
Over the past half century, medicine 
has scored impressive gains on multiple 
fronts: a better grasp of causes; a clearer 
understanding of mechanisms; a more 
precise identification of cells and molecules 
mediating disease; a more accurate 
targeting of mediators of tissue damage; 
and a substantial improvement in drug 
effectiveness and therapeutic outcomes. 
However, despite these successes, a large 
group of non-neoplastic diseases continue 
to pose formidable challenges in regard to 
understanding their pathogenesis and 
reaching a cure. Prominent examples are 
cardiovascular diseases, obesity, diabetes, 
rheumatoid arthritis, psoriasis, multiple 
sclerosis, asthma, as well as both forms 
of IBD (Crohn’s disease and ulcerative colitis).

IBD is also a prototypical complex 
disease, terminology that goes beyond 
the recognized heterogeneity of clinical 
manifestations to indicate extreme 
complexity of pathogenic mechanisms, 
particularly when Crohn’s disease and 
ulcerative colitis are examined under 
discrete perspectives5. The collective 
challenges coming from complex diseases 
are extended and magnified by the particular 
intricacies of each disorder, as is the case 
for both Crohn’s disease and ulcerative 
colitis. The goal of this Perspectives article 
is to introduce the concept of the ‘IBD 
interactome’, a global disease network in 
which individual pathogenic components 
(‘–omes’) are integrated to avoid the pitfalls 
created by the study of each component in 
isolation. The merits of studying the IBD 
interactome will be highlighted, and its use 
justified by starting with a discussion of the 
current challenges intrinsic to IBD.

The challenges of IBD
Environmental challenges. Indirect but 
substantial evidence indicates that many 
complex diseases are ‘modern diseases’, 
a term indicating the emergence of several 
chronic conditions during the past century, 
including IBD, which have inflammation 
as a unifying background. The recent time 
of emergence, the progressive worldwide 
spreading of both Crohn’s disease and 
ulcerative colitis, and the association 
with rapid and drastic changes in 
industrialization and social behaviour lend 
strong credence to the key contribution of 
environmental factors in the appearance 
of IBD6. The overall improved sanitary 
conditions in developed countries and 
the subsequent decreased incidence of 
infectious diseases have fueled the hygiene 
hypothesis as a probable explanation7. 
Concurrently, we now come into contact 
with man-made products and chemicals 
to which we can react in largely unknown 
ways. Thus, a myriad of major changes have 
created a brand new global environment 
of exposures — a new ‘exposome’ — that 
parallels the appearance of IBD worldwide. 
This understanding creates a number of 
IBD-related questions to which we have 
no answers. Have microorganisms been 
lost that might prevent IBD, for example, 

Several reasons explain why these 
conditions impose numerous challenges: 
all of them are chronic in nature and 
share common inflammatory pathways 
that might vary in time, distribution and 
intensity; they display both common 
and unique mechanisms; and some 
currently have no cure1,2. Active research 
is being undertaken for all of them, but even 
when advances are achieved they come 
with the frustrating realization of endless 
complexity at the pathophysiological 
level3. Hence, even though chronic 
inflammatory diseases represent distinct 
clinical entities, their commonalities 
have historically prevailed and they have 
been given the broad term of ‘complex 
diseases’ (REFS 3,4).
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Abstract | Crohn’s disease and ulcerative colitis are prototypical complex diseases 
characterized by chronic and heterogeneous manifestations, induced by 
interacting environmental, genomic, microbial and immunological factors. 
These interactions result in an overwhelming complexity that cannot be tackled 
by studying the totality of each pathological component (an ‘–ome’) in isolation 
without consideration of the interaction among all relevant –omes that yield an 
overall ‘network effect’. The outcome of this effect is the ‘IBD interactome’, defined 
as a disease network in which dysregulation of individual –omes causes intestinal 
inflammation mediated by dysfunctional molecular modules. To define the IBD 
interactome, new concepts and tools are needed to implement a systems 
approach; an unbiased data-driven integration strategy that reveals key players of 
the system, pinpoints the central drivers of inflammation and enables development 
of targeted therapies. Powerful bioinformatics tools able to query and integrate 
multiple –omes are available, enabling the integration of genomic, epigenomic, 
transcriptomic, proteomic, metabolomic and microbiome information to build a 
comprehensive molecular map of IBD. This approach will enable identification of 
IBD molecular subtypes, correlations with clinical phenotypes and elucidation 
of the central hubs of the IBD interactome that will aid discovery of compounds 
that can specifically target the hubs that control the disease.
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Helicobacter pylori, helminths, soil or food 
microbiota, plant bacteria or viruses? Have 
we introduced factors into the exposome 
that might promote IBD, such as antibiotics, 
chemicals, pollutants, food additives or 
preservatives? Are there components 
missing from our diets that protected us 
from IBD, such as essential nutrients, 
vitamins or antioxidants? What component 
is in excess in modern diets that favours 
IBD? And what is the role of a daily stressful 
lifestyle on the body neuroendocrine–
immune response? Currently, it is impossible 
to analyse each of these elements and factor 
all of them into a sensible pathogenic picture 
of cause and effect.

