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ABSTRACT
The pathogenesis of inflammatory bowel disease (IBD) 
is complex and multifactorial. Undertreated disease 
has substantial individual and societal consequences. 
Current patient classification and subsequent positioning 
of IBD therapy are based on crude, readily accessible 
clinical data. These broad parameters are unlikely to 
reflect underlying molecular profiles and may account 
for the observed heterogeneity in treatment response. 
Precision medicine offers identification and integration of 
molecular profiles into clinical decision-making. Despite 
several promising scientific and technological advances, 
the pathogenesis and targetable molecular drivers of 
IBD remain incompletely understood. Precision medicine 
therefore remains aspirational. This comprehensive 
narrative review describes our current understanding 
of IBD pathophysiology, highlights preliminary genetic, 
immunological and microbial predictors of treatment 
response and outlines the role of ‘big data’ and machine 
learning in the path towards precision medicine.

INTRODUCTION
Inflammatory bowel disease (IBD) comprises 
a group of chronic, relapsing, immune-
mediated disorders including both ulcerative 
colitis (UC) and Crohn’s disease (CD).1 2 
The prevalence of IBD is increasing world-
wide.3 Analyses from the Global Burden 
of Disease Study across 195 countries over 
a 27-year period reported an estimated 
6.8 million cases of IBD globally with an 
increase in age-standardised prevalence from 
79.5 (75.9–83.5) per 100 000 in 1990 to 84.3 
(79.2–89.9) per 100 000 people in 2017.3 The 
health economic consequences of this are 
substantial.4–6 In Europe, the mean annual 
healthcare costs for prevalent CD and UC 
were US$12 439 and US$7224, respectively. 
In North America, these values increased to 
mean annual healthcare costs of $17 495 for 
CD and $13 559 for UC. The primary driver of 
these annual costs appeared to be related to 

greater access to advanced medical therapies, 
highlighting the future benefit of rational, 
tailored drug selection for each patient.6

The geographical distribution in both inci-
dence and prevalence is not equal. A system-
atic review of 147 population-based studies 
reported a prevalence of approximately 0.3% 
across North America, Australia, New Zealand 
and many Western European countries.7 
While the prevalence is high, the incidence is 
stabilising in Western countries.7 Developing 
nations across Asia, Latin America and Africa 
appear to be facing an acceleration in IBD 
incidence, correlating with increased indus-
trialisation and Westernisation.8–10

Gut microbial structure and function are 
influenced by dietary intake and may account 
for the association between diet and IBD.11 12 
Rural and remote communities have greater 
gut microbial diversity and richness than 
individuals from developed nations.13–15 In 
contrast to the Western diet, higher fibre 
and raw plant intake in these communities 
may explain some of these observations. 
In population-based studies, the onset of 
UC has been associated with higher animal 
protein, trans and omega-6 fatty acid and, 
perhaps, sweetened beverage intake.16–23 
In CD, elevated protein intake and ultra-
processed foods are associated with disease 
development20 24 25 and a higher intake of 
fibre, dairy products, docosahexaenoic acid 
and certain polyphenols appear to be protec-
tive.18 26–30 Further characteristics of a Wester-
nisation ‘exposome’ are also associated with 
alterations in gut microbiota and IBD onset 
such as antibiotic exposure,31–34 smoking,35 
air pollutants36 37 and excessive hygiene.38–41 
However, the pathogenesis of UC and CD is 
complex and incompletely understood. Both 
the development and course of the disease 
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appear to involve interconnected, overlapping contribu-
tions from a genetic predisposition, impaired intestinal 
barrier function, an aberrant host immune response, 
altered gut microbiota composition and function, and 
the environmental factors discussed above.42 43

