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Crohn'’s disease and ulcerative colitis, known together as inflammatory bowel disease (IBD), are severe
autoimmune disorders now causing gut inflammation and ulceration, among other symptoms, in up to 1
in 250 people worldwide. Incidence and prevalence of IBD have been increasing dramatically over the past

Keywords: ) several decades, although the causes for this increase are still unknown. IBD has both a complex genotype

lnﬂammatow bowel diseases and a complex phenotype, and although it has received substantial attention from the medical research

m:flrt‘?tgg:ii community over recent years, much of the etiology remains unexplained. Genome-wide association
1- 1

studies have identified a rich genetic signature of disease risk in patients with IBD, consisting of at least
163 genetic loci. Many of these loci contain genes directly involved in microbial handling, indicating
that the genetic architecture of the disease has been driven by host-microbe interactions. In addition,
systematic shifts in gut microbiome structure (enterotype) and function have been observed in patients
with IBD. Furthermore, both the host genotype and enterotype are associated with aspects of the disease
phenotype, including location of the disease. This provides strong evidence of interactions between host
genotype and enterotype; however, there is a lack of published multi-omics data from IBD patients, and
a lack of bioinformatics tools for modeling such systems. In this article we discuss, from a computational
biologist’s point of view, the potential benefits of and the challenges involved in designing and analyzing
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such multi-omics studies of IBD.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are the two most
common forms of inflammatory bowel diseases (IBD). CD involves
intestinal inflammation mostly affecting the terminal ileum and
colon, although it can also affect any other part of the gastrointesti-
nal tract; UC is limited to the mucosa and submucosa of the colon.
IBD is thus a complex chronic inflammatory disorder, likely caused
by an series of interactions among multiple pathogenic factors,
including genetics, environments and mucosal immune disorders
[1-3]. The precise etiology of IBD in many cases is still unclear, and
much ongoing research is based on defining causal mechanisms for
known genetic susceptibility [1] and on understanding microbial
risk factors [4].

The complexity of the IBD disease phenotype is driven by gene-
environment interactions, possibly mediated by dysbiosis in the
gut microbiota. Traditional bottom-up studies focus on individual
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candidate factors, such as candidate genes or microorganisms, and
largely employ hypothesis-directed experimentation rather than
exploratory research. Despite the large number of candidate factor
studies, they do not readily provide holistic insight into the com-
plexity of IBD etiology. IBD etiology is known to consist of intricate
interacting networks formed by genetic and environmental fac-
tors, for instance diet, smoking status, age, medication history, and
family history. Recent advances in high-throughput experimental
“omics” data generation techniques along with necessary bioin-
formatics tools have resulted in new top-down research strategies
to overcome these shortcomings in traditional approaches. Here
“omics” refers to large-scale high-dimensional biological data gen-
eration aiming to comprehensively analyze one type of biochemical
molecular species or interactions of molecules in a cellular system
[5,6]. Experimental omics approaches, such as genomics, tran-
scriptomics, proteomics and metabolomics, share several features
when compared to traditional procedures [6,7]: (i) they are high-
throughput, data-driven, holistic and top-down methodologies, in
the sense that massive data are collected first with no prior hypoth-
esis, and then the meaningful results are searched and explained
within the obtained dataset; (ii) they consider the targets, such as
cellular metabolism, as an “integrated system” by incorporating


dx.doi.org/10.1016/j.imlet.2014.07.014
http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/immlet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2014.07.014&domain=pdf
mailto:dknights@umn.edu
dx.doi.org/10.1016/j.imlet.2014.07.014

H. Huang et al. / Immunology Letters 162 (2014) 62-68 63

the relationships between different measurements; (iii) the analy-
sis of these high-throughput data are statistically complicated and
computationally expensive.

