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Abstract: Inflammatory bowel diseases (IBDs), which include Crohn’s disease and ulcerative colitis,
are multifactorial diseases that involve in particular a modification of the gut microbiota, known
as dysbiosis. The initial sets of metataxonomic and metagenomic data first made it possible to
approximate the microbiota profile in IBD. In addition, today the new ‘omics’ techniques have
enabled us to draw up a functional and integrative map of the microbiota. The key concern in
IBD is to develop biomarkers that allow us to assess the activity of the disease and predict the
complications and progression, while also guiding the therapeutic care so as to develop personalized
medicine. In this review, we present all of the latest discoveries on the microbiota provided by
“omics” and we outline the benefits of these techniques in developing new diagnostic, prognostic
and therapeutic tools.
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1. Introduction

Inflammatory bowel diseases (IBD), of which the two most common forms are Crohn’s
disease (CD) and ulcerative colitis (UC), affect more than 3.5 million individuals across
the world today [1]. The physiopathology of IBD results from an exaggerated immune
response to an altered microbiota known as dysbiosis [2]. This abnormal ‘crosstalk” is
favored by an increase in the intestinal permeability [3]. One of the determining factors
involved in the genesis of IBD and in the development of intestinal inflammation is the
gut microbiota. So far, the exact mechanisms associated with the development of dysbiosis
are however still unknown. The luminal load of bacteria is described to reach more than
10'* /g of colonic content. The microbiota is established early in life and becomes stable in
the first 2 to 3 years of life. This dynamic ecosystem does nevertheless present a functional
stability, which allows it to perform its main functions, namely: acting as a barrier by
limiting the establishment of pathogenic bacteria (competition for nutrients and synthesis of
antimicrobial peptides), nutrition (metabolization and synthesis of some nutrients essential
in humans etc.) and developing and maturing the immune system. Characterizing the
biodiversity of the microbiota has long been limited by the cell culture techniques, and
by a lack of access to virome, mycobiome and archaeome studies. More recently, the
development of new high throughput sequencing techniques, the ‘omics’, has led to the
discovery of the immensity of the microbiota and to the development of new strategies to
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study this latter and its involvement in IBD. These “multi-omics” technologies should be
more easily available in the close future for humans. Thus, a precise characterization of
the human intestinal microbiota and its functions may provide valuable assistance on the
diagnosis, follow-up, prevention of relapses or complications and treatment of IBD.

2. Characteristics of Gut Microbiota in IBD
2.1. Metataxonomic and Metagenomic Data

The initial metataxonomic data, that take into account the bacterial diversity making
up the microbiota, were obtained by amplifying and sequencing 16S rRNA which is highly
conserved across species [4]. The sequences were merged into phylotypes or operational
taxonomic units (OTUs). They show a significant reduction in the diversity of the micro-
biota in both UC and CD [5]. Ott et al. used a method of single-strand RNA conformation
polymorphism on colonic biopsies. They report a 50% reduction in the microbial diversity
in CD patients and a 30% reduction in UC patients [5]. The main genera found to be
reduced in faecal samples of CD patients were Bacteroides, Eubacterium, Faecalibacterium
and Ruminococcus (Figure 1). Among these, the reduction mainly concerns the butyrate-
producing species, which are essential to the energy metabolism of the intestinal epithelium
(Roseburia inulinivorans, Ruminococcus torques, Clostridium lavalense, Bacteroides uniformis,
Faecalibacterium prausnitzii) [6-8].

CD patients UC patients

\ Faecalibacterium (7,30)
 Bacteroides (6,7)

)  Bacteroides (30)
v Rummocc'ocus (7) d Flavobacterium (30)
GENUS 4 Eubacterium (7)
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Figure 1. Taxonomic, metagenomic, metatranscriptomic and metabolomic data to evaluate microbiome composition in IBD
(CD and UC patients). Comparison at genus and species levels, in CD and UC patients.

The first metagenomic approaches used to sequence all of the 165 rRNA sequences of
stool from healthy individuals and CD patients confirmed the reduction of Firmicutes [9].
Joossens et al. thus identified five bacterial species that are characteristic of the dysbiosis
associated with CD. They observed a reduction in F. prausnitzii, the most specific ele-
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ment [10,11], in Bifidobacterium adolescentis, in Dialister invisus, and in a species belonging
to the Clostridium XIVa cluster, and finally an increase in Ruminococcus gnavus [12]. An
alteration in gut biodiversity is also present in UC, although this has been less studied.
Machiels et al.’s quantitative taxonomic analysis by RT-PCR on the faeces of a cohort
of 127 UC patients suggested a significant reduction in butyrate-producing bacteria as
previously described. However, the most specific parameter of dysbiosis in UC patients
appears to be the reduction of Roseburia hominis [11]. Additionally, a more recent meta-
analysis, merging in silico data from five cohorts from developed countries, found an
increase in F. prausnitzii in UC patients compared to healthy control groups, suggesting
an adaptive mechanism [13]. The dysbiosis noted in IBD thus appears marked. Studies
using the Bray—Curtis dissimilarity (which assesses the similarity in abundance of bacterial
species between two samples) to compare beta diversity reported a significant difference
that persists over time between healthy microbiota and IBD microbiota [1,8,13], which is
more marked in CD (notably with ileocecal resection) than in UC patients [8].

