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Abstract

Inflammatory bowel disease (IBD) is an immune-mediated disease of the intestinal tract, with
complex pathophysiology involving genetic, environmental, microbiome, immunological and
potentially other factors. Epidemiological data have provided important insights into risk factors
associated with IBD, but are limited by confounding, biases and data quality, especially when
pertaining to risk factors in early life. Multiomics platforms provide granular high-throughput data
on numerous variables simultaneously and can be leveraged to characterize molecular pathways
and risk factors for chronic diseases, such as IBD. Herein, we describe omics platforms that can
advance our understanding of IBD risk factors and pathways, and available omics data on IBD
and other relevant diseases. We highlight knowledge gaps and emphasize the importance of birth,
at-risk and pre-diagnostic cohorts, and neonatal blood spots in omics analyses in IBD. Finally,

we discuss network analysis, a powerful bioinformatics tool to assemble high-throughput data and
derive clinical relevance.

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is a
progressive immune-mediated disease of the intestinal tract, for which there is currently
no curel2, IBD pathophysiology is multifactorial, involving complex interactions of
genetic, environmental, microbiome, immunological and potentially other risk factors3.
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Although high-quality epidemiological data have provided important insights, they can

be conflicting, and IBD risk factors and pathways remain inadequately understood?.
Traditional epidemiological studies that typically utilize survey and administrative data
carry limitations such as selection, confounding, misclassification and other biases, and
oftentimes lack of detailed and quantitative data on relevant variables such as smoking,
breastfeeding, infections and antibiotics, and those on the timing and duration of such
exposures. Furthermore, the timing of exposure to risk factors is relevant; those that occur
in the early life period when immune maturation is taking place might be important in IBD
risk®.

Some of these limitations can be bypassed through the use of omics platforms, which
represent the machinery, infrastructure and software for high-throughput processing and
analysis of omics data in biological samples to characterize the ‘molecular epidemiology
paradigm’®. Leveraging unique data sources, omics platforms can provide multidimensional
insights into pathways from exposures to disease and are well adapted to unravelling the
complex risk factors and interactions that mediate IBD (FIGS 1,2). Omics analyses represent
a growing opportunity towards IBD prevention and prediction’.

In this Perspective, we describe diverse omics platforms and the opportunities they represent
towards understanding the molecular pathways of IBD in humans. When available, we
discuss the literature on omics in IBD, focusing on birth, at-risk and pre-diagnostic human
cohorts, highlighting knowledge gaps and sharing our viewpoints. When applicable, we
summarize omics data from other chronic diseases as a framework for research in 1BD.

Genomics

Genetic polymorphisms are the most consistent risk factors for IBD identified through
techniques such as genome-wide association studies (GWAS) and whole-genome
sequencing (reviewed in detail elsewhere8). These data indicate that although genetic
polymorphisms contribute to IBD risk, they cannot explain it entirely. More than 250 loci
have been implicated in IBD risk, but markedly fewer are mechanistically linked with IBD,
such as variants in the NODZ (also known as CARD15), IL23R and ATG16L 1 genes that
are involved in the innate immune response against bacterial antigens, host-microorganism
interactions and autophagy?-19. There is marked heterogeneity in allele frequencies, effect
sizes or a combination of both between individuals of European descent and those of East
Asian ancestry1:12 Similarly, there are differences in genetic IBD risk scores between
European and African American populations!3.

Emerging data suggest the relevance of genetic—non-genetic interactions in IBD risk. For
example, clustering of individuals with IBD in Ashkenazi Jewish multiplex families by

birth order and proximity in age suggested the role of a shared environment towards IBD
risk4. Among first-degree relatives (FDRs) of individuals with IBD, antibiotic use before
IBD diagnosis was associated with an increase in IBD risk, indicating genetic—non-genetic
interaction®. Among FDRs of individuals with Crohn’s disease in the Genetic, Environment
and Microbiome (GEM) project, those carrying specific mutations in the NODZ2 gene had

a higher relative abundance of the bacterial family Erysipelotrichaceae than FDRs without
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the mutations, which might indicate mediation (causal effect) versus interaction (no causal
effect) between host genetic and microbiome factors?®.

The exposome

The exposome is a broad term encompassing all exposures experienced throughout life,
measured at both the population and individual levels, that can be consequences of
exogenous or endogenous processesl’. Traditionally, exposures have been assessed using
survey and administrative data, which carry inherent limitations. Unbiased exposure
measurement can be conducted in diverse ways. Exposure measurement can be direct
(externally in the environment and internally in biological samples, the latter reflecting the
‘internal dose”), and it is dependent on the pharmacokinetics of each compound measured?.
Exposure measurement can be indirect, involving measurement of biological responses to
the exposure, thereby reflecting the pharmacodynamic characteristics of the compound?®.
For example, cotinine, a metabolite of nicotine, is a biomarker for tobacco exposurel®.
Depending on the research question, different high-throughput platforms can be used to
measure with high accuracy an expansive array of exposures, each one providing distinctive
insights18.