So, multi-omics: what’s in it for IBD? Combining data collec-
tion across the host-microbiome interface allows the potential for
modeling complex interactions between host immune response,
host environmental factors including diet, and the gut microbiome.
Large-scale genome-wide association studies (GWAS) [8-11] and
extensive research in mouse models [12-14] have provided us
with a substantial base of knowledge covering IBD and signaling
pathways in the host. Similarly, we now have a substantial rep-
resentation of gut microbiome biodiversity in publicly available
functionally annotated bacterial reference genomes [8,15-18]. Yet
there are limited systematic methods for connecting these two bod-
ies of knowledge. Collecting and integrating multi-omics data has
begun to receive IBD researchers’ attention, but because of tech-
nical and financial reasons multi-omics research on IBD is still in
its infancy [3]. IBD researchers wishing to collect multi-omics data
to measure simultaneous behavior of the host immune system and
the gut microbiome, for example, via dual RNA-Seq [19], will be
forced to use ad-hoc bioinformatics methods or to develop novel
bioinformatics tools.

Discovery of novel host-microbiome disease pathways in IBD
will benefit from multi-omics study designs including paired host
genomics or transcriptomics, bacterial metagenomics or metatran-
scriptomics, metaproteomics, immunomics, and other data types.
However, this type of study design requires careful consideration
of anumber of analytical challenges, and substantial bioinformatics
development is needed to enable rapid progress in the field.

2. Conventional IBD ‘omes

Here we provide a brief overview of several important data types
in IBD ‘omics research. For each IBD “ome” we discuss important
applications as well as potential pitfalls and challenges expected in
modeling each data type. These data types have a history of estab-
lished application in IBD research. Based on systematic mining of
published abstracts from IBD research literature on PubMed, we
found that these now common ‘omics data types have been increas-
ingly utilized to study IBD over the last ten years (Fig. 1). We found a
noted lack, however, of published multi-omics IBD research. With
a small number of exceptions (for example, Erickson et al. [20]),
the following IBD ‘omes have been studied independently of one
another.

2.1. Genomics (host)

Host genetics has received the most attention of any of the
“omics” data types we survey here. A single gene, nucleotide-
binding oligomerization domain-containing protein 2 (NOD2),
holds the largest component of disease risk for Crohn’s disease (CD);
NOD?2 was the first known IBD-related gene [21-23]. Now thanks
to very large-scale genotyping efforts the IBD genotype is known
to contain at least 163 genetic loci [8], with some loci specific to CD
and some to ulcerative colitis (UC). Only approximately 30% of the
IBD loci are coding variants [24], and most of the loci have unknown
function. Furthermore, most of the SNPs identified through GWAS
are merely representative of a signal somewhere within a broader
genetic locus. Fine-mapping studies of the exomes and regula-
tory landscape surrounding these putative IBD SNPs (“exomics”)
in specific cell types and tissues is expected to yield important
insights into the functional roles of the loci in IBD pathogenesis [24].
Although knowledge of the genetics of IBD has grown exponentially
for the last decade, the contribution of specific genes and the impact
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Fig. 1. Historical trends of ‘omics terms in IBD-related research articles. The number
of abstracts per year (log scale) for research articles mentioning both inflammatory
bowel diseases and several kinds of high-throughput ‘omics data since the year 2000.
Trend data was mined using pattern matching within the results from a search of
the PubMed database [85] for inflammatory bowel disease(s), Crohn’s disease, or
ulcerative colitis. We also mined abstracts for combinations of two or more of these
“omes” (data types), but there were too few to show any pair individually on this
plot. Instead we included a single series including IBD-related publications with any
two or more different omics terms. This indicates that although high-throughput
‘omics data are increasingly being collected for studying IBD, very little multi-omics
IBD research has been published to date. This is likely due to a combination of the
increased challenges associated with both multi-omics data collection and analysis.

of their associated variation is largely still unclear, indicating that
that genomics alone is not sufficient to uncover the causes of IBD.