IBD is incurable and often requires long-term immuno-
suppressive therapy to reduce the rate of progression and 
occurrence of complications.44–47 Despite a growing ther-
apeutic armamentarium, there remains a ‘ceiling effect’ 
in rates of response and remission in patients with IBD.48 
In the major registration trials, only 15–50% of patients 
responded to induction of available biological and small-
molecule therapies.49–62 Furthermore, in regard to drug 
selection, there is a paucity of available head-to-head 
trials in IBD to inform management decisions.63 Evidence 
guiding the selection of biological or small-molecule 
agents is therefore restricted to network meta-analyses, 
observational studies and expert opinion.64–66 In clinical 
practice, choosing between agents is often informed by 
broad clinical, biochemical, radiological and endoscopic 
phenotyping of patients67–69 (figure 1).

Scientific advancements including genome-wide asso-
ciation studies (GWAS), whole-genome sequencing, 
shotgun metagenomics and additional high-throughput 
omics analysis including transcriptomics, proteomics and 
metabolomics as well as sophisticated bioinformatics have 
provided greater insight into IBD pathophysiology.48 70–72 

However, integration of these findings to better inform 
selection of therapeutics remains in its infancy. A greater 
understanding of the underlying disease pathogenesis 
may eventually inform more sophisticated, personalised 
management strategies in the pursuit of ‘precision medi-
cine’.73 For the purpose of this review, we interpret preci-
sion medicine as an approach that ‘seeks to improve 
stratification and timing of healthcare by using biological 
information and biomarkers on the level of molecular 
disease pathways, genetics, proteomics as well as metab-
olomics’.74 Precision medicine in oncology is established 
with genomic profiling in particular guiding treatment of 
many tumour types.75 76 For example, in the treatment of 
non-small cell lung cancer, broad platinum-based chemo-
therapy regimens may be avoided by targeting readily 
identifiable driver mutations such as ALK, BRAF, EGFR 
and ROS1.75 Similar biomarkers informing selection of 
targeted therapeutics exist for breast cancer (HER2 expres-
sion, trastuzumab), chronic myeloid leukaemia (BCR–
ABL1 fusion, imatinib), metastatic melanoma (BRAF 
V600E, BRAF and MEK inhibitors), chronic lymphocytic 
leukaemia (17p deletion, venetoclax) and gastrointestinal 
stromal tumours (KIT expression, imatinib).77 Despite 
recent interest from the European Crohn’s and Colitis 
Organisation’s Scientific Steering Committee,73 78 there 
are currently no molecular correlates that determine the 
management of non-monogenic IBD. Pursuing precision 

Figure 1  An illustration of the current imprecise approach to selecting IBD therapy. In this approach, patients are 
assessed using crude clinical, endoscopic and radiological evaluation. Subsequent categorisation results in inaccurate and 
heterogeneous patient phenotyping and thereby imprecise selection of IBD therapy. Created with BioRender.com. IBD, 
inflammatory bowel disease.
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medicine requires more accurate molecular profiling of 
the underlying environmental, genomic, epigenomic, 
microbial, metabolomic and immunological drivers of 
IBD in each individual78 (figure  2). This ‘multiomics’ 
network medicine approach then relies on machine-
based biostatistical analysis to interpret the volume and 
complexity of data.71 79

This comprehensive narrative review will summarise 
our current understanding of the genetic, immunolog-
ical and microbial drivers of IBD. After reviewing each 
pathogenetic category, this review will highlight novel 
predictors of treatment response. Contemporary eval-
uation of molecular biomarkers in IBD requires an 
understanding of the principles and importance of incor-
porating machine-based bioinformatics and collaborative 
research. These will be discussed alongside the future 
directions for precision medicine in IBD required to 
inform optimal, personalised management strategies to 
improve the quality of life of patients with IBD.