External data.

External exposures can be measured at the population level using remote sensing
technologies such as distant measurement instruments, typically satellites. The geographic
information system (GIS) is the infrastructure for recording and analysing spatial,
geographic and temporal data, taking into account multiple overlapping layers of high-
throughput data such as meteorology, air pollution, traffic, green space and biodiversity,
variables that are otherwise challenging to quantify in granular detaill820, GIS data are
particularly useful for studying the effect of the environment on human health, an area of
research that is increasingly being recognized as relevant?1:22,

Prenatal and early life exposure to air pollution, including polycyclic aromatic hydrocarbons
(PAHSs) and fine particulate matter (PM, 5), have been associated with childhood

obesity and cardiometabolic health using roadway traffic and residential near-roadway
pollution exposure data23-25, The protective effects of green space, a measure of natural
vegetation, on atopic sensitization and biomarkers of adverse health in children have been
investigated?6:27, but such studies were limited in the context of IBD. In these studies,
exposure to reactive oxygen species during childhood was associated with an increased

risk of IBD (P < 0.05), but associations with other air pollutants were not statistically
significant?8, It has also been found that green space during early childhood is protective
against later-onset IBD in a dose-dependent manner2®.

Sampling of air quality or assessing air pollution from traffic can be done using local
sensors. For example, the New York City Community Air Survey measures data on
pollutants at 100 locations throughout the city using stationary site monitors, which can be
linked with zip code data. These data have been used to show that air pollution is associated
with asthma-related urgent care visits and with increased childhood body weight30-31,
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Individual-level data can be measured using personal sensors, such as in the Columbia
Center for Children’s Environmental Health cohort study in the USA. Participants wore
ambient air monitors with air sampling pumps over 2 days with a passive collection of PM; 5
on a microfibre filter, and vapours and aerosols on a polyurethane foam cartridge. These
measurements were assayed by gas chromatography—mass spectroscopy®. Using these data,
prenatal PAHs and PM, 5 exposures have been associated with decreased birthweight and
birth length, and with childhood obesity in the offspring23:32, Silicone wristbands, which can
passively absorb compounds the wearer is exposed to, and smartphone-based sensors that
can record vital data, are other practical ways to gather omics datal®33, Although personal
sensor platforms are being explored to predict IBD flares34, they have not, to our knowledge,
been used to understand the effect of exposures on IBD risk.

Internal, individual-level data.

Omics platforms can be used to measure diverse compounds with different physical

and chemical properties, and at different stages of their metabolism. The measurement

of external exposures, such as chemicals, depends largely on half-life and other
pharmacokinetic properties. Metabolites of external exposure with long half-lives can

serve as surrogates for these exposures; high-throughput analysis of low molecular mass
metabolites (<2,000 Da) is referred to as metabolomics. Distinguishing metabolites of
external exposures from those further downstream is key. Whereas the former represents
exogenous exposures, the latter can indicate altered metabolic pathways, either before or
after disease onset, depending on the timing of sample collection. For example, in a case—
control study, plasma cotinine levels, reflecting tobacco exposure, were markedly higher in
individuals who later developed IBD (7= 96; 70 with ulcerative colitis and 26 with Crohn’s
disease) than in age-matched and sex-matched controls (7= 191) with an odds ratio of 1.34
(95% CI 1.01-1.63)3. Metabolites of trichloroethylene, indicating exposure and biological
response to the chemical, can be measured in plasma and be used to gain insights into the
molecular pathways through which toxic effects due to trichloroethylene exposure occur38.

Omics analyses can be untargeted in which all measurable molecules, such as
environmental, dietary and endogenous products of metabolism in the sample, are analysed
in a semiquantitative manner, or it can be targeted, implying quantitative analysis of
specific molecules of interest!8:37. For example, exposure to environmental tobacco smoke
or organophosphate pesticide can be estimated through their metabolites plasma cotinine
or chlorpyrifos, respectively. In a study that measured these metabolites, Perera et al.
found a negative effect of environmental pollutants on birthweight, and birth length and
head circumferencel®. Similarly, prenatal and childhood exposure to perfluoroalkyl and
polyfluoroalkyl substances has been associated with adverse cardiometabolic risk during
adolescence3®. Heavy metals in biological samples have been associated with diseases later
in life; for example, prenatal exposure to mercury negatively affects offspring height3°.