The reduction in commensal bacteria diversity is linked to an increase in pathogenic
species. In IBD, Enterobacteriaceae, notably adherent-invasive Escherichia coli (AIEC) are
increased [14]. They were observed in 21.7% of biopsies of chronic ileal lesions from CD
patients compared to 6.2% in the control group [15]. Among others, the following were
found in UC patients: an increase in the Desulfovibrio load on colonic biopsies [16], an
increase in pathogenic bacteria invading the epithelium such as Fusobacterium varium [17].

Several longitudinal studies have indeed suggested that the microbiota of IBD patients
presents significant intra-individual instability over time [1,8,9,18]. Halfvarson et al. used
PCR techniques to compare the V4 16S rRNA variable region on 3-monthly faeces samples
in 137 IBD patients [8]. They found a variability in the alpha diversity that was significantly
greater in IBD patients, particularly for CD patients after ileo-caecal resection [8]. Lloyd
et al. reported the general instability rate of the IBD microbiota taxonomic profile to be
slightly increased compared to the control group. However, the main species concerned
(P. copri, E. prausnitzii, E. coli) that account for 40% of this rate, differed significantly [1].

2.2. Limitations of These Techniques in Studying the Dysbiosis Associated with IBD

Metataxonomic and metagenomic techniques do have some limitations, which raise
questions as to the interpretation of the data obtained up until now. “Microbial dark matter”
refers to unknown and under-characterized microbiotic biomass, where the metagenomic
profile cannot currently be assigned in the classification of the microbial kingdom [19].
Indeed, less than 1% of bacterial and archaeal species can be obtained in culture [20].
The pathophysiological role in IBD of such matter is thus underestimated. Recently,
Almeida et al. performed an in silico reconstruction of 92.143 genomes from thousands
of metagenomes taken from 75 studies on human microbiota. They evidenced 1952 non-
cultivable species of which 74% were not previously known, thus increasing the phyloge-
netic diversity of the microbiota by 281%. Thus, they suggested roles in intestinal metabolic
pathways that were distinct from the referenced cultivable microbiota [21].

Finally, predicting the functional profile of the abnormal microbiota in IBD simply
by the presence or absence of some specific genes sometimes appears to be at odds with
the real activity of the bacteria from a transcriptomic, proteomic and metabolomic point
of view. By integrating several omics techniques, Heintz-Buschart et al. noted a weak
correlation between metagenomics and metatranscriptomics [22]. For their part, Lloyd et al.
showed that the difference in the metabolomic profile between IBD patients and control
groups, independently of both disease activity and dysbiosis scores, was more significant
than that of the taxonomic profile [1].

3. Contribution of Multi-Omics Techniques in Studying the Microbiota
3.1. Transcriptomics, Proteomics and Metabolomics

The emergence of new high throughput sequencing technologies, known as “omics”,
now provides a better understanding of the functional impact of dysbiosis in IBD [1,8,19].
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Firstly, metatranscriptomics made it possible to dynamically assess the gene expression pro-
file of the microbiota using RNA-seq techniques associating the isolation of total RNA then
the depletion in mRNA from the host [23]. A comparative metagenomic/metatranscriptomic
analysis of 78 faecal samples performed by the integrative Human Microbiome Project
(i(HMP) showed an absence of a systematic correlation between the abundance of a genome
and its functional activity. Indeed, Schirmer et al. demonstrated an absence of transcrip-
tional activity of D. invisus while its DNA was quantitatively high in IBD patients’ faeces.
In the same way, a high degree of variation was found between DNA and RNA quantities
of F. prausnitzii [24]. Thus, multiple metabolic pathways involved in IBD through their
role in inflammation or immune response had a modified expression, such as the dTDP
(deoxythymidine diphosphate)-L-rhamnose biosynthesis pathway by F. prausnitzii and the
methylerythritol phosphate (MEP) pathway by A. putredinis [24].

Subsequently, combining metagenomic and metaproteomic data has played a key
role in characterizing signaling proteins and pathways, which were previously unknown
but involved in the pathogenesis of IBD. Using two-dimensional liquid chromatography
techniques alongside tandem mass spectrometry (2d-LC-MS/MS), Erickson et al. identi-
fied 116 protein clusters whose expression was significantly different depending on the
patients” phenotype. They also evidenced a wide diversity of proteins whose functions
were previously unknown (29 to 31% depending on the study techniques). A reduction
in the abundance of proteins involved in metabolic functions, energy production, defence
and intracellular signaling was also reported in CD patients [25,26]. The dysbiosis is re-
sponsible for an increase in the expression of surface proteins in gram-negative bacteria
(TonB, OmpA, RagB, SusC/D) [27], of which the majority play an antigenic role, and can
therefore contribute to the abnormal amplification of the immune response. Additionally,
there is a loss of proteins involved in the production of Short-Chain Fatty Acids (SCFAs)
and in the degradation of mucins [26].