Genetics
IBD has long been associated with a heritable risk, particu-
larly for CD.80 81 GWAS have identified approximately 240 

IBD risk variants to date. These include polymorphisms 
in genes encoding regulatory receptors at the intestinal 
epithelial barrier (eg, nucleotide-binding oligomerisa-
tion domain 2 (NOD2)); genes encoding proinflamma-
tory cytokines or their receptors (eg, tumour necrosis 
factor (TNF) superfamily member 15, TNF-α, interleukin 
(IL)-23 receptor (IL-23R)); and genes encoding regu-
latory, anti-inflammatory cytokine receptors (eg, IL-10 
receptor subunit α) or cell death pathway proteins (eg, X 
linked inhibitor of apoptosis).82 83 The relative frequency 
and contribution of each risk locus vary according to 
patient ethnicity.84 However, outside of monogenic IBD, 
only an estimated 13.6% of disease variance in CD and 
7.5% in UC can be explained by inheritance of known 
risk loci.85 Furthermore, monozygotic twin studies 
demonstrate only modest concordance in the develop-
ment of CD (20–55%) and UC (6.3–17%) which drops 
to as low as 3.6% and 6.3% for dizygotic twins, respec-
tively.86 Reanalysis of existing biobanks using newer tech-
nologies such as next-generation sequencing (NGS) may 
allow further genetic insight into IBD pathogenesis.87 
NGS enables faster, deeper genomic evaluation and may 

Figure 2  An illustration of the future of precision medicine and informed selection of IBD therapy. In this approach, patients are 
assessed using a combination of clinical and molecular profiling, incorporating genetic, immunological and microbial evaluation. 
Complex raw data are interpreted by omics-based network medicine, allowing accurate molecular profiling of patient groups 
and informed selection of a therapeutic agent, combination therapy, observation or novel dietary or microbial interventions. 
Created with BioRender.com. IBD, inflammatory bowel disease.
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identify rare, low-frequency variants not detected by stan-
dard GWAS.88

While markers such as thiopurine methyltransferase 
and Nudix hydrolase-15 polymorphisms89–93 are inte-
grated into clinical practice for prediction of drug 
toxicity,89–93 incorporation of germline mutations to 
predict direct drug efficacy has not yet been validated 
or routinely adopted.94 The majority of existing genetic 
analyses in IBD have been performed to predict response 
to anti-TNF therapies, with less data on small molecule 
and alternative biological classes. Preliminary work 
suggests that homozygosity for high-risk IL-23R variants95 
and polymorphisms at the Fas ligand locus96 and IBD5 
locus97 have been associated with anti-TNF response. In 
contrast, the more established NOD2,98 99 TNFR1 and 
TNFR2100 101 polymorphisms appear to have no association 
with response to anti-TNF therapy. To date, perhaps the 
most promising genetic insight into treatment response 
relates to the prediction of antidrug antibody formation, a 
common cause for secondary loss of response to anti-TNF 
therapy.102–106 Application of whole-exome sequencing of 
DNA extracted from pretreatment blood samples from a 
large cohort of patients commencing infliximab or adali-
mumab has identified an association between the HLA-
DQA1*05 haplotype and a near doubling of the risk of 
developing immunogenicity to anti-TNF agents.104 107 A 
meta-analysis, published in abstract form only, supports 
the association between HLA-DQA1*05 carriage and 
immunogenicity to anti-TNF agents.108 Despite the high 
prevalence of HLA-DQA1*05 in Europe and North 
America,108 109 similar to many existing genetic predictors 
of response, prospective external validation is limited and 
uptake in routine clinical practice is variable.