A nested case—control study examined the association between plasma perfluoroalkyl
substances and the risk of IBD (73 participants with Crohn’s disease and 143 controls, and
80 participants with ulcerative colitis and 159 controls) in a cohort of nurses, and showed
inverse associations between plasma levels of three perfluoroalkyl substances and Crohn’s
disease (P < 0.012 for each association)?C. Previous studies have shown conflicting data:
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one study in 3,713 individuals in an occupational cohort, of whom 28 developed ulcerative
colitis, found an association between perfluorooctanoic acid and ulcerative colitis, while
another (n7=189) found no clear effect of perfluoroalkyl substances on IBD risk or intestinal
inflammation4142,

A novel and innovative method to measure early life exposure to various compounds is

the analysis of deciduous teeth. Growth of the teeth starts between 14 and 19 weeks of
prenatal life and occurs in an incremental manner, with the neonatal line representing the
transition from prenatal to postnatal life?3. Various organic and inorganic compounds can be
measured in teeth using mass spectrometry, and the timing of exposure is determined based
on depth. A pilot study analysed heavy metals in deciduous teeth after natural shedding from
7 children with Crohn’s disease, 5 children with ulcerative colitis and 16 healthy children®4.
Time-dependent differences in the levels of lead, copper, zinc and chromium were found in
the teeth from children with IBD compared with the teeth from healthy children.

Metabolomics analyses have been conducted in samples from individuals with IBD. Distinct
signatures of Crohn’s disease were found in a pilot untargeted metabolomics analysis, in
which the altered pathways were found to pertain to B-oxidation of fatty acids, amino acid
metabolism and biotransformation of xenobiotics®. In Crohn’s disease, alterations in amino
acid and folate metabolism were found, and additionally sphingolipid metabolic pathways
in ulcerative colitis correlated with serum metabolomics signatures such as carnosine ribose
and choline, and faecal calprotectin, a biomarker of intestinal inflammation?®. In a pilot
analysis, phospholipid metabolites were found to be downregulated in Crohn’s disease and
ulcerative colitis compared with metabolite levels in individuals with no symptoms of IBD
and normal levels of faecal calprotectin®’. However, in studies conducted after IBD onset, it
can be challenging to differentiate between causation and reverse causation.

Protein adductomics refers to the measurement of adducts that form between reactive small
molecules and blood proteins such as serum albumin and haemoglobin. Protein adducts have
longer half-lives than small molecules and can be measured over longer periods of time*8,
Exposure to chemicals such as PAHSs, benzene and styrene has been studied using such
analyses#950, We suggest that these techniques could be applied to the exploration of the
effects of environmental pollutants on IBD risk.

Lipidomics analysis, a subtype of metabolomics, refers to the large-scale untargeted or
targeted measurement of lipid molecules in biological samples®L. Altered lipid metabolism
and specific signatures have been demonstrated in IBD, but after disease onset. Altered
lipidomics signatures were reported in mucosal biopsy samples from 21 treatment-naive
patients with newly diagnosed ulcerative colitis, 12 patients with ulcerative colitis in deep
remission and 14 healthy individuals®2. The investigators found disruption of mucosal lipid
composition in patients with active ulcerative colitis compared with lipid composition

in healthy individuals (specifically, variations in phosphatidylcholine, ceramide and
sphingomyelin composition)®2. Other studies determined lipidomics signatures in plasma
from individuals with and without IBD, and found distinct differences in various lipid
classes such as lysophosphatidylserine, phosphatidylserine and phosphatidylcholine53:54,

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

Transcriptomics

The downstream effects of gene expression modulation by the exposome can be determined
by measuring RNA levels, including mRNA, microRNA, small interfering RNA and non-
coding RNAs, using next-generation sequencing!8. Such transcriptomic analyses can be
useful to study the pathway from exposure to outcome. For example, a study on the effect

of PM,, 5 exposure on birthweight, using GIS data and placental transcriptome-wide gene co-
expression RNA sequencing data, showed that expression of genes involved in amino acid
transport and cellular respiration correlates with offspring birthweight and PM> 5 exposure
during a susceptibility window from 12 weeks before to 13 weeks into pregnancy®.

Transcriptomic signatures have been studied in the context of IBD, albeit after disease onset.
Through transcriptomic analysis of CD8" T cells in blood samples from 112 children with
IBD and 19 children without IBD, distinct signatures were found in those with IBD, but
transcription signatures were not correlated with disease outcome, estimated as a composite
disease severity score®.

Proteomics

Measurement of diverse proteins in biological samples provides information further
downstream of gene expression and insights into disease pathogenesis. Although targeted
measurements of specific proteins using enzyme-linked immunosorbent assays are a long-
established technique, newer platforms that can measure a large number of proteins, such

as multiplexed bead-based assays and high-resolution mass spectrometry, have expanded the
field tremendously.