Finally, the recent contribution of metabolomics is not negligible since this makes it
possible to analyze the metabolic profiles in various samples. It uses techniques of nuclear
magnetic resonance (NMR) spectroscopy, of reversed-phase liquid chromatography or
gas chromatography coupled with mass spectrometry (respectively LC-MS and GC-MS)
combined with a bioinformatic tools. Santoru et al. analyzed the microbiota of 183 subjects
and demonstrated a significant difference in the concentration of metabolites between
IBD patients and healthy controls. A strong association was demonstrated by Spearman’s
rank correlation between five bacterial types (Oscillospira, Faecalibacterium, Escherichia,
Flavobacterium and Veillonella) and 10 metabolites (biogenic amines, amino acids, lipids and
vitamins), which was greater in CD patients. For example, two bacterial amines, cadaverine
and putrescine, whose catabolism is responsible for an increase in oxidative stress, were
shown in greater quantities in CD patients, and were negatively correlated to the levels
of two bacteria belonging to the Firmicutes phylum, Faecalibacterium and Oscillospira [28].
Using NMR, Marchesi et al. also reported a reduction of SCFAs in faeces of CD patients.
Complementary analyses showed a reduction in members of the Clostridium coccoides and
Clostridium leptum groups, which are partly responsible for the production of SCFAs [29].
A depletion in vitamins B3 and B5 was also observed in CD patients. These vitamins are
involved in the production of cofactors of the lipid metabolism and in the protection of the
intestinal mucosa. This reduction was correlated to the reduction in F. prausnitzii, which
produces nicotinic acid [1,28]. Lloyd-Price et al. confirmed the increase in primary bile
acids (cholate) and the reduction in secondary bile acids (lithocholate and deoxycholate) in
faecal samples of IBD patients, suggesting an alteration in the production of these latter [1].

3.2. Limits of Multi-Omics Techniques

These techniques do however have limitations. The samples can be contaminated
by cells from the host. Thus, Lehmann et al. proposed using a more sensitive mass
spectrometry technique or a human protein depletion in order to overcome this bias [25].
Transcriptomics have allowed us to discover many genes, but their functions are still
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unknown. Thus, it must be coupled with other techniques. For its part, proteomics does
not make it possible to study the mechanisms responsible for protein alteration (reduction
in the expression, increase in the degradation, reduction in the microbial diversity). These
‘multi-omics’ data are now included in several international databases such as the Human
Microbiome Project (HMP), Human Proteome Project (HPP) and Human Metabolome
Database (HMDB). However, they require a common interpretation to allow an integrative
point of view of how the different components of the microbiota may contribute to IBD
pathogenesis [19].

3.3. Integrative Mapping of Multi-Omics Data

Lloyd-Price’s recent work has made it possible to highlight the interactions between
the longitudinal data provided by the five omics (metataxonomics, metagenomics, meta-
transcriptomics, metaproteomics, metabolomics) cited in IBD, using an in silico construction
of a large-scale integrative map [1]. Among the 300 most significant correlations, there
is the reduction of F. prausnitzii and simultaneous increase of E. coli; the association be-
tween the reduction of Roseburia and the dysregulation of both acylcarnitine and bile acid
metabolisms; the central role of the abundance of C8 carnitine, which, in association with
the increase in cholate and its derivatives, represents 6% of the associations. Several genes
from the host are revealed to be highly significant hubs in connection with the dysbiosis,
such as for example the gene coding for glucose-dependent insulinotropic polypeptide, and
participating in the postprandial gastrointestinal motility. An overexpression of this gene
could thus contribute to increase the intestinal peristalsis and the digestive disorders and
in CD [30]. The authors also noted an ileal overexpression of RNA polymerase, suggesting
an increased growth of the microbiota in a condition of dysbiosis.

Although it seems essential to associate these omics data for a holistic vision of the
microbiota-host interactions in the pathophysiology of IBD, this mapping does not provide
information about the direction of these relationships. Is this the influence of the microbiota
on the host, or the other way round, or is it a reciprocal impact? In the inflammatory
epithelial regions of CD, there is an overexpression of genes coding for proteins involved
in anti-bacterial defences such as chemokine C-X-C motif ligand 6 (CXCL6), or dual
oxidase 2 (DUOX2), which catalyzes the synthesis of reactive oxygen species, which are
mediators of the inflammation. A search for covariation of the host’s metatranscriptome
and the microbiota’s metagenome has revealed a negative correlation of DUOX2 with
Ruminococcaceae and of CXCL6 with Eubacterium rectal in the CD ileum [1]. Although it is
possible that the expression of these genes in the host can modify the microbiota, there are
no data currently available to ascertain the direction of the relationship that links them.

4. Implications of the Multi-Omics Approach in Studying IBD
4.1. The Microbiota, a New Biomarker for IBD

More recently, some studies have sought to determine the predictive value of these
differences in microbiota in terms of relapse of the disease. On faecal samples taken when
stopping Infliximab treatment, then at 2, 6 and 18 months, in 33 CD children, Rajca et al.
compared the taxonomic profiles of the patients in clinical remission with those of the
relapsed patients [31]. They suggested that a low level of F. prausnitzii and of Bacteroides at
diagnosis are predictors for clinical relapses. Sokol et al. also demonstrated a correlation
between the reduction of F. prausnitzii and a higher risk of relapse after ileal resection
surgery [32]. More recently, he also compared the ileal microbiota of 201 patients by 16S
rRNA sequencing at the time of their ileocecal resection and over the following year. He
reported that the abundance of other taxa at the time of the resection was significantly as-
sociated with a risk of endoscopic relapses, including Gammaproteobacteria, Corynebacterium
and Ruminococcus gnavus [33]. Thus, assessing the abundance of these taxa at the time of
surgery appears to be a powerful predictive tool for relapse, with areas under the Receiver
Operating Characteristic (ROC) curve in a random forest model of 81% (60.8-100%). A
prospective paediatric cohort looked at finding microbiotic biomarkers associated with
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a risk of complications. Kugathasan et al. followed a cohort of 913 children with CD
and showed a correlation between the abundance of Rothia and Ruminococcus and the
appearance of stenosis, as well as between Collinsella and the appearance of fistulas [34]. It
should be noted that the impact of these data on prediction risk has not been assessed.