Genomic challenges. In the past two 
decades, technological advances and the 
creation of large consortia assembling 
thousands of patients with IBD have 
launched the era of IBD genetics, and 
so far ~200 genetic variants have been 
selectively associated with Crohn’s disease, 
ulcerative colitis or both8,9. However, these 
variants combined only explain 20–25% 
of all IBD cases, indicating that genetics 
alone cannot explain IBD. Additionally, 
subgroups of patients with IBD carrying 
the same variants might be too numerous 
to evaluate and/or other subgroups might 
exist that are too rare or too small to reach 
statistical power for detection. Furthermore, 
individual IBD-associated genetic variants 
are concomitantly present in patients with 
IBD as well as healthy individuals10, and the 
vast majority of variants only exert small 
effects8. These quantitative and qualitative 
realities prevent identifying genetics alone 
as a major culprit for IBD. Functional 
studies have suggested plausible pathways 
to disease mechanisms, as in the case for 
the nucleotide-binding oligomerization 
domain-containing protein 2 (NOD2) and 
autophagy-related 16 like 1 (ATG16L1) 
gene variants, which are thought 
responsible for an inappropriate response to 
microorganisms or their defective removal11. 
At the same time, 15 years after their 
discovery, the role of the very first Crohn’s 
disease-associated NOD2 variants has yet 
to be fully elucidated. How much longer 
will this investigation take, and will other 
variants ever be functionally investigated 
to a full extent? Even though we know 
that no single genetic variant can explain 
Crohn’s disease or ulcerative colitis, will we 
examine variants one by one? How can 
we comprehend the contribution of single 
and combined multiple variants carried by 
the same patient? These lines of reasoning 

This domination was justified considering 
that the inflammatory processes of Crohn’s 
disease and ulcerative colitis are executed 
primarily by immune cells. Initially focused 
on antibody responses, then T cells and 
then cytokines, IBD research is currently 
more focused on innate immunity largely 
due to the reactivity against microbial 
agents5. This evolution has generated 
plenty of information and important 
lessons. One important discovery was 
that gut inflammation persists despite 
high concentrations of anti-inflammatory 
cytokines (such as IL-10 and transforming 
growth factor (TGF)-β) in IBD-affected 
mucosa18,19, an observation compatible 
with a lack of immune regulation5. Based 
on evidence from animal models, Crohn’s 
disease and ulcerative colitis were classified 
into conceptually acceptable but biologically 
dubious conditions based on type 1 T helper 
(TH1), type 2 T helper (TH2) and type 17 
T helper (TH17) cells, as well as cytokine 
profiles20. This categorization prompted 
therapeutic trials aimed at blocking the 
central mediator of each profile, with 
outcomes that were as disappointing as they 
were revealing: neutralizing IFNγ failed to 
improve Crohn’s disease21, neutralizing IL-17 
worsened Crohn’s disease22, and neutralizing 
IL-13 failed to improve ulcerative colitis23. 
The simplistic assumption that each type 
of IBD is mediated by a particular type of 
immune response has proven to be 
inaccurate by experimental and clinical 
studies showing fluctuation of TH1 and TH2 
responses during the disease course24,25. 
All these observations are fundamental 
because they demonstrate that what is 
measured by isolated immune parameters 
does not necessarily mediate IBD. Hundreds 
of immune cell subpopulations exist 
with highly complex gene signatures and 
associated functions26, making interpretation 
of immune responses far more problematic. 
Thus, even though the immune system is 
the executioner of gut inflammation, its role 
is overemphasized and can only be fully 
understood in the context of signals received 
by other components of IBD pathogenesis 
that must be integrated.

Tackling the challenges of IBD
Facing reality: overwhelming complexity. 
With the exception of the inherited genome, 
no other IBD-related –ome is fixed or 
predictable. This reality creates a whole 
universe of diverse and interacting variables 
that result in the disease complexity 
observed in practice. Biological diversity 
is intrinsic to human physiology, and the 

make it clear that IBD genetics might be 
reaching the limits of their potential and 
require integration with other pathogenic 
components to reveal their actual role in 
disease development.

Microbial challenges. The realization that 
microorganisms are an intrinsic part of 
humans, affecting all aspects of life, has 
led to an explosion of interest in the role 
of the gut microbiota in IBD12. The general 
consensus is that the gut microbiota is the 
target of an inappropriate immune response 
in genetically susceptible individuals and that 
this event is central in IBD pathogenesis5. 
This inappropriate response has been 
blamed on a ‘loss of tolerance’ towards the 
commensal microbiota, but it has been 
difficult to determine whether this process 
is secondary to an altered microbiota, 
a defective immune response or some other 
factors. Agreement on a loss of microbial 
diversity in IBD also exists, but it is still 
unclear whether this event is primary 
or secondary to chronic inflammation13. 
Reactivity against selected components of the 
gut microbiota is common, even in healthy 
individuals, and some Crohn’s-disease-
associated serological markers are present 
years before clinical manifestations in 
patients with Crohn’s disease as well 
as healthy individuals14. Additionally, various 
microorganisms have been identified that 
are claimed to exert aggressive or protective 
functions relevant to Crohn’s disease, such 
as adherent-invasive Escherichia coli and 
Faecalibacterium prausnitzii, respectively15,16, 
suggesting that their relative abundances 
or balance might influence whether 
inflammation ensues. Finally, experimental 
evidence suggests that genes influence the 
microbiota and vice versa17. The number 
of reports implicating the gut microbiota 
in IBD pathogenesis continues to grow 
exponentially but, because of a lack of 
long-term prospective studies, there is still 
insufficient information to address the 
central question of whether dysbiosis in IBD 
is a primary or secondary phenomenon. 
The lack of a response to this crucial question 
is one of the most important challenges 
facing investigators, and one not likely to be 
answered by simply refining qualitative or 
quantitative screenings of gut bacteria, fungi 
or viruses.

Immunological challenges. Immunology 
dominated the investigation of IBD 
pathogenesis from the 1970s until a 
decade ago, when genetics and the 
microbiota started to receive more attention. 
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components of this diversity and why they 
might lead to different clinical expressions 
will be discussed. Although unpredictable, 
at the core of complex diseases are closely 
intertwined mechanisms, such as the 
immune response, fibrosis and thrombosis, 
which might shape specific endophenotypes 
relevant to IBD, such as ileal, ileocolonic or 
colonic inflammation4.