In a nested case—control study within the Proteomic Evaluation and Discovery in an IBD
Cohort of Tri-service Subjects (PREDICTS) proteomic analyses of serological samples
from individuals with Crohn’s disease or ulcerative colitis were performed®’. The study’s
participants were age-matched and sex-matched with healthy individuals (200 patients with
Crohn’s disease, 199 patients with ulcerative colitis and 200 healthy individuals) up to

5 years prior to IBD diagnosis. It was found that antibodies against microbial antigens,

as well as specific inflammatory signatures pertaining to the complement cascade, innate
immunity, and glycosaminoglycan and lysosome metabolism, were present up to 5 years
prior to Crohn’s disease diagnosis, but not prior to ulcerative colitis diagnosis®’. These
signatures, such as markers indicative of the complement cascade and innate immunity,
were predictive of Crohn’s disease, with higher accuracy closer to the diagnosis (areas
under the receiver operating characteristic curve of 0.76 and 0.86, 5 years and 1 year
before diagnosis, respectively)®’. In a study that included a preclinical cohort, an inception
cohort and twin pairs, proteomic signatures in individuals who later developed ulcerative
colitis were found to be distinct from those in healthy individuals (7= 72 and 7= 140,
respectively)®8. It was found that the proteins MMP10, CXCL9, CCL11 (also known as
eotaxin), SLAMF1, CXCL11 and MCP1 (also known as CCL2) were upregulated prior to
ulcerative colitis diagnosis. In the inception cohort, a multivariable model including these
proteins was predictive of ulcerative colitis with an area under the curve of 0.92 (REF.8).
Lastly, MMP10, CXCL9, CXCL11 and MCP1, but not CCL11 and SLAMF1, were elevated
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in healthy twin siblings of individuals with ulcerative colitis®®. In the MECONIUM study,
offspring born to women with IBD (n7= 76) were found to have significantly higher stool
calprotectin levels than those born to women without IBD (7= 213) up to 3 years of age,
after adjusting for sex, mode of delivery, feeding behaviour and exposure to antibiotics (P=
0.015 at 2 weeks to 3 months of age; 2= 0.00003 at 12—36 months of age)®°.

Advances in proteomics platforms might bypass some of the limitations of traditional
proteomics platforms. For example, nucleic acid programmable protein array (NAPPA),
involving cDNA-based protein expression at the time of the assay, bypasses the need for
advanced protein purification and considerations around proteins stability during storage,
and increases the scope of protein analysis®?. NAPPA has been applied to the identification
of disease-specific signatures in many diseases, including IBD. A study of serum samples
from 96 patients with Crohn’s disease and 96 healthy individuals identified specific
autoantibodies, including four novel IgA autoantibodies, which might prove to be useful

in Crohn’s disease diagnosis and management®1.,

Another platform for analysis of immunological signatures is immunophenotyping, which
involves determining the subtypes of immune cells using mass spectrometry. Kosoy et al.
studied key immune cell signatures in patients with Crohn’s disease or ulcerative colitis
and healthy individuals as controls (7= 728, n= 464 and n= 334, respectively) using
fluorescence-activated cell sorting analysis. The researchers found altered immune cell
populations in patients with 1BD, with lower levels of natural killer cells, B cells and
CD45RA~CD8* T cells, and further distinctions in the immunophenome based on IBD type
and other disease-related variables such as disease duration, behaviour, location and IBD
therapy®2.

Glycomics

Glycans are carbohydrate chains that attach to proteins or lipid molecules during post-
translational modification, leading to structural, and thereby functional, modification®3.
Glycans serve as the interface between the cell surface and external factors, and the
glycome, which is a measure of diverse glycan structures in an organism, is representative of
function®4. Glycans modulate immune function at multiple levels, such as T cell activation,
humoral responses, host-microorganism interaction and malignant transformation, and

are implicated in many chronic immune-mediated and gastrointestinal diseases®3:64,
Measurement of protein glycosylation in tissue or serum, both untargeted and targeted,
using mass spectrometry platforms such as glycoblotting, can provide important insights
into preclinical alterations and pathogenic pathways6®.

T cell receptor glycosylation.

A study on the glycosylation profiles of T cell receptors (TCRs) in the lamina propria of
colonic biopsy samples from patients with ulcerative colitis on tissue histochemistry for
glycans showed defective ALglycan branching on TCRs, mediated by lower expression of
the MGAT5 gene, which codes for a glycosyltransferase®6. The investigators subsequently
reported that mouse models null or heterozygous for MGAT5 were susceptible to severe
colitis, and treatment with A-acetylglucosamine led to a controlled T cell-mediated immune
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response, improved colitis, as was shown by body weight loss and disease activity index,
and decreased disease progression®’. Similarly, supplementation with Atacetylglucosamine
of ex vivo intestinal T cells from patients with ulcerative colitis improved branched TCRs
N-glycosylation, with downregulation of T cell growth and T helper 1 (TH1)/TH17 response,
and regulated T cell function®”. Core fucosylation, which is the attachment of a fucose
molecule to the innermost A-glycan in a glycoprotein, was found to be higher in mouse
models of trinitrobenzene-induced colitis compared with mice without colitis, and in biopsy
samples of inflamed mucosa from patients with IBD compared with their uninflamed tissue
as well as compared with tissue from individuals without IBD®8. Similarly, other studies
have found differences in glycome signatures in serum samples from individuals with and
without IBD using high-throughput omics platforms®.79,

Oligosaccharides in breast milk.