2.2. Transcriptomics (host)

Transcriptomics refers to the study of the complete set of RNA
molecules, or “transcripts”, present in a population of cells. While
genomics examines static DNA information, transcriptomics meas-
ures the dynamic expression of RNA molecules and their variation
under different circumstances at the genome scale, hence reflect-
ing the genes that are actively expressed at any given time [7],
with the exception of mRNA degradation phenomena|[25,26]. Tech-
niques that allow assessment of RNA profiles on a genome-wide
scale are microarrays [27], serial analysis of gene expression (SAGE)
[28], and RNA-seq [29]. More recently, a “dual RNA-seq” technique
has been proposed, which focuses on both host and microbiome
transcriptome data [19].

Measuring the host transcriptomes in, for example, tissue from a
mucosal biopsy may shed light on the phenotypic effects of the host
genotype of immune system response under various exposures to
bacterial products or other bioactive compounds. Transcriptomics
via microarrays and RNA-Seq has been an essential component
of IBD research for mapping immune regulatory and signaling
networks and for understanding the etiology of IBD, often in con-
trolled ex vivo experiments [29]. Investigation using high-density
cDNA microarrays have identified several important regulatory
molecules and genes associated with a disrupted immune response
that may be involved in the pathogenesis of IBD [30]. Similar
research on pediatric-onset IBD patients [31] confirmed the asso-
ciation of previously published IBD genes, but also expanded the
number of immune-related genes differentially regulated in IBD.
Moreover, transcriptomics has been applied to the study of the
effect of anti-inflammatory diet interventions in Crohn’s disease
patients [32], and biomarker discovery using non-coding RNAs,
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such as MicroRNAs (miRNAs), in diagnosis and medical therapy
of UC and CD patients [33-36]. One of the major challenges in
transcriptomics is the management of expression profile variabil-
ity in diverse host cell types. Isolation of individual host cells from
mucosal biopsies via new developments in single-cell sequencing
can alleviate this problem, although obtaining matched biopsies
from healthy subjects remains an additional challenge.

2.3. Proteomics and metabolomics

In addition to analysis on the DNA level and the RNA transcript
level, studies at the protein level can bring direct insight into cel-
lular behavior and metabolic pathway utilization. Proteomics is
the high-throughput measurement of constituent protein struc-
tures in populations of host or bacterial cells to provide insight into
how cell metabolism and cell networks are involved in responses
to changes in environment. Proteomics plays an important role in
biomarker discovery due to its ability to measure directly the enzy-
matic activity of cells. However, there is no exact linear association
between genes and their respective protein products [37],and most
proteins are further altered via a variety of post-translational mod-
ifications (PTMs) [38]. PTMs dramatically increase the diversity of
protein structures and functions, which cannot be directly stud-
ied from genomes and transcriptomes alone. Hence, identifying
PTMs and quantifying the diverse array of proteins in a cellu-
lar system is important for biomarker discovery [39]. The most
commonly used analytical proteomic techniques are mass spec-
trometry (MS)-based approaches [40,41] and nuclear magnetic
resonance (NMR) spectroscopy, although others exist, includ-
ing quantitative/comparative proteomics (2D-PAGE, ICAT, SILAC
and iTRAQ) [42], array-based technologies (antibody arrays, pro-
tein lysate arrays, peptide arrays, aptamer arrays and bead-based
arrays) [43] and the multi-epitope-ligand cartography (MELC) tech-
nology [42].

The first published proteomics study in IBD investigated pro-
tein changes in intestinal epithelial cells of IBD patients induced
by multiple cytokines in vitro [44]. With the fast development of
proteomics technologies and bioinformatics tools, proteomic anal-
ysis of IBD has gained popularity with different study targets, such
as a proteomic profile of intestinal mucosa from UC patients [45],
label-free comparative proteomics biomarker discovery for UC dys-
plasia detection in UC progressors (cancer) from rectal samples [46]
and proteomic serum profiling for biomarker discovery in UC and
CD patients [47]. Predictive utility of proteomic features has been
investigated by employing a machine learning technique, support
vector machines (SVMs), to differentiate CD and UC, with moder-
ate success for UC classification [48]. More systematic reviews on
applications of proteomic study in IBD can be found in [39,49].