Environmental complexity. The host, 
and future patient with IBD, does not live 
in ‘splendid isolation’ but rather in two 
incredibly complex milieus represented 
by the external environment (the general 
exposome) and the internal microbial 
environment (the gut microbiome), both 
of which influence each other as well 
as all other –omes in reciprocal fashion. 
The essential role of gene–environment 
interactions in inducing and modifying 
most diseases is now appreciated, including 
in IBD6. Here, the difficulty resides in 
understanding which and how many 
environmental factors are relevant, when 
they act on the host, and which host 
–omes are affected. Although a single 
environmental factor might have an effect, 
it is far more likely that multiple sequential 
gene–environment hits are needed to 
initiate and establish disease27–31 (FIG. 1). 

Moreover, all genes and gene networks 
are affected by epigenetic modifications 
that account for genotype-to-phenotype 
transition41. Despite their limitations, 
genomics can be useful in assessing risk of 
disease42, and genomic classifications have 
been reported in lung cancer, pancreatic 
cancer and acute myeloid leukemia43–45. 
However, GWAS are more powerful when 
integrated with other platforms such as 
DNA copy number, DNA methylation, 
mRNA expression, microRNA (miRNA) 
expression and protein expression46. These 
comprehensive analyses capture disease 
biological features better than clinical or 
histopathological data, and enable precise 
molecular classification — the ultimate goal 
in IBD.

Epigenomic complexity. The majority of 
disease-associated gene variants reside in 
non-coding regions47, making these regions 
vital regulators of gene expression. This 
understanding highlights the importance 
of nongenetic modifications of the genome. 
Epigenetic modifications, among other 
components such as enhancer bindings and 
transcription factors, have the potential 
to determine how, where and when 
genes are expressed48. Various enzymatic 
processes, such as methylation or histone 

Currently, we have no tools at our disposal 
that enable us to identify all potentially 
IBD-relevant components of the exposome, 
but a few have emerged for which there is 
substantial experimental support, such as 
the diet and artificial sweeteners altering the 
gut microbiota32, xenobiotics altering 
the immune response33, and cohabitation34.

Genomic complexity. Genome-wide 
association studies (GWAS) have been 
helpful in identifying hundreds of genetic 
variants in Crohn’s disease, ulcerative colitis 
or IBD, and more will be discovered as deep 
re-sequencing continues to be performed35. 
Mendelian-like mutations can also be 
identified, such as those affecting the IL-10 
receptor36, but these mutations are quite rare 
and, unfortunately, “genomics is not enough” 
to solve the IBD puzzle37. Certain genetic 
variations, such as NOD2 variants in Crohn’s 
disease, induce specific phenotypes such as 
fibrostenotic ileal disease38, but most IBD 
variants do not induce discrete phenotypes. 
This finding might be because different 
mutations in the same gene or locus lead to 
different interactions and result in distinct 
clinical presentations39. In addition to 
individual susceptibility genes defined by 
DNA variations, susceptibility loci alter 
gene networks that in turn lead to disease40. 
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Figure 1 | Role of epigenetic modifications in the development of IBD. 
A fetus who inherited an IBD susceptibility genetic variant, or variants, 
is  initially exposed to prenatal maternal factors, such as stress, infections, 
poor diet and obesity. Any of these factors might first induce a gene– 
environment (GXE) interaction (between fetal genes and maternal 
 factors), resulting in an epigenetic modification of chromatin that alters 
the expression of a specific gene. After birth the individual encounters 
an exposome-derived factor that induces a second GXE interaction 
resulting in an epigenetic modifi cation of chromatin that modifies the 
expression of another specific gene. Subsequent exposures lead to 
 further GXE interactions, resulting in the accumulation of multiple 

epigenetic modifications and the establishment of an IBD epi genotype. 
Individuals carrying such an epigenotype might encounter exogen ous 
(infections, microorganism-associated molecular patterns (MAMPs), diet-
ary antigens, xenobiotics) or endogenous (damage-associated molecular 
 pattern; DAMPs) signals that activate the clinical IBD phenotype. Owing 
to the potential inheritance of epigenetic modifications, if the IBD 
epigeno type is transmitted to the next generation, the progeny might 
also manifest IBD or be IBD-prone and develop IBD upon encounter of 
the same or other exogen ous or endogenous signals. If the IBD epi-
genotype is not transmitted, the next generation will not develop IBD 
or be IBD-prone.
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modifications, alter and vary the structure 
of chromatin from active to repressed49, 
and these modifications are critical in 
determining ultimate gene expression. 
By profiling histone modifications, DNA 
accessibility, DNA methylation and RNA 
expression, the NIH Roadmap Epigenomics 
Mapping Consortium has generated a 
collection of human epigenomes50 and 
shown that they are particularly enriched 
for disease-associated gene variants, 
providing a whole new insight into the 
molecular basis of human disease50. 
This finding has critical implications 
for complex diseases like IBD, in which 
epigenetic modifications occur from before 
clinical manifestations and throughout 
the disease course27. The emerging role of 
epigenetics in IBD is being recognized51, 
and some studies show correlations between 
DNA methylation or specific mi RNAs 
(non-coding RNA molecules regulating 
gene expression) with the status of patients 
with Crohn’s disease or ulcerative colitis52,53. 
The fundamental importance of epigenetics 
goes beyond events in the human host, 
as gut epithelial-cell-derived mi RNAs 
have also been shown to alter the gut 
microbiota54. When all these observations 
are viewed in the context of IBD, the 
multiplicity of reciprocal regulatory circuits 
involved in disease pathogenesis becomes 
obvious and studying genetics or epigenetics 
separately cannot explain Crohn’s disease 
or ulcerative colitis.