Human breast milk contains nutrients and bioactive molecules that are essential for the
infant’s mucosal immune regulation, including host-microorganism interactions. One such
group is human milk oligosaccharides (HMOs), glycans with highly complex and branched
structures whose relevance for offspring gut maturation is being recognized’?. Based on the
expression levels of fucosyltransferase 2 and fucosyltransferase 3 in mothers, breast milk
can be divided into four groups, each with a distinct HMO profile and composition?72,
These can be detected and quantified using liquid chromatography and mass spectrometry’3.
The relevance of HMO composition of breast milk for outcomes in infants is substantial.
For example, necrotizing enterocolitis in preterm infants is linked to the colonization of the
immature gut by pathogenic bacteria, and HMOs in breast milk are believed to mediate the
lower risk of necrotizing enterocolitis in breastfed compared with formula-fed infants’475,
HMOs stimulate the proliferation of the genus Bifidobacterium and Bacteroidetes species,
which dominate the gut microbiome of the healthy term infant’1. Lastly, more mechanistic
data show that HMOs isolated from human milk reduce attachment of enteropathogenic
Escherichia coli (EPEC) to cultured human colonic epithelial cells as well as EPEC
colonization in suckling mice’S.

We propose that HMO composition and effects on mucosal integrity and host—
microorganism interactions can have implications for lowering the risk of IBD.
Epidemiologically, breastfeeding has an important role in mucosal immune regulation in
offspring, and although it is protective against IBD overall, this finding is not consistent
across studies® 7,

Epigenetics

Epigenetic changes imply alterations in gene expression through changes in DNA
architecture such as DNA hypermethylation or hypomethylation, histone modification and
chromatin remodelling, without changing the DNA sequence, which typically occur at CpG
sites, which are DNA sequences where a guanine nucleotide follows a cytosine nucleotide

in a linear sequence in the 5" to 3" direction. Epigenetic modifications can persist over
cycles of cell division and replication, and can be inherited transgenerationally’8.79, Through
the application of epigenome-wide association studies (EWAS), investigators have linked
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epigenetic signatures with exposures and diseases to study overall patterns of epigenetic
alterations such as DNA methylation at CpG islands of gene promoter regions’®. Next-
generation sequencing provides more comprehensive and unbiased data, including those on
allele-specific epigenetic alterationss?.

Diverse environmental insults such as pollution, smoking, heavy metals and inorganic
chemicals have been linked with epigenetic alterations, especially when they occur in

the early life period?1:81, The association between prenatal maternal smoking and DNA
methylation was demonstrated in a study that included individuals between the ages 16
and 48 years from five prospective birth cohorts. Analysis of the participants’ serum
samples showed that 69 differentially methylated CpGs in 36 genomic regions are associated
with exposure to maternal smoke in the early life period®2. Epigenetic modifications

have been consistently linked with the programming of cellular function and biological
ageing?1:79, Epigenetic changes are also implicated in the loss of immune tolerance,
dysregulated CD8* T cell function and autoimmune diseases such as rheumatoid arthritis,
systemic lupus erythematosus and multiple sclerosis’8:83, Increased methylation changes
and methylome variation in CD8* T cells have been found with advancing age®*. Many
of the involved genes pertain to immune response and lineage differentiation, and might
explain immunosenescence with advancing age®4.

Epigenetic alterations have been reported in the context of IBD. An EWAS analysis

of DNA from whole-blood samples from 240 patients with newly diagnosed IBD (121
with Crohn’s disease and 119 with ulcerative colitis) and 191 individuals as controls

(74 symptomatic without IBD, and 117 healthy individuals) revealed 439 differentially
methylated positions and 5 differentially methylated regions, and these findings were
replicable in an independent cohort8®. A study of DNA methylation signatures in intestinal
mucosal samples from children with IBD (43 with Crohn’s disease and 23 with ulcerative
colitis) found distinct DNA methylation and transcriptomic signatures compared with the
signatures in samples from 30 healthy individuals8®. EWAS analysis was performed on
peripheral blood mononuclear cells from 88 individuals with Crohn’s disease and 61 with
ulcerative colitis, and 39 healthy individuals. The investigators found 3,196 differentially
methylated probes between patients with Crohn’s disease and healthy individuals, and
1,481 differentially methylated probes between patients with ulcerative colitis and healthy
individuals, with a 45% overlap between patients with Crohn’s disease and patients

with ulcerative colitis. Specifically, genes that were affected included 7TR/IM39-RPP21
(hypomethylated) and 7RAF6 (hypermethylated) in both patients with Crohn’s disease
and patients with ulcerative colitis. In addition, TRAF6 mMRNA expression was lower

in patients with IBD than in healthy individuals, providing further downstream evidence
of hypermethylation at this site and its effects®’. In a study on the effect of prenatal
exposure to smoke, 4 of 69 differentially methylated CpGs (two of which were GF/PI and
MIR548F3, others unknown) were associated with an increased risk of IBD®2. Finally, an
EWAS analysis conducted on blood-derived CD8* T cells from 66 children with recently
diagnosed Crohn’s disease revealed that DNA methylation patterns of CD8* T cells were
associated with chronological age, but not with Crohn’s disease outcomes, such as treatment
escalations and surgery®6.
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Gut microbiome analysis