4.2. Using Omics Techniques to Assess Treatment Response

Assessing disease activity and treatment efficacy by studying the microbiota has also
been considered. Thus, Lewis et al. used metagenomics on 86 faecal samples from CD
children to assess the response to enteral feeding treatment or anti-TNF (tumour necrosis
factor) [35], a good response being associated with a reduction in Actinomyces and an
increase in Lactococcus and Roseburia [36]. Sanchis-Artero et al. are planning a quantitative
and qualitative analysis of the microbiota by Illumina sequencing techniques at inclusion
and 6 months later, of 88 subjects with CD starting an anti-TNF treatment and a control
group, in order to study the use of Fprausnitzii/E. coli and F.prausnitzii/C. coccoides ratios as
therapeutic indicators [37].

4.3. Dysbiosis, a Therapeutic Target in the Treatment of IBD

The gut microbiota thus appears to be a promising target in therapeutic care for IBD
patients. Faecal microbiota transplant (FMT) is a recent treatment, consisting of directly
transferring gut microbiota from a healthy donor into the recipient patient’s digestive
tract. This technique has already been proven to be effective in refractory Clostridium
difficile infections (85-90% success rate), and now seems to be a promising technique
in treating IBD. Fang et al.’s meta-analysis pooled a total of 23 cohort studies and four
randomized clinical trials for UC to assess clinical remission after FMT [38]. In total, 21%
of UC patients and 30% of CD patients achieved clinical remission after FMT. In a second
meta-analysis by Paramsothy et al., post-FMT analysis of the microbiota demonstrated an
increase in the microbial diversity in the recipients, whose taxonomic profiles moved closer
to those of the donors [39]. However, the lack of data, the heterogeneity of pathologies
and implementation protocols and the lack of randomized clinical trials make it difficult to
interpret these results, which explains the absence of an indication for FMT in the treatment
of IBD [40,41]. Indeed, the host’s genetics can also influence the effects of FMT: the NOD2
(Nucleotide binding oligomerization domain 2) mutations found in CD and known for its
role in dysbiosis, could eventually reverse the effects of the FMT. Indeed, the dysbiosis
induced by the deletion or mutation of the Nod2 gene has been described as transmissible
and dominant [42]. In this article, the authors used an approach using embryo transfer
(transfer of embryos expressing or not expressing Nod2 in wild type mice) to demonstrate
that the embryos not expressing Nod2 and receiving wild type microbiota developed a
dysbiotic flora over time comparable to mice not expressing Nod2 and receiving dysbiotic
microbiota [42]. Finally, the dysbiotic microbiota of these mice not expressing Nod2 ended
up being established by coprophagia in the mice expressing Nod2 who shared the same
cage (dizygotic twins; transmissible and dominant features of this dysbiotic flora). This
dysbiotic flora participates in the harmful effects of the Nod2 gene on the homeostasis
of the intestinal mucosa, the inflammation and the colonic carcinogenesis [42-45]. More
recently, new therapeutic strategies are being studied that use genetically modified bacteria
designed to produce different therapeutic substances delivered in situ (Live Biotherapeutic
Products—LBPs). This involves constitutive or inducible systems, mostly using Lactococcus
lactis and E.coli (for example, L. lactis that secretes interleukin-10 (IL-10), interleukin-27
(IL-27) or anti-TNF antibodies, L. lactis transfected with a plasmid producing microbial anti-
inflammatory molecule (MAM) normally secreted by F. prausnitzii, E. coli that produces
interleukin-35 (IL-35); L. lactis xylose inducible expression system (XIES) or B. ovatus
which secretes TGF-{31 following a xylan-inducible system [46-48]. These live biotherapy
products could represent new tools in the therapeutic arsenal for IBD.
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4.4. Perspectives in IBD Management

Multi-omics thus pave the way for the development of new diagnostic, prognostic
and therapeutic tools. Thereby, intestinal microbiota sequencing and multi-omics analyses
could allow a best screening of IBD patients at diagnosis. First it would help to evaluate the
risk of relapse, then to adjust the treatment (drug, dose) and propose a close supervision of
high-risk patients.

They also fit into the idea of personalized medicine, where the therapeutic care, and
particularly FMT, can be guided by a study of each patient’s gut microbiota. Identification
of bacterial species associated to success or failure of TMF could help to refer the patients for
FMT or not, and to predict the success rate, in order to propose other treatment (Figure 2).
Another major challenge for the multi-omics approach is to develop useful tools from the
bench to bedside.

Metataxonomic
Personalised
medicine
Meta-
Diagnosis
INTEGRATIVE genomic g
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Figure 2. Integrative analysis of multi-omics data regarding the gut microbiota in IBD. The microbiome is characterized

from stool samples or endoscopic biopsies, using multi-omics techniques. The provided data open up new horizons
for the development of diagnostic, prognostic and therapeutic tools optimized for a personalized medicine. Created by

BioRender.com.