Colonic inflammations are often characterized by dysregula-
tion of gut microbiota and their metabolic activities. It is also
possible to measure the overall proteome in microbial communi-
ties via metaproteomics, although a number of challenges remain.
Metaproteomics refers to the measurement of protein production
in diverse populations of organisms, for example the gut micro-
biome. Major challenges in analyzing and collecting proteomics and
metaproteomics data include the identification of PTMs, such as
phosphorylation and ubiquitination. In the case of metaproteomics
it is also challenging to identify an appropriate reference database
for identifying observed peptide sequences [20].

In contrast to proteins, the primary functional unit of cell physi-
ology, metabolites are small molecules resulting from biochemical
activity in metabolism, and hence “provide a functional readout
of cellular state” [50]. Metabolomics refers to profiling of metabo-
lites, that is, the quantitation of small molecules produce by cellular
metabolism. Metabolomics via nuclear magnetic resonance (NMR)
spectroscopy, for example, was used to identify non-invasively

characteristic metabolomics profiles in fecal samples for different
types of IBD [51]. In this study, the authors observed more marked
differences in the fecal metabolite profiles in the CD patients than
the UC patients when compared to the healthy control group, sug-
gesting that metabolic disturbances are more severe in CD patients
than in UC patients [51]. In addition to metabolomics of fecal
extracts [52-55], other IBD researchers have studied metabolomics
of serum and plasma [56-59], colon tissues [60-62] and uri-
nary metabolomics [60,63,64], both in mouse models and human
patients. Metabolomics has obvious applications as a complement
to other ‘omics techniques [65]. For example, metabolomics can
be combined with metagenomics or metatranscriptomics of the
gut microbiota to strengthen discovery of relevant pathways in
microbial metabolism.

2.4. Metagenomics and metatranscriptomics (gut microbes)

Metagenomics, or whole-genome shotgun metagenomics, refers
to the unbiased sequencing of whole-community DNA in an envi-
ronment [66]. Shotgun metagenomics sequences are typically
compared to annotated genes from bacterial reference genomes
to obtain an estimate of the functional profile of a bacterial com-
munity. The functional profile is usually summarized using a gene
functional categorization scheme such as the Kyoto Encyclopedia of
Genes and Genomes (KEGG) [67] functional pathways or modules.
One of the main findings of the Human Microbiome Project (HMP)
[66] was that host-associated microbiomes tend to have highly
conserved function, even while the taxonomic profiles are quite
variable. This indicates that functional profiles may be expected to
produce more stable disease associations than taxonomic profiles.
IBD associations with functional biomarkers in the gut microbiome
may also lead more directly to an understanding of the mechanisms
of the diseases, because the functional annotations describe the
underlying microbial metabolic and signaling pathways involved.
A major challenge with analyzing shotgun metagenomics data is
that we generally have to rely on reference databases contain-
ing annotated microbial genomes, and a large portion of observed
sequences fail to match anything in the current databases. It is
also possible to amplify only a specific taxonomic marker gene,
typically the 16S ribosomal RNA gene. Such “marker gene” sequenc-
ing requires much less sequencing effort, and is therefore less
costly, but only provides information at the taxonomic level. A
recent bioinformatics pipeline, PICRUSt, can be used to predict
community-wide functional profiles from marker gene profiles
with reasonable accuracy in the human gut [68]. Metatranscrip-
tomics in the gut microbiome is similar to transcriptomics in host
cells, but here it measures total microbiome-wide gene expression
levels.