Data have consistently demonstrated differences in microbiome signatures using 16S
ribosomal RNA (rRNA) gene sequencing and shotgun metagenomic sequencing, but with
substantial heterogeneity. A systematic review published in 2020, based on data from 45
articles that compared intestinal microbiota in patients with IBD and individuals without
IBD concluded that results were inconsistent. This discrepancy was mainly due to small
sample sizes, lack of adjustment for potential confounders and lack of standardization

of microbiome assessment methods, including sampling and storage, DNA extraction,
sequencing and bioinformatic pipelines®.

Similar to other omics data, it is difficult to determine whether the gut microbiota drives
IBD or is altered due to IBD. To that end, studies in at-risk and preclinical cohorts are
relevant. Using data from the MECONIUM cohort, researchers found that infants born to
mothers with IBD had an aberrant faecal microbiota, with lower diversity, an enrichment

in gammaproteobacteria and reduction in bifidobacteria compared with infants born to
mothers without IBD89. Transfer of faecal microbiota from pregnant women with IBD

and their offspring to germ-free mice resulted in a decrease in microbial diversity, and

in class-switched memory B cells and regulatory T cells in the colonic lamina propria8°.
Differences in stool calprotectin levels in offspring of women with and without IBD

in the MECONIUM cohort, as described previously, were associated with microbiome
changes, with Faecalibacterium, Bifidobacterium and Alistipes being negatively correlated,
and Streptococcus being positively correlated with stool calprotectin levels within 3 months
of birth>%. A whole-genome metagenomic shotgun sequencing performed in faecal samples
from 99 twins (from 51 pairs), 495 healthy individuals and 99 unrelated patients with

IBD demonstrated that IBD-like microbiome signatures found in twins with IBD were also
present in healthy cotwins and unrelated patients with IBD%. Longitudinal follow-up will
clarify the clinical relevance of these findings. A Mendelian randomization approach used
human GWAS data and 16S faecal microbiota data in the MiBioGen consortium to examine
causal links between the gut microbiota and ulcerative colitis®L. The results suggested

that lower abundance of the class Actinobacteria and its genus Bifidobacterium were
causally related to ulcerative colitis®L. Pre-diagnostic and post-diagnostic faecal biomarkers
of ulcerative colitis were measured in faecal samples from 13 individuals in the GEM
project who developed ulcerative colitis during follow-up?2. The researchers found increased
faecal proteolytic and elastase activity that was linked to an aberrant faecal microbiota prior
to disease onset®2. Elastase activity was negatively correlated with the relative abundance
of Adlercreutziaand Akkermansia, and positively correlated with Bacteroides vulgatus, a
taxon with proteolytic activity. Although the sample size was small, this study represents an
important model for future longitudinal studies of IBD, including paired pre-diagnostic and
post-diagnostic samples to elucidate the causal role of the microbiota in IBD.

In addition to longitudinal studies with pre-diagnostic samples, multiomic studies and high-
resolution shotgun metagenomic sequencing studies have contributed to our understanding
of the role of the microbiome in IBD. In the setting of the Integrative Human Microbiome
Project, taxonomic, functional, and biochemical changes during disease flares were
demonstrated, providing granular data on the molecular biology of IBD flares®3. In another
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study, diversity, growth and genes involved in virulence and antibiotic resistance were
characterized at the level of the bacterial strain, pinpointing key bacterial species and
representing potential new prevention and treatment targets®4. In further support of a causal
role of the gut microbiota in IBD, short-term use of faecal microbiota transplantation
might have beneficial effects on IBD activity, including clinical remission and endoscopic
remission®.

Apart from bacteria, the intestinal microbiota also includes fungi and viruses (including
phages infecting bacteria). Both fungi and viruses interact with the human immune system,
and community differences in the fungome and virome have been reported in patients with
IBD9:97_ study findings are heterogeneous, but the expansion of the fungal genus Candida
and Caudovirales phages have consistently been associated with IBD%. Interestingly, in

a study in 24 patients with ulcerative colitis receiving faecal microbiota transplantation
and 15 patients with ulcerative colitis receiving placebo, patients with ulcerative colitis
with a high abundance of Candlida prior to faecal microbiota transplantation showed a
greater clinical response following faecal microbiota transplantation than those with low
Candida abundance®. Further, in recipients of faecal microbiota transplantation, reduction
in Candida abundance following transplantation was correlated with reduced disease
activity measured by the Mayo score. However, further studies are needed to improve

our understanding of the mutual interactions among fungi in the microbiota, and their
interactions with intestinal bacteria and with the human immune system.