5. Conclusions

Omics techniques have made a major contribution to characterizing dysbiosis in IBD.
They enable dynamic studies over time as well as integrative studies that consider the
different parameters obtained in gut microbiota studies. Several characteristics remain con-
stant, such as the reduction of bacterial diversity affecting Firmicutes, notably F. prausnitzii,
and the abundance of pathogenic germs such as adherent-invasive E. coli. It has thus been
possible to detail the impact of these microbiotic modifications on the host by associating
transcriptomic, proteomic and metabolomic data, which has provided information on the
pathophysiological role of this dysbiosis. Thanks to multi-omic approach, microbiome-
based biomarkers could be developed to evaluate the risk stratification, to predict disease
evolution and treatment efficacy. This review provides a new insight in high throughput
sequencing technologies to investigate microbiota of IBD patients and their contribution to
clinical practice. There remain some difficulties to overcome in the development of robust
biomarkers. Indeed, there is a great variability between studies in term of sampling (stool,
biopsy) and criteria of selection for patients (disease activity, severity, therapeutic care). It
is thus essential to homogenize these elements. Finally, omics tools are still expensive in
current practice and it is difficult to interpret the immense quantity of data obtained.
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ligand 6; dTDP: deoxythymidine diphosphate; DUOX2: dual oxidase 2; FMT: faecal microbiota trans-
plant; GC-MS: gas chromatography coupled with mass spectrometry; HMDB: human metabolome
database; HMP: human microbiome project; HPP: human proteome project; IBD: inflammatory
bowel disease; iHMP: integrative human microbiome project; IL: interleukin; LBP: live biothera-
peutic products; LC-MS: liquid chromatography coupled with mass spectrometry; MAM: microbial
anti-inflammatory molecule; MEP: methylerythritol phosphate; NMR: nuclear magnetic resonance;
NOD2: nucleotide binding oligomerization domain 2; OTU: operational taxonomic unit; ROC: re-
ceiver operating characteristic; SCFAs: short-chain fatty acids; TNF: tumour necrosis factor; UC:
ulcerative colitis; XIES: xylose inducible expression system; 2d-LC-MS/MS: two-dimensional liquid
chromatography techniques alongside tandem mass spectrometry.

References

1.

10.

11.

12.

13.

Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, T.W.; Andrews, E.; Ajami, N.J.; Bonham,
K.S.; Brislawn, C.J.; et al. Multi-Omics of the Gut Microbial Ecosystem in Inflammatory Bowel Diseases. Nature 2019, 569, 655-662.
[CrossRef] [PubMed]

Zhang, Y.-Z. Inflammatory Bowel Disease: Pathogenesis. W]JG 2014, 20, 91. [CrossRef] [PubMed]

Michielan, A.; D'Inca, R. Intestinal Permeability in Inflammatory Bowel Disease: Pathogenesis, Clinical Evaluation, and Therapy
of Leaky Gut. Mediators Inflamm. 2015, 2015. [CrossRef] [PubMed]

Segal, ].P; Mullish, B.H.; Quraishi, M.N.; Acharjee, A.; Williams, H.R.T.; Igbal, T.; Hart, A.L.; Marchesi, ].R. The Application of
Omics Techniques to Understand the Role of the Gut Microbiota in Inflammatory Bowel Disease. Therap. Adv. Gastroenterol. 2019,
12, 1756284818822250. [CrossRef] [PubMed]

Ott, S.J.; Musfeldt, M.; Wenderoth, D.F,; Hampe, J.; Brant, O.; Félsch, U.R.; Timmis, K.N.; Schreiber, S. Reduction in Diversity of
the Colonic Mucosa Associated Bacterial Microflora in Patients with Active Inflammatory Bowel Disease. Gut 2004, 53, 685-693.
[CrossRef] [PubMed]

Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-Phylogenetic Characterization of
Microbial Community Imbalances in Human Inflammatory Bowel Diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780-13785.
[CrossRef] [PubMed]

Takahashi, K.; Nishida, A.; Fujimoto, T.; Fujii, M.; Shioya, M.; Imaeda, H.; Inatomi, O.; Bamba, S.; Sugimoto, M.; Andoh, A.
Reduced Abundance of Butyrate-Producing Bacteria Species in the Fecal Microbial Community in Crohn’s Disease. Digestion
2016, 93, 59-65. [CrossRef]

Halfvarson, J.; Brislawn, C.J.; Lamendella, R.; Vazquez-Baeza, Y.; Walters, W.A.; Bramer, L.M.; D’Amato, M.; Bonfiglio, F.;
McDonald, D.; Gonzalez, A.; et al. Dynamics of the Human Gut Microbiome in Inflammatory Bowel Disease. Nat. Microbiol.
2017, 2, 17004. [CrossRef]

Manichanh, C.; Rigottier-Gois, L.; Bonnaud, E.; Gloux, K.; Pelletier, E.; Frangeul, L.; Nalin, R.; Jarrin, C.; Chardon, P.; Marteau, P;
et al. Reduced Diversity of Faecal Microbiota in Crohn’s Disease Revealed by a Metagenomic Approach. Gut 2006, 55, 205-211.
[CrossRef]

Sokol, H.; Seksik, P; Furet, ].P.; Firmesse, O.; Nion-Larmurier, I.; Beaugerie, L.; Cosnes, ].; Corthier, G.; Marteau, P; Doré, J. Low
Counts of Faecalibacterium Prausnitzii in Colitis Microbiota. Inflamm. Bowel Dis. 2009, 15, 1183-1189. [CrossRef]

Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, I.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F.; Verbeke, K.; et al.
A Decrease of the Butyrate-Producing Species Roseburia Hominis and Faecalibacterium Prausnitzii Defines Dysbiosis in Patients
with Ulcerative Colitis. Gut 2014, 63, 1275-1283. [CrossRef]