Intestinal barrier and mucosal immunity
The intestinal epithelium is a complex, dynamic barrier 
comprising a single layer of cells connected by tight junc-
tions.110 111 The majority of intestinal epithelial cells are 
columnar epithelial cells (enterocytes) responsible for 
nutrient absorption.112 Secretory intestinal epithelial cells 
include goblet cells, Paneth cells and enteroendocrine 
cells.112 Goblet cells secrete a protective mucous layer 
containing antimicrobial peptides produced by Paneth 
cells as well as secretory IgA produced by plasma cells 
within the lamina propria.113 114 Controlled transcytosis 
of luminal microorganisms mediated by microfold cells, 
dendritic cells and macrophages regulates innate and 
adaptive mucosal immunity. Subepithelial stromal cells, 
including fibroblasts and myofibroblasts, reside within 
the lamina propria and play important roles in wound 
healing, fibrosis and a complementary role in mucosal 
immunity.115 A reduced mucin layer or disruption of the 
epithelial barrier may increase intestinal permeability 
and drive inflammation via uncontrolled passage and 
handling of microbial antigens in both CD and UC.116–120 
Indeed, data from the Crohn’s and Colitis Canada 
Genetic Environmental Microbial (CCC GEM) Project 
demonstrate that increased intestinal permeability, as 

measured by urinary fractional excretion of lactulose and 
mannitol, has been observed in previously healthy rela-
tives of patients with CD prior to eventual development of 
CD121—highlighting the potential early role of the intes-
tinal barrier in the pathogenesis of CD.

Immune cells within the gastrointestinal system are 
primarily located in secondary lymphoid structures such 
as Peyer’s patches, interspersed between columnar intes-
tinal epithelial cells, residing within mesenteric lymph 
nodes or embedded in underlying connective tissue.42 
In healthy intestinal mucosa, the mucosal immune 
compartment supports homeostasis via maintenance 
of anti-inflammatory pathways. Downregulation of the 
immune response occurs via mediators such as IL-10, 
transforming growth factor β (TGF-β), retinoic acid and 
expansion of forkhead box P3 (FOXP3+) regulatory T 
(Treg) cells.122 123 Aberration of any of these complex, 
interconnected innate and adaptive signalling pathways 
may contribute to the pathogenesis of IBD.

In IBD, increased intestinal permeability increases 
antigen and adjuvant exposure.119 124 Activated mucosal 
proinflammatory macrophages engulf invading micro-
biota and secrete a range of proinflammatory cytokines 
including TNF, IL-6, IL-1β, IL-23, IL-12 and chemokine 
ligand 2.125 Antigen presentation to CD4+ T cells leads 
to predominant differentiation and expansion of T 
helper (Th) 1 and Th17 cells.126 127 Alongside group 1 
and group 3 innate lymphoid cells (ILCs), Th1 and Th17 
propagate an inflammatory feedback loop via secretion 
of chemokines and net proinflammatory IL-17A, IL-17F, 
IL-22 and interferon-γ.127 128 Active IBD is also associated 
with a relative increase in IgG in contrast to the protec-
tive IgA predominance of healthy intestinal mucosa.129 130 
This anti-commensal IgG appears to drive increased IL-1β 
production and a shift to type 17 immunity in colonic 
mucosa of patients with UC.131 CD4+ and CD8+ tissue-
resident memory T cells within the intestinal epithelium 
and lamina propria are also activated and further prop-
agate the innate and adaptive immune response.132–134 
Furthermore, anti-inflammatory compensatory mecha-
nisms are reduced with lower Treg cell activity and associ-
ated reductions in anti-inflammatory IL-10 and TGF-β.135

