing by immune cells, and hence the geographic composition of microbiome
in active areas may be different then in the uninvolved areas. Indeed, the microbiome of
inflamed ileums in CD patients that contained the A7G16L1 T300A SNP was associated
with greater abundance of Bacterioides, Fusobacteriaand E. colf, and less Lachnospiraceae
compared to patients with wild type A7G16L 1. However, there was no difference in
microbiota composition in uninvolved areas when considering genotypes (91). Another
study that analyzed the fecal microbiome from 416 twin pairs without IBD showed that the
abundance of several microbial taxa can be shaped by host genetics (92).

In UC patients, one study showed a lower abundance of Roseburia hominis and
Faecalibacterium prausnitzii compared to controls, and both species were inversely
correlated with disease activity (93). These bacteria are thought to have beneficial properties
including the production of short chain fatty acids (94). Interestingly, it was noted in a
separate study that there was a reduction in short chain fatty acid in UC patients
(predominantly propionate and acetate but not butyrate) (93). As larger IBD cohorts are
analyzed for the microbiome composition, the impact of host genetics will need to be
addressed.

The ‘genetics’ of the microbiome

Many investigators are utilizing mouse models to functionally test components of the
microbiome and determine how it interacts with the host immune system (95). The
importance of homeostasis of the microbiome in reducing inflammatory diseases is
demonstrated in a study by Olszak et. al., where germ-free animals are more susceptible to
chemical-induced colitis compared to specific pathogen-free animals (96). Exposure of
germ-free animals to specific pathogen-free conditions early in life, but not in adults,
ameliorated the colitis. Furthermore, this was shown to be mediated by invariant natural
killer (NK) cells through chemokine ligand CXCL16 (96).

Another emerging concept for role of the microbiome is metagenomics. Several recent
studies have highlighted that microbial genes are ‘inherited’ by maternal transmission and
strongly influence phenotypes much like the effects of host genetics. We have recently
shown that maternal transmission of specific bacteria are important in modulating mucosal
immunity and inflammation through immunoglobulin (Ig)A (97). In another study, mice
with early life contact with commensal microbes (maternally transmitted) establish mucosal
tolerance to later environmental exposures. There is experimental evidence that shows this is
mediated through invariant NK T cells (96). The emerging understanding that microbial
genes can influence inflammation will add a layer of complexity to our ongoing studies of
IBD genetics in humans.

In addition to bacterial microbiome, recent advances include the identification of enteric
virome associated with IBD. By analyzing different cohorts of IBD patients from
geographically distinct locations, Norman and Handley et. al. found that both CD and UC
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patients have alterations in the enteric virome compared to control patients, with enriched
presence of Caudoviralies bacteriophages (98). The virome appear to be CD and UC disease
and cohort specific, and importantly, the changes were not associated with bacterial
population changes (98). While functional studies are clearly needed to explain the
mechanisms, future studies of IBD microbiome need to take into consideration of possible
interplay between enteric virome and bacterial microbiome.

The role of IgA, which is secreted exclusively in the mucosa, and its interplay with gut
microbiota have been recently investigated. A fraction of the microbiota in the fecal samples
in CD patients, but not non-IBD controls, are coated with IgA, thus allowing sorting based
on the IgA coating patterns (99). These bacteria coated with IgA, when transferred to germ-
free mice, were able to aggravate the severity of intestinal damage upon treatment with
Dextran-sodium sulfate (DSS) (99). Thus, commensal microbiota with high IgA coating
may play a role in triggering colitis in IBD. More recently, we have found that fecal IgA can
be used as a marker for microbial variability, as mice with low IgA concentration in the
feces (not the level of IgA coating; to be differentiated from the abovementioned study)
showed increased intestinal damage in DSS injury model (97). The microbes associated with
the IgA-low mice (enriched for Sutterella species) can degrade at least the bound secretory
component of IgA partially through proteolysis (97). Thus, identification of additional
microbial species that modulate IgA status may be of interest in further understanding the
role of microbiota in IBD.