3. Future IBD ‘omes
3.1. Enviromics

The host “envirome”, including dietary history and relevant clin-
ical metadata such as patient age, race, gender, antibiotic usage,
and history of immunosuppressants, plays an important role in the
etiology of IBD, and has a profound effect on the microbiome pheno-
type exhibited by the patient [69,70]. Thus it is essential to include
such metadata in the design and analysis of any multi-omics IBD
study involving the gut microbiome. We list the envirome as a
future IBD “ome” because we believe that measurement and analy-
sis of available and relevant environmental factors should be given
just as much care and importance as the other “omes” being mea-
sured, and yet the processing and modeling of environmental and
clinical variables is often treated in an ad hoc fashion. Table 1
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Table 1

Essential envirome factors in IBD microbiome research. These clinical, dietary,
demographic, and environmental factors have been found to influence strongly the
taxonomic and functional composition of the gut microbiome. Any IBD study includ-
ing measurements of the gut microbiome profile should take into account at least
these factors, either during study design or during analysis.

Host/environmental factor Important aspects

Antibiotics history Broad vs. narrow spectrum, time since

last dose

Immunosuppressants/ Type; time since last dose

immunomodulators history

Smoking history

Diet Long- and short-term diet

Age

Gender

Inflammation status Should be determined locally for

mucosal microbiota samples

Ileal involvement

Race Subjects of mixed race may need to be
considered distinct from those with
homogeneous racial background

Geography Country and city of residence

lists major host and environmental factors known to affect the gut
microbiome in patients with IBD and in other populations [66,70].

In a survey of several hundred healthy adults living in the USA,
the HMP revealed that pathway and taxon abundances were signif-
icantly associated with subject ethnicity, suggesting that variation
in the gut microbiome may be associated with host genetic fac-
tors [66]. These results have major implications for distinguishing
between taxon differences attributable to IBD phenotype or dif-
ferences that are a result of other host characteristics. Another
critical factor to consider is antibiotic exposure; antibiotics can
cause major alterations in microbiome community structure for
weeks or longer after the course of antibiotics ends. During and
immediately after a course of antibiotics, the diversity and abun-
dance of the microbial community is drastically reduced [71,72],
with recovery to pre-administration biodiversity in most subjects
taking up to four weeks [72]. Despite the return of many taxa and
areplenished bacterial biomass, long-term antibiotic-related shifts
in the composition of the gut microbiome have been shown to per-
sist for as long as two years [71]. Although decreased Firmicutes
abundance may be associated with IBD status [73], knowledge of
recent antibiotic exposures may reveal otherwise; for example, a
patient who had recently taken a high dose of clarithromycin may
also show a decreased proportion of Firmicutes [74]. Morgan et al.
provide an IBD analysis combining the microbiome and the envi-
rome that incorporates several major host factors, including age,
antibiotic use, anti-inflammatory drug use, and location of the sam-
ple [70]. The researchers found that after adjusting for all known
factors, IBD status was associated with a shift in the microbiome
but with large covariation between the disease state and various
host factors; they concluded that the sample source and subject age
were the largest independent factors associated with changes in the
microbiome [70]. Diet is also known to be a strong determinant of
microbiome structure and function on both long- and short-term
time scales [75,76], and IBD studies involving the gut microbiome
should control for diet as much as possible either through study
design or during data collection and analysis.

3.2. “Knowmics”

The study of an autoimmune disorder like IBD requires under-
standing the function and topology of numerous host signaling
and metabolic pathways, as well as the complex interplay between
hostimmune response and gut-resident microorganisms. Although
there are extensive public databases representing known host
genetic interactions and host functional pathways, as well as
extensive functional annotations of bacterial genomes, these

resources may not always be current, and may have differing levels
of noise due to incorrect annotations. Therefore we suggest treating
these available data as its own “ome”, with appropriate filtering,
quality control, and data integration methods. When treated as
a proper data source in conjunction with other ‘omics data in a
multi-omics study, we refer to this knowledge-base resource as
“knowmics”, a combination of the word “knowledge” and the neol-
ogism “omics”. We use this term knowmics to describe the total sum
of knowledge existing prior to the analysis of experimental data;
the data themselves are called the “knowme” (pronounced like
“gnome”). Knowmics includes both publicly available knowledge
extracted from published annotation databases or directly from the
scientific literature via text mining and knowledge supplied man-
ually by an expert to refine or constrain the space of models under
consideration. Given the complexity of IBD genotypes and pheno-
types, and the vast library of IBD-related ‘omics research published
to date,IBDis an excellent candidate for mining relevant knowledge
from the scientific literature.