Transcriptomic, proteomic and metabolic 
complexity. The complexity of interactions 
in IBD extends beyond the genome and the 
epigenome, and involves other components 
downstream of gene regulation, including 
the transcriptome, the proteome and the 
metabolome. Gene transcription is regulated 
by transcription factors, cofactor and 
chromatin regulators, and transcriptional 
dysregulation is associated with multiple 
diseases55, including IBD, in which careful 
analysis of tissue mRNA expression can 
provide information on disease activity, 
disease course and response to therapy56. 
Interpretation of gene transcription, 
however, must be done with caution 
because the human transcriptome displays 
widespread RNA–DNA differences, 
and individual RNA variations result 
in individualized proteomes57. This 
understanding might explain the 
considerable variability in protein levels 
between individuals, populations and sex, 
and the usually poor correlations between 
mRNAs and protein levels58. Protein levels 

and a unique microbiota contribute to 
disease pathogenesis65? This situation is 
not impossible considering the extreme 
heterogeneity of both Crohn’s disease 
and ulcerative colitis in regard to age of 
onset, symptoms, clinical manifestations, 
phenotype, evolution, complications, 
response to therapy and need for surgery66. 
Such a situation would also explain why it 
is so difficult to correctly classify patients, 
select the right medications and predict 
clinical and therapeutic outcome with 
the tools we currently use. The logical 
conclusion is that we need new tools to 
better analyse and integrate the complexity 
of IBD to a much greater degree.

Solving complexity: the IBD interactome. 
The many challenges that remain in IBD 
cannot be addressed by the approaches 
taken so far; alternative approaches are 
needed to advance understanding and 
treatment. To start, it should be noted that, 
thus far, investigation of each of the –omes 
discussed earlier — exposome, genome, 
microbiome and ‘immunome’ — has been 
essentially researched in isolation without 
taking into account the concomitant role 
of and input of other –omes. Although 
overall knowledge of IBD continues to 
expand, new information generated by 
individual pathogenic components is not 
being integrated5. The result is increased, 
but isolated, sets of information relevant to 
single specific –omes without the benefit 
of data harmonization (FIG. 2a). As multiple 
pathogenic factors must come together 
to trigger IBD, a lack of harmonization 
hinders progress because accumulating 
data from different techniques remains 
separated and incapable of explaining the 
disease, regardless of the volume collected. 
On the other hand, if the growing body of 
data derived from each –ome is funneled 
together, complementary and deeper insights 
should be revealed, greatly improving our 
understanding of IBD (FIG. 2b). Scientific 
knowledge doubles every decade or so67, 
making data integration increasingly 
urgent, but how can data integration be 
accomplished in IBD? Human diseases 
represent nonlinear systems that cannot be 
understood by analysing their components 
individually68. Moreover, nonlinear 
systems do not hold proportionality, and 
small alterations produce unpredictable 
outcomes68. Chronic diseases, including IBD, 
are the result of multiple biological events 
mediated by dynamic molecular networks 
with intricate, nonstationary, intermittent 
and nonlinear behaviours that depend 

could be involved in the unpredictable 
responses to IBD therapies observed in the 
clinic. For example, a hypothetical patient 
with IBD that produces little TNF might 
display a delayed and mild disease course 
with an excellent response to anti-TNF 
agents; conversely, if the patient produces 
large amounts of TNF, he or she might 
display an aggressive and severe disease 
course, and be less responsive to the same 
agents. Partial IBD proteomes have been 
reported, mostly focused on detection of 
biomarkers and differentiating Crohn’s 
disease from ulcerative colitis59, but not 
on their pathophysiological implications. 
Similarly, in early metabolomic profiling 
studies of serum, plasma and urine, 
quantitative differences are found 
between patients with IBD and healthy 
individuals, but metabolic differences 
between Crohn’s disease and ulcerative 
colitis are less pronounced, perhaps owing 
to commonalities imposed by chronic 
inflammation60. Metabolomics is a powerful 
tool to reveal key biological mechanisms61, 
and more information on IBD should 
be forthcoming.

Microbial complexity. Studies of the gut 
microbiota have started to characterize 
quantity, quality and function, revealing 
an overwhelming diversity of interactions 
among microorganisms and with the host. 
The dynamic early-life microbiome becomes 
more stable with age62 and during this 
evolution it exerts innumerous activities 
essential to health and disease, such as 
immune system development, establishing 
tolerance, metabolizing nutrients, and 
many others. All these processes occur in 
the context of interactions in which the gut 
microbiota are either influencing or being 
influenced by other –omes. For instance, 
genetics shape the composition of the gut 
microbiota17, as do other intrinsic and 
extrinsic host factors, such as diet, drugs, 
xenobiotics and disease63. These interactions 
are common but certainly not identical 
among individuals, and their outcome is the 
creation of personal microbiomes; unique 
microbial fingerprints that distinguish 
one individual from all others64. Personal 
microbiomes are present in health and 
disease, which raises the intriguing question 
of whether a particular disease can only 
occur in a given person because of the 
personal microbiome. This situation would 
create a highly ‘personalized disease’, 
mediated by unique sets of pathogenic 
factors. Is this the case of IBD, in which 
interactions between specific gene variants 
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on the number and type of interactions 
among the network nodes (hubs), yielding 
an overall ‘network effect’ (the disease)69. 
Evaluation of the network effect in IBD 
requires state-of-the-art systems biology 
and bioinformatics tools that bring together 
all relevant –omes under a single umbrella 
capable of incorporating vast amounts 
of information. Based on the original 
definition of an interactome as a biological 
network with subunits that are physically 
and functionally linked into a whole70, 
we believe this umbrella can be created by 
characterizing the IBD interactome, defined 
as a disease network in which dysregulation 
of individual –omes causes intestinal 
inflammation mediated by dysfunctional 
molecular modules controlling all biological 
responses. Thus, use of systems biology and 
bioinformatics is not only advantageous but 
also indispensable. How these tools can be 
utilized is the focus of the next section.