Interrogating functional epithelial and mucosal 
immune cell gene expression using transcriptomics 
has generated promising preliminary findings. RNA 
sequencing (RNA-seq) allows high-throughput analysis 
of the entire transcriptome within a particular sample.136 
More recently, RNA-seq has been performed at the single-
cell level (scRNA-seq). scRNA-seq allows identification 
and comparison of the transcriptomes of individual cells 
within a heterogeneous sample.137 With increasing access 
and affordability, scRNA-seq is being increasingly applied 
to the prediction of therapeutic response in IBD.138 For 
example, application of scRNA-seq and multiparameter 
mass cytometry techniques allowed identification of a 
unique, interconnected cellular group in inflamed ileal 
tissue associated with anti-TNF non-response in patients 
with CD.130 Termed the GIMATS module, this cellular 
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profile consisted of IgG plasma cells, inflammatory mono-
nuclear phagocytes, activated T cells and stromal cells.130 
Transcriptomic analysis using an mRNA microarray plat-
form has also been used to predict response to anti-TNF 
in patients with UC with a predicted sensitivity of up to 
95%.139 Similarly, transcriptomic data from intestinal 
mucosal biopsy samples of patients with UC and CD iden-
tified that a transcriptional module co-expressed with a 
recently implicated cytokine, oncostatin M, predicted 
non-response to anti-TNF (area under the receiver oper-
ator curve (AUROC) 0.99).140 Further studies measuring 
mucosal gene expression have found a number of accu-
rate transcriptional signatures associated with response 
to anti-TNF therapy,139 141 including triggering receptor 
expressed on myeloid cells 1 (TREM1; AUROC 0.77, 
p=0.003)142 and IL-13RA2 expression—found to be 
strongly associated with anti-TNF non-response (AUROC 
0.9, p<0.001).143 144 On a larger scale, analysis of publicly 
available datasets from registration trials in IBD found 
that a higher abundance of plasma cells and macro-
phages was associated with anti-TNF non-response.145 
These findings highlight the utility of a collaborative ‘big 
data’ approach to advancing precision medicine.74 Aside 
from TREM1,142 it is not yet clear whether immunophe-
notypical predictors of response are specific to anti-TNF 
therapy. For example, transcriptomic analysis of mucosal 
biopsies in 41 patients with UC found that almost two-
thirds of the genes that predicted response to vedoli-
zumab also predicted response to infliximab.146 Further 
research into predictors of other biological drug classes 
and small molecules is necessary to inform positioning of 
these agents for individual patients.

Gut microbiota
There is an increasing acceptance of the influence of 
gut microbiota in the pathogenesis and disease course of 
IBD.147 148 The healthy human gut is colonised by an esti-
mated 100 trillion bacterial, viral and fungal microorgan-
isms with an increasing density moving distally from the 
stomach to the colon.149 Bacteria are the most abundant 
and the majority of these organisms belong to one of four 
dominant phyla: Bacteroidota (Bacteroidetes), Bacillota 
(Firmicutes), Pseudomonadota (Proteobacteria) and 
Actinomycetota (Actinobacteria).150–152 Diversity in gut 
microbial signatures between individuals is common and 
is likely secondary to a bidirectional relationship between 
environmental exposures such as diet and underlying 
host genetics.153 Germ-free and antibiotic-treated animal 
models provide crucial evidence for the role of gut 
microbiota in the development and maturation of host 
immunity.154 Germ-free mice have impaired develop-
ment of gut-associated lymphoid tissue such as Peyer’s 
patches,155 156 reduced IgA production,157 158 reduced 
ILCs,159 160 altered Th cell expression161 162 and reduced 
colonic FOXP3+ Treg cells.163–165 A number of these 
immune aberrancies are also partially reversed by intro-
duction of colonising microorganisms.162 163 165–167