The main challenges associated with utilizing knowmics data
are the integration of disparate public annotation resources, and
the manual input and representation of human expert knowledge.
Animmunologist designing a multi-omics experiment or analyzing
multi-omics experimental data may have specific knowledge about
host or microbial pathways from preliminary findings that have not
yet been published. Therefore a knowledge-representation system
that allows experts to easily add simple constraints or facts to the
existing knowledge base may play a useful role in bringing new
insight into the field. Knowledge-based expert systems, a subfield
of artificial intelligence (Al), are designed to incorporate human
knowledge when designing expert systems to solve problems that
would normally require human intelligence. In order to interact
with the expert systems and benefit from them, they need to at
least have the following capabilities: knowledge representation,
automated reasoning and the ability to learn from new data [77].
Knowledge representation often employs symbolic programming,
allowing computers to store and manipulate human knowledge.
Automated reasoning is the process of manipulating the stored
knowledge to solve problems and to derive representations of new
knowledge. An important aspect in Al systems is that computers
“learn” patterns from known data, and can generalize those pat-
terns to future data. Modeling human expert knowledge has been
explored widely in Al research and has been applied to diverse
fields including biology [78], medicine [79,80] and business [81],
and should also provide benefit in multi-omics IBD research.

4. Combining the IBD ‘omes

IBD exhibits complex disease phenotypes with likely contrib-
utions from impaired immune response, environmental microbial
exposures, diet, and medication history, as shown in Fig. 2 [82].
Deleterious genetic mutations can lead to impaired immune func-
tion along several pathways [82]. Impaired immune response to
commensal bacteria can alter the gut microbiome structure, in turn
causing an imbalance or dysbiosis in bacterial metabolism in the
gut. This dysbiosis can then exacerbate any imbalances in immune
response, for example if an increase in opportunistic pathogens
causes increased invasion of the intestinal lining. Dietary intake
can alter microbiome profile [75], and administration of antimicro-
bials and immunosuppressants also have comprehensive effects on
immune system behavior and microbiome profile. Medication his-
tory is expected to be confounded with genetics since IBD symptom
severity can in part be predicted by host genetics [83,84]. There-
fore there are complex multi-way interactions between the host
immune system, the envirome, and the gut microbiome (Fig. 2).
Certain aspects of each of these components can be observed in a
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Fig. 2. Causal interactions between IBD ‘omes. Inflammatory bowel diseases likely
involve complex interactions between impaired host immunity, diet and other envi-
ronmental exposures, and the gut microbiome structure and function. Impaired
immune response to commensal bacteria may cause shifts in the taxonomic pro-
file of the gut microbiome; this in turn may lead to a shift in the metabolic function
of the microbiome [24]. Diet strongly affects gut microbiome structure and function
[75], as does history of antibiotic and immunosuppressant usage [70,86]. Vari-
ous high-throughput “omics” technologies may be used to interrogate these major
components of IBD pathogenesis; metabolomics and proteomes or metaproteomics
can provide simultaneous information about immune system and gut microbiome
behavior, as well as diet.

high-throughput way using various “omics” technologies. The host
genome and immune response can be observed using genomics,
transcriptomics, and immunomics (immune-related proteomics, T-
and B-cell repertoires, and targeted immune-related gene expres-
sion arrays). The gut microbiome can be measured with taxonomic

marker gene sequencing, shotgun metagenomics, and metatran-
scriptomics. Proteomics, metaproteomics, and metabolomics can
be used to measure both host and microbial signaling and co-
metabolism. Dual RNA-Seq, a relatively new approach, is designed
to quantify simultaneously the transcriptomes of both hosts and
microbial symbionts [29]. Finally, the envirome must be measured
through food diaries, food frequency questionnaires, and carefully
collected, annotated, and standardized clinical records.