Joossens, M.; Huys, G.; Cnockaert, M.; De Preter, V.; Verbeke, K.; Rutgeerts, P.; Vandamme, P.; Vermeire, S. Dysbiosis of the Faecal
Microbiota in Patients with Crohn’s Disease and Their Unaffected Relatives. Gut 2011, 60, 631-637. [CrossRef]
Sankarasubramanian, J.; Ahmad, R.; Avuthu, N.; Singh, A.B.; Guda, C. Gut Microbiota and Metabolic Specificity in Ulcerative
Colitis and Crohn’s Disease. Front. Med. (Lausanne) 2020, 7. [CrossRef]


http://doi.org/10.1038/s41586-019-1237-9
http://www.ncbi.nlm.nih.gov/pubmed/31142855
http://doi.org/10.3748/wjg.v20.i1.91
http://www.ncbi.nlm.nih.gov/pubmed/24415861
http://doi.org/10.1155/2015/628157
http://www.ncbi.nlm.nih.gov/pubmed/26582965
http://doi.org/10.1177/1756284818822250
http://www.ncbi.nlm.nih.gov/pubmed/30719076
http://doi.org/10.1136/gut.2003.025403
http://www.ncbi.nlm.nih.gov/pubmed/15082587
http://doi.org/10.1073/pnas.0706625104
http://www.ncbi.nlm.nih.gov/pubmed/17699621
http://doi.org/10.1159/000441768
http://doi.org/10.1038/nmicrobiol.2017.4
http://doi.org/10.1136/gut.2005.073817
http://doi.org/10.1002/ibd.20903
http://doi.org/10.1136/gutjnl-2013-304833
http://doi.org/10.1136/gut.2010.223263
http://doi.org/10.3389/fmed.2020.606298

Int. J. Mol. Sci. 2021, 22, 11255 9 of 10

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chassaing, B.; Darfeuille-Michaud, A. The Commensal Microbiota and Enteropathogens in the Pathogenesis of Inflammatory
Bowel Diseases. Gastroenterology 2011, 140, 1720-1728. [CrossRef]

Darfeuille-Michaud, A.; Boudeau, J.; Bulois, P.; Neut, C.; Glasser, A.-L.; Barnich, N.; Bringer, M.-A.; Swidsinski, A.; Beaugerie,
L.; Colombel, J.-F. High Prevalence of Adherent-Invasive Escherichia Coli Associated with Ileal Mucosa in Crohn’s Disease.
Gastroenterology 2004, 127, 412—421. [CrossRef]

Rowan, F; Docherty, N.G.; Murphy, M.; Murphy, B.; Calvin Coffey, J.; O’Connell, P.R. Desulfovibrio Bacterial Species Are
Increased in Ulcerative Colitis. Dis. Colon Rectum 2010, 53, 1530-1536. [CrossRef]

Strauss, J.; Kaplan, G.G.; Beck, PL.; Rioux, K.; Panaccione, R.; Devinney, R.; Lynch, T.; Allen-Vercoe, E. Invasive Potential of
Gut Mucosa-Derived Fusobacterium Nucleatum Positively Correlates with IBD Status of the Host. Inflamm. Bowel Dis. 2011, 17,
1971-1978. [CrossRef]

Martinez, C.; Antolin, M.; Santos, J.; Torrejon, A.; Casellas, E; Borruel, N.; Guarner, F; Malagelada, J.-R. Unstable Composition of
the Fecal Microbiota in Ulcerative Colitis during Clinical Remission. Am. J. Gastroenterol. 2008, 103, 643-648. [CrossRef]

Qian, G.; Ho, ].W.K. Challenges and Emerging Systems Biology Approaches to Discover How the Human Gut Microbiome
Impact Host Physiology. Biophys. Rev. 2020, 12, 851-863. [CrossRef]

Jiao, J.-Y,; Liu, L.; Hua, Z.-S.; Fang, B.-Z.; Zhou, E.-M.; Salam, N.; Hedlund, B.P,; Li, W.-]. Microbial Dark Matter Coming to Light:
Challenges and Opportunities. Natl. Sci. Rev. 2021, 8§, nwaa280. [CrossRef]

Almeida, A.; Mitchell, A.L.; Boland, M.; Forster, S.C.; Gloor, G.B.; Tarkowska, A.; Lawley, T.D.; Finn, R.D. A New Genomic
Blueprint of the Human Gut Microbiota. Nature 2019, 568, 499-504. [CrossRef]

Heintz-Buschart, A.; May, P; Laczny, C.C.; Lebrun, L.A.; Bellora, C.; Krishna, A.; Wampach, L.; Schneider, ].G.; Hogan, A.; de
Beaufort, C.; et al. Integrated Multi-Omics of the Human Gut Microbiome in a Case Study of Familial Type 1 Diabetes. Nat.
Microbiol. 2016, 2, 1-13. [CrossRef]

Bashiardes, S.; Zilberman-Schapira, G.; Elinav, E. Use of Metatranscriptomics in Microbiome Research. Bioinform. Biol. Insights
2016, 10. [CrossRef]

Schirmer, M.; Franzosa, E.A.; Lloyd-Price, J.; Mclver, L.J.; Schwager, R.; Poon, T.W.; Ananthakrishnan, A.N.; Andrews, E.; Barron,
G.; Lake, K.; et al. Dynamics of Metatranscription in the Inflammatory Bowel Disease Gut Microbiome. Nat. Microbiol. 2018, 3,
337-346. [CrossRef]