Moreover, systems biology is not only about 
high-throughput –omics measurements, but 
also a different philosophy of performing 
biomedical research. Compared with the 
classic hypothesis-driven approach, a systems 
approach is an unbiased data-driven strategy 
in which data integration reveals the key 
players of the system. Importantly, systems 
biology approaches have been used to 
characterize disease interactomes, identify 
key drivers of pathogenesis and develop 
specifically targeted therapies.

Systems biology and the IBD interactome. 
On the basis of the IBD interactome 
definition and the powerful bioinformatics 
tools able to query and integrate multiple 
–omes, IBD systems biology is ready for 
prime time73. IBD is an ideal condition 
for systems biology studies considering 
the easy access to all samples needed 
for a comprehensive evaluation of all 

Systems biology
A system is defined as a set of interacting 
components forming an integrated whole. 
The first step in a systems approach is the 
identification of the components of the 
system, the second step is the functional 
characterization of each component, 
the third step is the integration of all 
of the components through mathematical 
models that describe the structure of the 
system, and the last step is the evaluation 
of the response of the system to external 
or internal perturbations71. The field of 
systems biology was born ~15 years ago 
and the initial definition included: the 
integration of molecular information 
into molecular networks and evaluation 
of the response of these networks to 
different stimuli72. The ability to generate 
genome-wide measurements on a system 
is arguably the single greatest force driving 
the popularity of the systems biology field. 
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Figure 2 | Knowledge expansion and building of the IBD interactome. 
The figure illustrates two different ways to utilize the progressively accumu-
lating knowledge of IBD pathogenesis. a | This panel shows the parallel 
separ ate approach, the most commonly utilized approach based on routine 
scientific methodologies. With this approach, increasing information on all 
IBD-relevant –omes develops over time but separately from each other, 
resulting in large bodies of distinct data that are not integrated. This 
approach results mainly in new information on secondary mechanisms, 
functional classifications, biomarkers specific to a single –ome and random 

therapeutic targets. b | This panel shows the converging combined 
approach, which is based on the utilization of state-of-the-art systems bio-
logy and bioinformatics tools. With this approach, increasing information 
on all IBD-relevant –omes also develops over time, but the data are progres-
sively integrated among all –omes, resulting in large bodies of integrated 
information that converge to form the IBD interactome. This approach 
results in new information on primary mechanisms, molecular clas-
sifications, IBD-specific biomarkers and  precise therapeutic targets 
( personalized therapy).
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relevant –omes. Such samples include 
blood (genome, epigenome, immunome), 
serum (proteome, metabolome), stools 
(microbiome, proteome, metabolome) and 
mucosal tissue (transcriptome, proteome, 
metabolome, microbiome, immunome). 
Examples of how IBD-relevant –omes can 
be analysed and characterized to create the 
IBD interactome are given in the following 
sections, and a list of systems biology 
software programs is shown in TABLE 1.

IBD genome. GWAS and meta-analyses 
have identified ~200 genetic loci associated 
with IBD, but only a few single nucleotide 
polymorphisms (SNPs) correspond to 
nonsynonymous coding variation with 
a clear effect on protein function; the 
majority of these SNPs involve non-coding 
variations74,75. Additionally, expression 
quantitative trait loci (eQTL) studies 
revealed that gene expression is regulated 
by non-coding genetic variations and, 
interestingly, the SNPs identified from 
IBD GWAS are highly enriched within 
active enhancer marks9. These findings 
suggest that epigenomic alterations are 
prominently involved in IBD pathogenesis 
and, therefore, the characterization of 
the IBD epigenomic landscape should be 
performed at the level of DNA methylation 
and histone modifications.

IBD DNA methylome and hydroxymethyl
ome. DNA methyltransferase 1 (DNMT1) 
and DNA methyltransferase 3B (DNMT3B) 
have been found to be upregulated in tissues 

Consortium50 can accurately map and 
characterize the human epigenome. Thus, 
it would be important to characterize these 
chromatin modifications by using chromatin 
immunoprecipitation (ChIP)-sequencing 
technology, and integration of all seven 
histone marks could create a chromatin state 
model for healthy individuals and patients 
with IBD. This chromatin state model would 
consist of 15 different states (eight active 
states and seven repressed states)50 and could 
provide new insights into gene expression 
and regulation in IBD.

IBD transcriptome. Several studies have 
identified genome-wide alterations at the 
level of mRNA and mi RNAs in patients with 
IBD53,56,84–86. However, the potential role 
of long non-coding RNAs (lncRNAs) and 
circular RNAs (cRNAs) in IBD pathogenesis 
has yet to be investigated. LncRNAs 
have been found to regulate chromatin 
complexes87, whereas cRNAs have been 
identified as negative regulators of miRNA 
expression88, and both types of non-coding 
RNA could be involved in IBD pathobiology. 
Future studies should, therefore, perform 
integrated analysis of coding and non-coding 
RNA expression in patients with IBD by 
using RNA-sequencing technologies.

IBD proteome and metabolome. Proteomic 
studies, using mass spectrometry and liquid 
chromatography, have been performed in 
IBD biopsy and serum samples, revealing 
proteomic signatures that correlate with 
IBD disease activity and response to 

from patients with IBD76. Furthermore, 
increased DNMT1 levels correlate with the 
abundance of CD68+ macrophages77, whereas 
DNMT3A has been found to regulate 
T-cell polarization through IL-4 and IFNγ 
promoter methylation upon ligation of T-cell 
receptors78. Establishing the methylation 
status of ~27,000 CpG sites showed 50 genes 
to be differentially methylated between 
healthy individuals and patients with 
Crohn’s disease52. The application of DNA 
methylation sequencing technologies would 
enable identification of genome-wide DNA 
methylation alterations in IBD. Reduced 
representation bisulfite sequencing is highly 
applicable to evaluating DNA methylation 
changes in IBD clinical samples, as it requires 
very low amounts of genetic material79. 
In addition to DNA methylation, evaluating 
changes in 5ʹ-hydroxymethylation, which 
are catalysed by teneleven translocation 
(TET) proteins80, would also be of great 
interest in patients with IBD. In 2015, TET2 
was identified as an active repressor of IL-6 
transcription in innate myeloid cells81. Thus, 
it would be valuable to characterize similar 
genome-wide hydroxymethylation changes 
at other loci in patients with IBD.