Neonatal blood spots

Exposures during the early life period are likely to be especially relevant in IBD, as immune
maturation occurs in this period®. Study of the early life period is associated with challenges
such as the need for birth cohorts of sufficiently large sizes and long-term follow-up over
decades to enable the disease to occur. This obstacle can be bypassed by the use of a unique
resource known as neonatal blood spots (NBSs). These are drops of capillary blood obtained
after birth via heel or finger prick, placed on standardized filter paper cards called Guthrie
cards, allowed to dry and archived routinely in countries including Denmark and the USA to
facilitate screening for congenital metabolic disorders and future research®® (FIG. 3). NBSs
require minimal resources for collection, processing and storage, and represent a massive,
untapped resource for molecular epidemiological research pertaining to fetal and perinatal
exposures. NBSs are being used in exposome and metabolome analyses*8.

Many countries have been archiving NBSs for over 30 years, providing an opportunity to
study life-course diseases such as IBD. Since the implementation of the newborn screening
programme in Denmark in 1982, NBSs have been collected routinely from all infants

and stored in the Danish Neonatal Screening Biobank1. In Denmark, several impressive
studies have been done using NBSs, especially in the area of toxoplasmosis, type 1
diabetes mellitus and mental health disorders!0. In the USA as well, NBSs have been
used in omics analyses. For example, an untargeted metabolomic analysis of NBSs was
conducted to compare the abundance of small-molecule signatures in children who later
developed acute lymphoblastic leukaemia (ALL)192. The investigators found that distinct

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2022 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agrawal et al.

Page 12

signatures pertaining to lipid and fatty acid pathways were associated with ALL, with further
distinctions based on early versus late ALL diagnosis.

A case—control study in 384 patients with IBD and matched controls in Denmark determined
the effect of vitamin D level at birth on paediatric IBD by measuring calcifediol, a form of
vitamin D produced in the liver, in NBSs. They found no association between vitamin D
level at birth and the risk of paediatric-onset IBD193,

NBSs represent novel research opportunities, but their successful application in multiomics
research pertaining to IBD is awaited. NBSs have been used in research for many years
consistently in some countries and their value demonstrated, but their use might not be
feasible in other countries—for example, those that lack adequate resources to maintain
large-scale biobanks. Protocolized collection and storage, quality control and technical
competence are important considerations. Ethical concerns around secondary use of NBSs,
such as for research, are also important201,

Network analysis

In analogy to pieces of a puzzle, once combined, high-dimensional multiomics data can
provide information contributing to elucidation of the causal pathway in IBD, using
advanced computational techniques. Over the past decade, network analysis has emerged
as a powerful tool to integrate disparate omics datasets and to identify key drivers and
biological pathways underlying disease initiation and progression104.105 These networks
reveal the interplay of molecular variables and facilitate the identification of highly
connected hubs, which can be targeted for therapeutic and preventive interventions, and
are known as the IBD interactome16,

To facilitate the estimation of such high-dimensional networks, it is key to borrow
information from existing databases such as protein—protein interactions or perturbation
experiments. These datasets provide complementary sources of information about regulatory
relationships, such as network topology. For instance, protein—protein interaction databases,
such as STRING, provide information about the network topology and the association
across different proteins, whereas knockdown experiments provide information on causal
relationships197. Various algorithms have been proposed to incorporate such prior
information when inferring large-scale networks!8. In the context of IBD, Peters et al.
estimated a large regulatory network integrating DNA and RNA data to characterize the
inflammatory component and pathways in IBD19°, GWAS data were incorporated to identify
the causal relationship of gene—gene associations via a Bayesian network model, as genes
associated with causal variants are more likely to be causal themselves and drive the
expression of other genes in the network. This work estimated causal relationships among
loci previously linked to IBD based on GWAS, and contributed by providing an architecture
of IBD at the molecular level for different stages of the disease. Such networks can cast
light on the association between genes associated with IBD susceptibility loci and their
downstream effects on other genes, revealing how genes work together to activate biological
processes in IBD. In addition, given the role of environmental exposures towards IBD
susceptibility, the Comparative Toxicogenomics Database might be an important resource in
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co-expression networks. The use of this database could lead to the identification of genes or
network structures induced by exposure to particular chemicals (for example, pesticides and
food additives). Similarly, protein—protein interaction databases, knockout experiments from
existing IBD studies and other databases such as the Human Glycome Project are relevant
resources.