Lehmann, T.; Schallert, K.; Vilchez-Vargas, R.; Benndorf, D.; Piittker, S.; Sydor, S.; Schulz, C.; Bechmann, L.; Canbay, A.; Heidrich,
B.; et al. Metaproteomics of Fecal Samples of Crohn’s Disease and Ulcerative Colitis. J. Proteomics 2019, 201, 93-103. [CrossRef]
Erickson, A.R.; Cantarel, B.L.; Lamendella, R.; Darzi, Y.; Mongodin, E.E; Pan, C.; Shah, M.; Halfvarson, J.; Tysk, C.; Henrissat, B.;
et al. Integrated Metagenomics/Metaproteomics Reveals Human Host-Microbiota Signatures of Crohn’s Disease. PLoS ONE
2012, 7, €49138. [CrossRef]

Sato, K.; Kumita, W.; Ode, T; Ichinose, S.; Ando, A.; Fujiyama, Y.; Chida, T.; Okamura, N. OmpA Variants Affecting the Adherence
of Ulcerative Colitis-Derived Bacteroides Vulgatus. J. Med. Dent. Sci. 2010, 57, 55-64.

Santoru, M.L. Cross Sectional Evaluation of the Gut-Microbiome Metabolome Axis in an Italian Cohort of IBD Patients. Sci. Rep.
2017, 7, 9532. [CrossRef]

Marchesi, J.R.; Holmes, E.; Khan, F; Kochhar, S.; Scanlan, P.; Shanahan, F; Wilson, I.D.; Wang, Y. Rapid and Noninvasive
Metabonomic Characterization of Inflammatory Bowel Disease. ]. Proteome Res. 2007, 6, 546-551. [CrossRef]

Yu, Y,; Yang, W.; Li, Y; Cong, Y. Enteroendocrine Cells: Sensing Gut Microbiota and Regulating Inflammatory Bowel Diseases.
Inflamm. Bowel Dis. 2020, 26, 11-20. [CrossRef]

Rajca, S.; Grondin, V.; Louis, E.; Vernier-Massouille, G.; Grimaud, ].-C.; Bouhnik, Y.; Laharie, D.; Dupas, ].-L.; Pillant, H.; Picon,
L.; et al. Alterations in the Intestinal Microbiome (Dysbiosis) as a Predictor of Relapse after Infliximab Withdrawal in Crohn’s
Disease. Inflamm. Bowel Dis. 2014, 20, 978-986. [CrossRef] [PubMed]

Sokol, H.; Pigneur, B.; Watterlot, L.; Lakhdari, O.; Bermidez-Humaran, L.G.; Gratadoux, J.-J.; Blugeon, S.; Bridonneau, C.; Furet,
J.-P.; Corthier, G.; et al. Faecalibacterium Prausnitzii Is an Anti-Inflammatory Commensal Bacterium Identified by Gut Microbiota
Analysis of Crohn Disease Patients. Proc. Natl. Acad. Sci. USA 2008, 105, 16731-16736. [CrossRef] [PubMed]

Sokol, H.; Brot, L.; Stefanescu, C.; Auzolle, C.; Barnich, N.; Buisson, A.; Fumery, M.; Pariente, B.; Le Bourhis, L.; Treton, X.; et al.
Prominence of Ileal Mucosa-Associated Microbiota to Predict Postoperative Endoscopic Recurrence in Crohn’s Disease. Gut 2020,
69, 462-472. [CrossRef] [PubMed]

Kugathasan, S.; Denson, L.A.; Walters, T.D.; Kim, M.-O.; Marigorta, U.M.; Schirmer, M.; Mondal, K.; Liu, C.; Griffiths, A.; Noe,
J.D.; et al. Prediction of Complicated Disease Course for Children Newly Diagnosed with Crohn’s Disease: A Multicentre
Inception Cohort Study. Lancet 2017, 389, 1710-1718. [CrossRef]

Boumessid, K.; Barreau, F.; Mas, E. How Can a Polymeric Formula Induce Remission in Crohn’s Disease Patients? Int. ]. Mol. Sci.
2021, 22, 4025. [CrossRef]

Ananthakrishnan, A.N. Microbiome-Based Biomarkers for IBD. Inflamm. Bowel Dis. 2020, 26, 1463-1469. [CrossRef]
Sanchis-Artero, L.; Martinez-Blanch, J.F.; Manresa-Vera, S.; Cortés-Castell, E.; Rodriguez-Morales, J.; Cortés-Rizo, X. Evaluation of
Changes in Gut Microbiota in Patients with Crohn’s Disease after Anti-Tnfo Treatment: Prospective Multicenter Observational
Study. IJERPH 2020, 17, 5120. [CrossRef]

Fang, H.; Fu, L.; Wang, J. Protocol for Fecal Microbiota Transplantation in Inflammatory Bowel Disease: A Systematic Review and
Meta-Analysis. Biomed. Res. Int. 2018, 2018, 8941340. [CrossRef]