IBD chromatin code. The presence of 
IBD-associated SNPs in enhancer areas 
suggests the importance of histone 
modifications in IBD82,83. Seven histone 
modifications (H3K4me3, H3K4me1, 
H3K36me3, H3K27me3, H3K9me3, 
H3K27ac, H3K9ac) evaluated by the 
NIH Roadmap Epigenomics Mapping 

Table 1 | Systems biology software programmes

Name Function of software Weblink Refs

iCluster Identification of disease molecular subtypes https://cran.r-project.org/web/packages/iCluster/index.html 98

PARADIGM Multiomics data integration https://sbenz.github.io/Paradigm/ 101

TieDIE Gene–protein interaction networks https://github.com/epaull/TieDIE 102

iBAG Identify genes linked to clinical outcomes http://odin.mdacc.tmc.edu/~vbaladan 103

IPA Multiomics data integration http://www.ingenuity.com/products/ipa 104

Cytoscape Visualization of –omics data http://www.cytoscape.org/ 105

BiNGO Gene ontology of biological networks http://www.psb.ugent.be/cbd/papers/BiNGO/Home.html 107

GenePro Integration and visualization of networks http://wodaklab.org/genepro/ 108

OmicsViz Visualization of large scale –omics datasets http://metnet.vrac.iastate.edu/MetNet_fcmodeler.htm 109

Metscape Visualization of metabolomics data http://metscape.ncibi.org 110

CytoCom Visualization of disease comorbidity networks http://www.cl.cam.ac.uk/~mam211/ 111

VisANT Visualization of gene networks http://visant.bu.edu/ 112

Pathway Studio Customizable network display https://www.elsevier.com/solutions/pathway-studio-biological-research 113

ProViz Visualization of protein–protein networks http://www.cbib.u-bordeaux2.fr/eng/proviz.htm 114

Connectivity Map Identification of drug–gene signature interactions https://www.broadinstitute.org/cmap/ 117

iFad Pathway-based drug discovery http://bioinformatics.oxfordjournals.org/content/28/14/1911.long 119
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anti-TNF therapeutics89,90. However, novel 
high-throughput technologies are required 
to analyse in depth the phosphoproteomic 
alterations in patients with IBD. EasyPhos 
is a scalable phosphoproteomics platform 
that could rapidly quantify hundreds 
of IBD phosphoproteomes at a depth of 
>10,000 sites91. In addition, metabolomics 
approaches, such as gas and high-
performance or ultra-performance liquid 
chromatography, have been applied in 
human IBD biomaterials, revealing distinct 
metabolomic profiles92,93. Thus, it would 
be extremely valuable to integrate IBD 
proteomic and metabolomic data to build 
a comprehensive biochemical map of IBD 
pathogenic events.

IBD microbiome. The number of studies 
evaluating alterations in gut microbiota 
in IBD has exploded, but IBD-associated 
microbial alterations have yet to be 
interpreted in light of the other IBD –omes. 
The abundance of Enterobacteriaceae 
and Fusobacteria has been found to be 
increased in both experimental and clinical 
IBD94,95, but it is still unclear whether this 
finding, as well as other reported microbial 
abnormalities, represent a primary or 
secondary event. A commonly cited 
example of a link between IBD genetics and 
the microbiome is through NOD2, which 
triggers an innate immune response on 
recognizing muramyl dipeptide, a cell wall 
peptidoglycan constituent of bacteria96. 
One report proposed that polymorphisms 
in IBD susceptibility genes promote disease 
through defects in sensing protective signals 
from the microbiome65. Despite intriguing 
correlations among genetic variants, 
shifts in microbial composition and IBD 
phenotypes, to date, no evidence exists for 
a causative role of the microbiome. Thus, 
it is essential to integrate microbiome 
data with other –omics data to evaluate 
the true importance of the gut microbiota 
in IBD pathogenesis.

Computational integration of –omics 
data. During the past decade, there has 
been an explosion in the generation of 
high-throughput –omics data, and this has 
created several computational and statistical 
obstacles related to their storage, analysis, 
integration and, above all, interpretation97. 
Thus, extensive efforts have been 
undertaken by the scientific community to 
integrate –omics data into disease clusters 
and networks, aiming to comprehensively 
understand disease mechanisms, identify the 
key drivers of disease, and to develop novel 

on multiomic datasets, it is also essential to 
discover specific genes or gene signatures 
related to clinical conditions. A model 
developed in 2013, called iBAG (integrative 
Bayesian Analysis of Genomic data), 
provides the framework for identifying key 
genes associated with clinical outcome103. 
Furthermore, the Ingenuity Pathway 
Analysis (IPA) tool is a commercially 
available web-based system that transforms 
–omics data into a set of relevant networks 
based on extensive records maintained in 
the Ingenuity Pathways Knowledge Base 
(IPKB)104. This knowledge base is currently a 
database that includes updated information 
from current literature, as well as public 
and third-party databases (for example, 
the Online Mendelian Inheritance in Man 
catalogue (OMIM), GWASdb, Human 
Metabolome Database, ClinicalTrials.gov, 
KEGG, TargetScan).