Conclusions

Rapidly expanding omics analytical platforms and tools represent a paradigm shift in
molecular epidemiological research. Although there are limited omics data pertaining to
IBD pathogenesis at this time, we believe that this is a growing field with tremendous
opportunities. Diverse birth, at-risk and pre-diagnostic human cohorts have been established,
and multiomics studies to characterize IBD pathways are underway, including those
involving the use of NBSs (TABLE 1). Statistically well-powered studies, longitudinal
follow-up of omics signatures in individuals before and after IBD onset, and replication

of findings in independent cohorts are likely to be informative. Collection of granular
clinical data and standardized sampling, storage and analysis pipelines remain essential

to making reliable conclusions from individual studies and to enabling combined data
analyses across multiple studies. Advances in network analysis could pave the path for
advances in molecular epidemiology of IBD and other diseases, which might have important
implications for the prediction of IBD onset and preventive strategies (BOX 1). Finally,
these data could serve as a blueprint to elucidate pathways pertaining to other immune-
mediated and chronic diseases and to improve public health overall (BOX 2).
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Box 1 |
The past, present and future of multiomics research in IBD

Established

. Clinical epidemiological studies

. Genome-wide association studies and whole-genome sequencing

. Early data on pre-diagnostic and microbiome signatures
Ongoing

. Developing omics platforms

. Assembly of birth, at-risk and pre-diagnostic cohorts globally

. Multiomics signatures of other chronic diseases as a framework for

inflammatory bowel disease (IBD)

Future

. Network analyses to understand IBD pathogenesis

. Harmonized multiomics platforms across cohorts

. Multiomics signatures of IBD and validation in external cohorts
Goals

Predict IBD
Prevent IBD
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Box 2 |
Key points and future directions

. While traditional epidemiological studies have provided focal insights into
risk factors for inflammatory bowel disease (IBD), they carry inherent
limitations, and IBD causal pathways are not well understood.

. Multiomics analyses, which leverage unbiased high-throughput data, are
relevant to understanding IBD risk factors and pathways. Early life, at risk,
and pre-diagnostic periods are of special interest in this regard.

. Genetic polymorphisms, such as those involved in the innate immune
response to bacterial antigens, host—-microorganism interactions and
autophagy are the most consistent risk factors for IBD but explain risk only in
part. Further study of genetic—non-genetic interactions is warranted.

. Environmental health-related exposures such as air pollutants and green space
might modulate IBD risk. Geographic information system-based studies will
help clarify the relevance of these exposures.

. Heavy metals might be linked to IBD risk, and large-scale targeted and
untargeted exposome analyses are needed to explore this further. Similarly,
data on metabolomics, adductomics and lipidomics signatures will be
informative.

. Proteomics signatures pertaining to diverse inflammatory pathways are
altered prior to Crohn’s disease and ulcerative colitis diagnosis, and might
predict disease onset.

. Epigenetic alterations, which are linked to exposures such as maternal
smoking during pregnancy, mediate immune dysregulation and the risk of
immune-mediated diseases, including IBD.

. Microbiome data indicate clear differences in gut bacterial communities with
IBD, but signatures prior to IBD onset will be helpful. In offspring of women
with IBD, the gut microbiome is persistently dysbiotic and is associated
with elevated faecal levels of calprotectin, a marker of intestinal mucosal
inflammation.

. Network analyses to integrate omics data from complementary sources into
cohesive models are critical to map the architecture of IBD pathways and
infer causal relationships.

. Neonatal blood spots are an under-utilized resource for multiomics analysis of
early life signatures in IBD.
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Fig. 1 |. Complex pathways lead to IBD.
Complex pathways starting with genetic and non-genetic risk factors and followed by

downstream changes lead to inflammatory bowel disease (IBD). Altered signatures prior
to disease onset can be ascertained using different omics platforms. These molecular
mechanisms reflect the molecular epidemiology paradigm from exposure to disease and
include internal dose, biologically effective dose and preclinical effect as intermediate
steps®. Adapted from images courtesy of ©Mount Sinai Health System.
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Early life studies
Early life events that impact immune
function and IBD pathogenesis Pre-diagnostic studies

[ I IBD pathogenesis and IBD prediction
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Fig. 2 |. Differences in the application of early life cohorts and pre-diagnostic cohorts in
characterizing various omics signatures of IBD during different periods of life.

While early life cohorts can be used to understand early life events and omics signatures

to understand changes in immune function and inflammatory bowel disease (IBD)
pathogenesis, pre-diagnostic cohorts can help predict IBD risk and characterize IBD
pathogenesis based on signatures closer to IBD diagnosis. Adapted from images courtesy of
©Mount Sinai Health System.
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Fig. 3 |. Applications from neonatal screening.
Neonatal blood spots are collected after birth via heel or finger prick, stored on standardized

filter paper cards, and can be archived for decades to facilitate screening for congenital
metabolic disorders and for future research. Samples from neonatal blood spots can be

used to characterize metabolomics, genetics and other omics signatures during the early life
period that may be associated with diseases later in life. They represent a paradigm shift

in molecular research pertaining to the early life period. Adapted from images courtesy of
©Mount Sinai Health System.
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