Each IBD “ome” allows us to interrogate only one aspect of
this multi-faceted disease model. We believe that multi-omics IBD
research has the potential to lead more quickly to novel insights
about the mechanisms of these interactions, although the inte-
gration and modeling of multi-omics data remains challenging.
The process of modeling such data will require us to integrate
vast quantities of published knowledge and manually entered
expert knowledge (collectively, “knowmics” data) with multiple
IBD “omes” (Fig. 3). The goal will be to use all available prior knowl-
edge about the functional genomics of the host and the microbes,
metabolic reaction networks, and disease pathways, as a founda-
tion on which to analyze a smaller quantity of newly collected
experimental multi-omics data. These disparate sources of prior
knowledge will support the modeling and inference of novel multi-
omics interactions (the “meta-interactome”) with a much smaller
sample size than would be required to infer all interactions de novo
strictly from new experimental data. The complexity of the multi-
omics modeling process can be reduced further when performing
hypothesis-driven research instead of exploratory research.

Another primary challenge in designing multi-omics studies
involving IBD patients is the determination of appropriate sample
sizes. For this purpose we must rely on past experiments to esti-
mate the relative size of the effect that we are investigating. This
process is in fact not straightforward because of the many host and
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Fig. 3. Ideal IBD multi-omics model, integrating all available data types. The ideal model for analyzing multi-omics IBD data would link prior knowledge about host and
microbiome functional genomics and metabolic networks to the new experimental data. This would in theory allow the model to share statistical strength across related
features, and to reduce the number of tests performed by constraining the set of possible reactions. Multi-omics analysis tools could potentially utilize tools from knowledge
representation theory for inferring semantic relations between gene products (both human and microbial) given both manually entered expert knowledge and predicted
interactions derived from published annotations. The ideal multi-omics data set would include measurements of host genetics and host immune system function, microbiome
taxonomy and function, gut-wide metabolism via proteomics and metabolomics, and dietary, clinical, and other environmental exposures.
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environmental factors that influence host cell behavior and micro-
biome structure in patients, often with overlapping effects, and
because of the heterogeneity of the disease phenotypes. As sug-
gested by Fig. 1, there is an increasing number of large cohort
studies that are beginning to allow us to measure these effect
sizes in the individual ‘omes. However, with respect to measuring
multi-omics interactions, more exploratory research is necessary
to establish effect sizes. The simplest approach in lieu of having
published multi-omics data is to simply power one’s study for the
analysis of the individual ‘omes being collected, and to treat the
analysis of multi-omics interactions as exploratory.

5. Concluding remarks

IBD has complex etiology involving strong host, gut micro-
bial, and environmental components. Although relatively new
high-throughput “omics” technologies such as genomics, metage-
nomics, transcriptomics, metatranscriptomics, metaproteomics,
and metabolomics allow us to interrogate different aspects of these
components contributing to IBD pathogenesis, there have been rel-
atively few “multi-omics” studies incorporating multiple data types
from the same subjects. We suggest that additional focus be placed
on formalizing approaches to modeling “enviromics”, the total sum
of relevant environmental and clinical data, and “knowmics”, the
total sum of prior available knowledge from annotation databases,
published experimental data, and unpublished expert knowledge.
These relatively under-represented IBD “omes” are of comparable
importance to the other high-throughput “omes”. There remains
substantial need for bioinformatics development specifically for
multi-omics data integration. Furthermore, data acquisition rates
are growing faster than computer processing power, and it takes a
relatively long time to train new bioinformaticians, especially given
that they need to understand several sub-fields of bioinformatics
in order to specialize in multi-omics modeling. Thus there are a
number of modeling challenges involved in unifying and processing
these disparate multi-omics data types; however, we expect such
integrative multi-omics studies to play an essential role in mapping
the complex etiology of inflammatory bowel diseases.
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