Visualization of molecular interactomes. 
Novel software packages have been 
developed to assist with modelling of 
molecular interactomes, providing an 
intuitive interface and visual display of 
the –omics data. The visualization of the 
–omics data and the interactome is essential 
to our understanding of the perturbations 
that exist during human disease initiation 
and progression. One of the most popular 
software tools used for visualization of 
biological networks is called Cytoscape105, 
a free computational tool that enables 
data import and export, data integration, 
and visualization of the interactome (see 
Supplementary information S1 (figure)). 
Cytoscape features VizMapper, which 
enables control of the shape, colour 
and size of the nodes and edges of the 
networks, and is appropriate for overlaying 
multiple –omics datasets into a single 
network context. Importantly, Cytoscape’s 
architecture permits the development of 

therapeutics targeting specific molecular 
networks. To accomplish these goals, a 
number of biology software programmes 
have been developed and made available 
to the scientific community (TABLE 1).

A fundamentally important issue in 
the biomedical field is the identification 
of patient clusters (subtypes) based 
on multiomic high-throughput data. 
An integrative clustering method called 
iCluster was developed based on a joint 
latent variable model able to simultaneously 
integrate multiomic data sets and generate 
a single integrated cluster assignment98. 
An advanced version of iCluster, called 
iCluster+, is able to perform pattern 
discovery and has been extensively used 
by the NIH-sponsored consortia, The 
Cancer Genome Atlas, to identify molecular 
subtypes for multiple cancer types99,100. 
These studies have shown that evaluation of 
multiple (3–5) –omics datasets have a better 
predictive value and statistical significance 
than single –omics to identify human disease 
subtypes, emphasizing the importance of 
evaluating the combined –omic dimensions 
forming the disease interactome.

Another tool for integrating molecular 
patterns at the level of gene expression, copy 
number variation and epigenetic changes 
is PARADIGM, a pathway recognition 
algorithm101. This algorithm contributes to 
the identification of patient subtypes that 
correlate with specific clinicopathological 
parameters. To determine whether specific 
genotypes (SNPs) are significantly associated 
with the network hubs identified with 
the PARADIGM software, the user can 
utilize the integrative approach named 
Tied Diffusion Through Interacting Events 
(TieDIE)102, which enables searching for 
statistically significant interconnections 
between genotype perturbations and 
molecular network alterations. In addition to 
the identification of disease subtypes based 

Box 1 | A systematic stepwise approach to the identification of the IBD interactome

• Assemble bioinformatics, computational biology, high-throughput data analysis tools and expertise

• Select and follow-up a phenotypically homogeneous group of patients with IBD

• Prospectively collect patient biosamples during the evolution of IBD, including blood, serum, 
endoscopic biopsy samples and stool

• Using appropriate biosamples, analyse the genome, transcriptome, epigenome, proteome, 
microbiome and other –omes relevant to IBD pathogenesis

• Using a systems approach, integrate the data derived from individual –omes and identify the 
various IBD molecular subtypes

• Each molecular subtype will consist of a unique IBD interactome with specific central regulators 
whose biological outcome is gut inflammation

• Screen the regulators against drug databases to discover compounds targeting the key 
regulators responsible for IBD in individual patients or group of patients
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plugins by programmers. To date, there 
are 152 available plugins compatible with 
the latest Cytoscape release106. The most 
important available plugins are: BiNGO, 
a plugin to assess overrepresentation of 
gene ontology categories in biological 
networks107; GenePro, a plugin for advanced 
visualization and analysis of interactomes108; 
OmicsViz, a plugin for visualizing –omics 
data across species109; Metscape, a plugin for 
visualizing and interpreting metabolomics 
data in the context of human metabolic 
networks110; and CytoCom, a plugin 
application for the visualization of disease 
comorbidity networks111.

In addition to Cytoscape, another freely 
available software tool that can be used to 
visualize the interactome is VisANT112, an 
application for integrating –omics data into 
a cohesive and graphical interface. Pathway 
Studio is a Windows-based application 
that includes customizable network display 
styles for assigning visual attributes such 
as node size and shape, and subcellular 
localization113. ProViz114 is another software 
that leverages the power of the graph 
drawing package Tulip115 for handling 
graphs containing millions of nodes and 
edges, while maintaining a predefined 
length of time. Tulip also supports plugins 
enabling third-party programmers to 
extend the system. In summary, multiple 
software visualization tools are currently 
available to graphically present molecular 
networks in basic biological systems and 
human diseases. The appropriate choice 

Factor Analysis for Drug–pathway pathway 
association inference (iFad), is able to 
integrate two distinct data types in a 
unified framework to identify drug–target 
pathways119. For example, the iFad model 
has been applied to the joint analysis of 
gene expression and drug sensitivity profiles 
of the NCI-60 cell lines, representing a 
comprehensive resource for various –omics 
data from 60 human cancer cell lines, as well 
as treatment response to >100,000 chemical 
compounds119,120. This analysis has revealed 
novel drugs potentially effective against 
melanoma and endometrial cancers119.

Another important issue related to 
drug discovery is the identification of the 
mechanism of action of small-molecule 
compounds. One study introduced a 
molecular network-based approach 
that is able to elucidate genome-wide 
mechanism of action proteins based on 
the assessment of the global dysregulation 
of their molecular interactions following 
compound perturbation121. This innovative 
methodology revealed altretamine as an 
inhibitor of glutathione peroxidase 4 lipid 
repair activity, which was experimentally 
confirmed, validating its strong predictive 
ability. Similarly, a novel version of 
the VisANT (v4.0) network platform has the 
ability to perform an integrated search and 
navigation of disease and drug hierarchies, 
it can annotate gene–drug interactions using 
disease therapy information and it can also 
predict therapeutics for a given set of genes 
using enrichment analysis122.

of visualization tool depends on the size of 
the imported information, the number 
of –omes to be included, and the aim of 
the study. Optimized versions for all these 
tools are continuously being developed, 
enabling scientists to quickly identify and 
analyse the network central hubs at the 
experimental level.