Next generation animal models to evaluate host and microbial genetics

One important approach for understanding the functional consequences of causative genes is
through genetic engineered animal models. Mouse models continue to be important due to
similarities with humans in terms of epithelial cell biology, immunology, microbial ecology
and physiology. One key CD susceptibility gene that has been highly studied in mouse
models is Afg16L 1, because of its significance in GWAS studies and that the major
susceptibility allele is a coding variant (100; 101). Early in vivo studies were conducted
using multiple hypomorphic mouse lines (Atg16L 1/"M) generated through the gene trap. We
found that Atg16L 17" mice displayed abnormal Paneth cell granule morphology and
secretion defects in antimicrobial peptides (102). Importantly, defects in Afg16L 1M Paneth
cells were triggered by a chronic viral infection (102). In addition, we found similar
abnormalities in Paneth cells in a subset of CD patients with susceptibility mutations in
ATG16L1and NOD2(103; 104). Atg16L 1™ mice were used to evaluate the effects on
bacterial infection by the pathogen Citrobacter rodentium. These mice showed a resistance
to infection by this pathogen suggesting that diminished function of Atg16L1 can be
protective in this circumstance (105). Atg16L1 interacts with other pathways that affect gut
inflammation. Atg16L1 function is required to counteract effects of loss of the unfolded
protein response and inhibit inflammation (64).

More recently, mouse models with a knockin of the AfgZ6L 1 T300A susceptibility variant
have been generated (100; 101). Comparing the Afg16L1""M and Atg16L.1 T300A mice,
while Paneth cell defects were observed in both, the magnitude was largely reduced in the
T300A mice, which more closely reflects what was seen in CD patients (103). This is
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important as it demonstrated how the phenotypes tend to be amplified in mouse models with
complete or nearly complete loss of function. The subtle changes created by susceptibility
mutations will require close attention. In addition, an unexpected finding with the ATG16L 1
T300A mice is the central role of the ATG16L1 T300A SNP in apoptosis rather than
autophagy as originally hypothesized (100; 101). Under conditions of cell stress, the T300A
allele is more sensitive to degradation. In our opinion, future animal models focusing on
IBD-specific polymorphisms will yield further insights into the functions of the genes and
polymorphisms. In addition, while limited studies comparing knock-out and knock-in
approaches that were done showed that the phenotypes seen with knock-in animals may be a
subset of the spectrum of what can be seen with knock-out animals. However, there may be
genes where the phenotypes between the two approaches may be distinct.

Another major challenge in IBD is a dearth of truly relevant mouse models of enteritis/
colitis. Most of the studies require induction with chemical agents (e.g. DSS) on genetic
susceptible hosts (102; 106). This is a suboptimal set up and does not recapitulate the
development of enterocolitis in patients.

Focus on cell types in IBD genetics

One logical next question following identification of any given potential causative variant is
whether the presence of certain polymorphisms elicits different effects in different cell types,
and whether the impact is more important in certain cell types. Currently there are two major
approaches to address this issue. The first is the development of mouse models using cell
type-specific engineering (e.g. intestinal mucosa vs inflammatory cells) which offer great
insight in delineating the how variants function within a given cell type. For instance, mice
with deficient Azg16L 1 in the intestinal epithelial cells, but not CD11c-expressing dendritic
cells, showed defective clearance of Sa/monellainfection (107). This study provides
mechanistic insights into how specific genes function in tissue. A second approach is
through eQTL mapping (as discussed above). This approach, while currently limited, can be
enhanced by combining a ‘context-specific’ stimulus to determine the eQTL under more
disease-relevant physiologic conditions (60). The data generated herein can in turn inform
and guide experimental designs for creating animal models.

Models to study complex genetics

As described above, the state of the art animal models for IBD studies have shifted from the
traditional knock-in and knock-out approach to a fine mapping and targeted cell type
engineering. The recently described CRISPR-Cas9 system will certainly facilitate these
approaches (108). However, while technologies have improved for generating animal
models, up until recently it was difficult to manipulate more than two genes simultaneously.
For instance, //-Z10knockout mice that develop spontaneous colitis have been used widely as
a model for IBD(29; 109-111). We believe this approach will continue to be important for
understanding the functional consequences of single genes, in particular the Mendelian
genes and rare variants. However, for the majority of the IBD cases that involve complex
genetics, this approach may not provide directly biologically relevant information. Novel
technology that allows manipulating multiple genes simultaneously in animals will allow
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further facilitation of the IBD genetics research. Alternatively, given the complexity of the
network of genes and pathways involved, studying cells and tissue directly isolated from the
patients may prove to be informative. Recent advances in streamlining the culture conditions
have enabled a high throughput assay to create such a platform (112; 113). This will allow
better understanding of the biology and have the potential to enable personalized medicine.