http://doi.org/10.1053/j.gastro.2011.01.054
http://doi.org/10.1053/j.gastro.2004.04.061
http://doi.org/10.1007/DCR.0b013e3181f1e620
http://doi.org/10.1002/ibd.21606
http://doi.org/10.1111/j.1572-0241.2007.01592.x
http://doi.org/10.1007/s12551-020-00724-2
http://doi.org/10.1093/nsr/nwaa280
http://doi.org/10.1038/s41586-019-0965-1
http://doi.org/10.1038/nmicrobiol.2016.180
http://doi.org/10.4137/BBI.S34610
http://doi.org/10.1038/s41564-017-0089-z
http://doi.org/10.1016/j.jprot.2019.04.009
http://doi.org/10.1371/journal.pone.0049138
http://doi.org/10.1038/s41598-017-10034-5
http://doi.org/10.1021/pr060470d
http://doi.org/10.1093/ibd/izz217
http://doi.org/10.1097/MIB.0000000000000036
http://www.ncbi.nlm.nih.gov/pubmed/24788220
http://doi.org/10.1073/pnas.0804812105
http://www.ncbi.nlm.nih.gov/pubmed/18936492
http://doi.org/10.1136/gutjnl-2019-318719
http://www.ncbi.nlm.nih.gov/pubmed/31142586
http://doi.org/10.1016/S0140-6736(17)30317-3
http://doi.org/10.3390/ijms22084025
http://doi.org/10.1093/ibd/izaa071
http://doi.org/10.3390/ijerph17145120
http://doi.org/10.1155/2018/8941340

Int. J. Mol. Sci. 2021, 22, 11255 10 of 10

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Paramsothy, S.; Paramsothy, R.; Rubin, D.T.; Kamm, M.A.; Kaakoush, N.O.; Mitchell, H.M.; Castafio-Rodriguez, N. Faecal
Microbiota Transplantation for Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. J. Crohns Colitis 2017, 11,
1180-1199. [CrossRef]

Distrutti, E.; Monaldi, L.; Ricci, P.; Fiorucci, S. Gut Microbiota Role in Irritable Bowel Syndrome: New Therapeutic Strategies.
WJG 2016, 22, 2219-2241. [CrossRef]

Dietrich, G.; Barreau, F. Le microbiote: Un acteur décisif dans le syndrome de l'intestin irritable? Méd. Thér./Pédiatrie 2018, 11,
203-212.

Al Nabhani, Z.; Lepage, P.; Mauny, P.; Montcuquet, N.; Roy, M.; Le Roux, K.; Dussaillant, M.; Berrebi, D.; Hugot, ].-P.; Barreau, F.
Nod?2 Deficiency Leads to a Specific and Transmissible Mucosa-Associated Microbial Dysbiosis Which Is Independent of the
Mucosal Barrier Defect. J. Crohns Colitis 2016, 10, 1428-1436. [CrossRef]

Barreau, F.; Madre, C.; Meinzer, U.; Berrebi, D.; Dussaillant, M.; Merlin, E; Eckmann, L.; Karin, M.; Sterkers, G.; Bonacorsi, S.; et al.
Nod2 Regulates the Host Response towards Microflora by Modulating T Cell Function and Epithelial Permeability in Mouse
Peyer’s Patches. Gut 2010, 59, 207-217. [CrossRef]

Alnabhani, Z.; Hugot, J.-P.; Montcuquet, N.; Le Roux, K; Dussaillant, M.; Roy, M.; Leclerc, M.; Cerf-Bensussan, N.; Lepage, P.;
Barreau, F. Respective Roles of Hematopoietic and Nonhematopoietic Nod2 on the Gut Microbiota and Mucosal Homeostasis.
Inflamm. Bowel Dis. 2016, 22, 763-773. [CrossRef]

Couturier-Maillard, A ; Secher, T.; Rehman, A.; Normand, S.; De Arcangelis, A.; Haesler, R.; Huot, L.; Grandjean, T.; Bressenot, A.;
Delanoye-Crespin, A.; et al. NOD2-Mediated Dysbiosis Predisposes Mice to Transmissible Colitis and Colorectal Cancer. |. Clin.
Investig. 2013, 123, 700-711. [CrossRef]

Barra, M.; Danino, T.; Garrido, D. Engineered Probiotics for Detection and Treatment of Inflammatory Intestinal Diseases. Front.
Bioeng. Biotechnol. 2020, 8, 265. [CrossRef]

Mishima, Y.; Sartor, R.B. Manipulating Resident Microbiota to Enhance Regulatory Immune Function to Treat Inflammatory
Bowel Diseases. |. Gastroenterol. 2020, 55, 4—14. [CrossRef]

Kang, M.; Choe, D.; Kim, K.; Cho, B.-K.; Cho, S. Synthetic Biology Approaches in the Development of Engineered Therapeutic
Microbes. Int. J. Mol. Sci. 2020, 21, 8744. [CrossRef]


http://doi.org/10.1093/ecco-jcc/jjx063
http://doi.org/10.3748/wjg.v22.i7.2219
http://doi.org/10.1093/ecco-jcc/jjw095
http://doi.org/10.1136/gut.2008.171546
http://doi.org/10.1097/MIB.0000000000000749
http://doi.org/10.1172/JCI62236
http://doi.org/10.3389/fbioe.2020.00265
http://doi.org/10.1007/s00535-019-01618-1
http://doi.org/10.3390/ijms21228744

	Introduction 
	Characteristics of Gut Microbiota in IBD 
	Metataxonomic and Metagenomic Data 
	Limitations of These Techniques in Studying the Dysbiosis Associated with IBD 

	Contribution of Multi-Omics Techniques in Studying the Microbiota 
	Transcriptomics, Proteomics and Metabolomics 
	Limits of Multi-Omics Techniques 
	Integrative Mapping of Multi-Omics Data 

	Implications of the Multi-Omics Approach in Studying IBD 
	The Microbiota, a New Biomarker for IBD 
	Using Omics Techniques to Assess Treatment Response 
	Dysbiosis, a Therapeutic Target in the Treatment of IBD 
	Perspectives in IBD Management 

	Conclusions 
	References