Systems biology and drug discovery
System biology has created high-hopes 
for expediting the drug identification and 
development process in comparison to the 
traditional ‘one target–one drug’ perspective 
that ignores real-life complex molecular 
interactions. Furthermore, systems biology is 
more effective for drug discovery because it 
is now obvious that most complex diseases, 
including IBD, result from system-level 
abnormalities rather than defects in 
individual genes116.

The development of novel computational 
methods focusing on drug–network 
interactions is revolutionizing the drug 
discovery field. Specifically, drug targets can 
be identified by comparing RNA profiling 
data in human cellular models treated 
with a library of chemical compounds. 
The Connectivity Map software uses a 
nonparametric rank-based pattern-matching 
strategy based on the Kolmogorov-Smirnov 
statistic117. Another bi-clustering method, 
called Iterative Signature Algorithm (ISA), 
searches for ‘co-modules’ representing 
gene–drug associations118. A Bayesian sparse 
factor analysis model, called integrative 

Figure 3 | Building and therapeutic targeting of the IBD interactome. 
Using a variety of patient-derived biosamples (blood, serum, endoscopic 
biopsy samples, stool), high-throughput –omics technologies can be applied 
to characterize the genome, epigenome, transcriptome, proteome, 
metabo lome and microbiome (as well as additional –omes) of individual 
patients with IBD. The resulting –omes can then be integrated with different 
computational procedures, such as the iCluster algorithm, resulting in the 
identifi cation of IBD molecular subtypes, and bioinformatics tools such as 
Cytoscape can be used to build and visualize the IBD interactome. 
Characterizing the IBD interactome enables the identification of the central 
regulators (hubs) of the network. In this example, the central hub 
(orange circle) could be a gene that is highly interconnected with other 

genes and regulates the whole network of biological mechanisms under-
lying disease pathogenesis. The biological significance and pathogenic 
relevance of these hubs can be tested and validated in in vitro (cellular 
 models, organ oids, tissues) and in vivo (normal and genetically manipulated 
animals) IBD models. Specific targeting of the regulatory hub or hubs can 
be accomplished using computational tools for drug discovery such as 
Connectivity Map, Iterative Signature Algorithm (ISA), or Integrative Factor 
Analysis for Drug Pathway Associated Inference (iFad), which could lead to 
new drug discovery for personalized therapy. ChIP-seq, chromatin immuno-
precipitation followed by sequencing; LC–MS, liquid chromatography–
mass spectro scopy; meth-seq, methylation sequencing; RNA-seq, RNA 
sequencing; rRNA-seq, ribosomal RNA sequencing.
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All these computational tools can identify 
novel chemical compounds targeting large 
molecular networks, helping us to reposition 
current FDA-approved therapeutics and 
identify the mechanism of actions of novel 
and old drugs. One of the first examples of 
the power of this strategy was the discovery 
that metformin, a drug for diabetes, has 
potent anticancer properties123. This 
finding was validated experimentally124 
and metformin is currently being used in 
phase II and phase III clinical trials for breast 
cancer125. The approach to discovering drugs 
that could benefit other unrelated conditions 
is called computational drug repositioning, 
which has also been accomplished in IBD126. 
Using publicly available molecular data 
on gene expression in IBD samples and 
small-molecule drugs, the anticonvulsant 
topiramate was found to be effective in 
improving colitis in mice, suggesting that 
topiramate might represent a therapeutic 
option for human IBD126.

Together, these tools can identify the 
central hubs of the IBD interactome that 
can then be confirmed experimentally in 
cellular models. This systematic, unbiased 
and comprehensive strategy can yield an 
unprecedented wealth of information related 
to IBD pathobiology and open entirely 
new therapeutic opportunities for IBD 
patients (BOX 1).

Conclusions
The challenges imposed by complex diseases 
such as IBD cannot be solved by traditional 
investigational, clinical and therapeutic 
tools because each one of these tools can 
only examine few facets of a much bigger 
problem127. Strong evidence already shows 
that the understanding of complex diseases 
benefits from personal –omic profiling 
studied in a prospective longitudinal fashion, 
which enables defining molecular and 
clinical subtypes that become the targets 
of personalized medicine128,129. Jameson 
and Longo define personalized medicine 
as, “treatments targeted to the needs of 
individual patients on the basis of genetic, 
biomarker, phenotypic or psychosocial 
characteristics that distinguish a given 
patient from other patients with similar 
clinical presentations” (REF. 130). They also 
point out that, “the most daunting challenge 
for precision medicine is to manage the 
complexity associated with the progressively 
refined nosology of disease”. Today, this 
challenge can be met using the systems 
biology and bioinformatics tools discussed 
in this Perspectives; identifying the molecular 
networks forming the IBD interactome in 

immunopathogenesis to include various 
novel components that affect the intestinal 
inflammatory process.
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patients with Crohn’s disease and ulcerative 
colitis131 (FIG. 3; also see Supplementary 
information S2 (figure)). Disease-mediating 
interactomes will vary from patient to 
patient, posing the intimidating prospect 
of customizing therapy on a one-by-one 
basis. However, most patients will probably 
fall into discrete molecular categories that 
will benefit from similar therapies. The 
success of these therapies will fail if based 
on single-target approaches, no matter how 
sophisticated and precise the method is. For 
instance, genetic editing with unprecedented 
accuracy is feasible using CRISPR–Cas9 
technology and one could envision replacing 
an IBD-associated variant with a wild-type 
one132. However, we already know that gene 
variants alone do not cause IBD and genome 
editing would have to be accompanied by 
complementary therapies. These therapies, 
however, will be undoubtedly complex 
and will require multiple and concomitant 
molecular targeting to achieve complete and 
permanent remission, if not a real cure2.
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