Genotype-phenotype correlation and clinical applications

In addition to providing insight into etiopathogenesis of IBD, another primary goal of IBD
genetics is to provide new information that will translate into better diagnostic, prognostic,
or therapeutic applications/decisions. Progress towards this goal has been best in VEO-IBD.
Diagnostically, when clinicians encounter young (< 6 years old), male patients with
enterocolitis, patients from consanguineous family (in particular those with family history of
IBD), or patients with primary immunodeficiency that develop IBD-type intestinal disease,
targeted exome sequencing is suggested to exclude the possibility of harboring known rare
variants or genes transmitted through Mendelian inheritance. However, genetic analysis so
far does not provide additional diagnostic/prognostic value to IBD patients outside of the
abovementioned criteria. The use of selective genotyping, however, remains under active
discussion. Commercial test Kits are now available that incorporate genotyping of 4 genes
with known susceptibility: ATG16L1, ECMI1, NKX2-3, and STAT3. This test is performed
in combination with a panel of serum markers and anti-bacterial serum antibodies (114), the
latter of which appears to be the key element of the commercial diagnostic kit (115). On the
other hand, the CD prognostic test kit from the same vendor contained only anti-bacterial
serum antibodies but no genotyping, suggesting the limitation of our current knowledge in
IBD genetics.

However, several studies have attempted to correlate genotype to phenotype and apply
genotyping information to predict disease course. Apart from the rare variants and genes
transmitted through Mendelian inheritance, both of which showed correlation with early
onset and severe colitis, whether genotype correlates with phenotype has been the subject of
multiple investigations. Study from the European IBDchip project found that susceptibility
loci in the NODZ2 gene were significantly associated with ileal location, stenosing and
penetrating behavior, and need for surgery (116). Likewise, in CD, fistulizing disease was
found to be associated with /L23R, LOC441108, PRDM1, and NODZ, whereas the need for
surgery was associated with /RGM, TNFSF15, C130RF31, and NODZ. Stenosing
phenotype was found to be associated with NOD2Z, JAKZ, and ATG16L 1 (116). A separate
recent study examining >10,000 European CD patients through GWAS of clinical
phenotypes found that MAG/1 variant (which encodes a protein involved in intestinal
epithelial tight junction) was associated with a complicated structuring phenotype, whereas
variants in CLCAZ, 2g24.1, and LY75loci were associated with ileal involvement, mild
disease course, and the presence of erythema nodosum, respectively (117). In UC, a SNP-
based risk scoring system including 46 SNPs was able to differentiate medically refractory
UC from non-medically refractory patients, thus predicting the need for surgery (118). In the
same study, MHC was found to be a major genetic determinant for severe UC (118).
However, other studies did not support the use of genetic testing to predict disease course
(40; 119).
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In addition, while no data has suggested how genetics may be able to predict response to
certain therapies, genetics could be used to identify patients that may develop severe adverse
events after certain medication. For instance, severe leucopenia can be a life threatening
condition in IBD patients receiving thiopurine, and this was thought to be solely due to
genetic variation in 7PMT, which encodes a thiopurine S-methyltransferase (120). However,
in patient population with low frequency of 7PMT mutations (Asians), it was found that a
SNP in NUDT15 was significantly associated with thiopurine-associated leucopenia (120).
Thus, this highlights how genetics could be applied to predict toxicity of therapy. Also, as
described earlier, early onset IBD patients with deficient /L-70R may benefit from
allogeneic stem cell transplantation (26; 27).

One challenge is to develop readouts that link genetics with environmental factors that either
trigger or exacerbate disease in genetically susceptible individuals. More recently, we have
shown that morphologic defects of the small intestinal Paneth cells can be applied as an
integrated readout that synthesize the effect of CD genetics and yet identified environmental
factors and predicts prognosis in patients (104). There are multiple genetic loci associated
with ATG16L 1and NODZ2that confer this effect. Further testing of this approach in clinical
studies and identification of additional disease-relevant cell types that can allow the testing
of this approach is critical in advancing the field forward.

Future directions

The panel of expanded susceptible loci and genomic sequencing technique has identified the
genetic targets associated with IBD. Future functional and eQTL studies will advance our
understanding in pathogenesis of these genes. The identification and mechanistic studies of
environmental factors will be keys to explain the rising incidence of IBD, despite the stable
genetic landscape over the years. We expect to identify several gene-environment multiple-
hit modules. From human studies, using a ‘biological plausible” approach to screen for
possible environmental exposure will be key in translational studies. The mechanisms of
potential environmental factors can be interrogated using next generation animal models to
further clarify its impact, and more importantly, the ‘dosage’ and exposure duration for these
environmental factors. Development of enteritis/colitis animal models other than using
chemical-induced injury and be more clinically relevant will be of value. These can then
inform next phase clinical studies for further validation. While the type and dosage of
environmental factors are difficult to measure, an emerging concept is to that their
‘byproducts’ (e.g. metabolites) may offer indication of the exposure. This is exemplified by
the recent enthusiasm in microbiome and metabolomics research; however, none of which
has been able to establish causality. This will be a priority in IBD pathogenesis research. On
clinical side, whether the field should move from phenotype-based IBD sub-classification
for patient management to a “genotype-first” approach remains to be tested (121). Finally,
with the advanced informatics technology, collecting and interpreting the growing big data
will be able to provide an integrated analysis that links genetics, environmental exposure,
disease phenotype, to prognosis.
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Summary Points

The majority of the identified common polymorphisms are non-coding
and only account for a subset of IBD cases.

Most of the identified susceptible genes control responses to host-
microbes interactions.

Different patient populations are affected by a different landscape of
susceptible genes.

More precise mechanistic studies can be performed using next
generation animal models engineered with identical polymorphism(s)
found in human instead of complete knockout.

Changes in gut microbiota are associated with IBD. Whether this is a
cause or effect remains unclear.

There is a combination of dosage effect in genetics and environmental
factors in triggering IBD. Rare variants and Mendelian genes likely
require less ‘dose’ of environmental trigger (i.e., commensal
microbiota is sufficient), whereas common variants require additional
environmental trigger (e.g. enteropathogens).
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Figure 1.
The characteristics of different study designs and methodology of IBD genetic studies.

Familial studies represent a past approach that identified a few specific targets (e.g. NOD2).
Currently GWAS with fine mapping are able to identify greater number of loci; however, not
all of these loci have defined gene targets. Currently whole exome and whole genome
sequencing have the potential to specifically defined more genetic targets.
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- Therapeutic

target(s)

Translational functional studies based on the genetic studies of loss of function genes (i.e.,
VEO-IBD) can lead to identification of potential therapeutic targets. Due to the severity of
the mutations, approaches using knock-out models, both in mice and cell culture, are well

poised to develop systems to discover pathways targeted by these mutations as well as
environmental triggers. This approach can potentially lead to novel therapeutic targets.
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Environmental factors

Genetic factors

Figure 3.
Hypothetical thresholds for genetic and environmental factors required to trigger IBD. The

three scenarios include (A) environmental factors are dominant and requires less genetic risk
factors (similar to an infectious disease model); (B) genetic factors are dominant (e.g. VEO-

IBD), which likely requires less environmental dosage; and (C) ‘medium’ dosage of genetic

and environmental factors, similar to other autoimmune disorders.
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Figure 4.
Different combinations of genetic and environmental factors may contribute to development

of IBD in different ethnic populations. Caucasian and Asian populations appear to have
some shared genetic risk factors, while others are distinct. What remains to be seen is
whether the distinct genetic factors would affect common pathways. The other unknown
issue is the role of environmental factors for each ethnic group.
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