Dysbiosis describes disruption of a balanced micro-
bial ecosystem.168 While dysbiosis is associated with 
IBD onset and disease activity, human data confirming 
a causal relationship are scarce. Broad compositional 
microbial changes in patients with IBD include reduced 
bacterial, fungal and viral diversity and richness.169 More 
specific microbial changes associated with IBD include 
depletion of healthy commensal bacterial groups such 
as Bacteroidota and Bacillota and expansion of proin-
flammatory classes within the Pseudomonadota phyla, 
such as Gammaproteobacteria (eg, Escherichia coli) as 
well as increased bacteriophage numbers (eg, Caudovi-
rales) and pathogenic Ascomycota (eg, Candida albicans) 
(figure  3).170–182 Whether these findings are a cause or 
consequence of intestinal inflammation in humans is 
yet to be determined.183 However, a pathogenic role is 
suggested by animal studies demonstrating that direct or 
passive faecal transfer from mice or humans with colitis to 
healthy mice can induce susceptibility to intestinal inflam-
mation.135 184 Disturbance of the nutritional, homeo-
static and immunomodulatory functions of commensal 
microbiota provides mechanistic insights into a possible 
pathogenic association.185 Nutritional roles include 
production of water-soluble B vitamins,186 vitamin K187 188 
and short-chain fatty acids (SCFAs) such as acetate, propi-
onate and butyrate.189 At moderate levels, butyrate plays 
a positive role in preserving epithelial integrity, colono-
cyte growth and maintaining mucosal immunity.189–192 
Patients with active IBD appear to have reduced levels 
of butyrate-producing bacteria193 and a higher propor-
tion of sulfate-reducing bacteria, which may contribute 
to mucosal inflammation via excessive production of 
hydrogen sulfide.194–196 Additional data from the CCC 
GEM Project demonstrate increased faecal proteolytic 
and elastase activity in patients with UC prior to their 
IBD diagnosis, reflecting altered functional activity of 
microbiota compared with healthy matched controls.197 
Disruption of these secondary metabolic activities may 
compromise intestinal barrier function, lead to aber-
rant mucosal immune responses and provide a plausible 
mechanism linking microbial dysbiosis to the develop-
ment of IBD.198–201

For future clinical integration, molecular biomarkers 
for the prediction of treatment response should be 
readily accessible, non-invasive and inexpensive.78 A 
number of previous studies have investigated the utility 
of gut microbial ‘signatures’ predictive of treatment 
response in IBD either in easily accessible faecal samples 
or mucosal sampling. In general, higher microbial diver-
sity, fewer mucus-colonising bacteria, higher abundance 
of SCFA-producing bacteria and lower abundance of 
‘proinflammatory’ bacteria are associated with favour-
able response to anti-TNF agents,202–207 vedolizumab208 
and ustekinumab.209 More granular data at a species level 
may outperform broader taxonomic profiles at the level 
of genus or class.208 Predictive software models, informed 
by such high-quality data, have reasonable accuracy in 
predicting therapeutic response for both vedolizumab 
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and anti-TNF therapy.208 Evaluating microbial metabolite 
production using metabolomic techniques may provide 
additional predictive capacity and provide insight into 
the functional relevance of changes to community struc-
ture. For example, production of butyrate or substrates 
involved in butyrate synthesis has been associated with 
response to anti-TNF therapy.203 However, the proportion 
of observed alterations to microbial structure and func-
tion that is due to medication effect, intestinal inflamma-
tory burden and dietary modification rather than specific 
to treatment response remains unknown.210 Large longi-
tudinal observational cohorts of patients with IBD and 
healthy controls with serial biosampling, such as CCC 
GEM121 197 and the Australia IBD Microbiome Study,211 
may allow greater insight into the pathogenic role and 
predictive capacity of perturbed gut microbiota in the 
course of IBD.

While using multiomics to inform precision medicine 
in IBD is an exciting prospect, few of the above obser-
vations have been validated in independent, prospective 
populations and none of the above genetic, immunolog-
ical or microbial predictors of treatment response are 
incorporated into routine clinical practice. A collabora-
tive ‘big data’ approach to precision medicine is likely 
necessary to advance towards precision medicine in IBD.

Big data and machine learning
Interpreting the volume and complexity of the above 
biological data requires sophisticated biostatistical tech-
niques. Traditional human-supervised statistical methods 
have been inadequate to meaningfully unlock the patho-
genesis of IBD. Rather, interpretation of multilayered 
molecular data requires systems biology and machine 
learning.71 74 Systems biology refers to mathematical 

network modelling of complex biological systems and 
their response to perturbation.212 In handling the data-
rich nature of biological systems, machine learning is an 
invaluable tool that can uncover novel insights from large 
datasets thus model the structure and dynamics of biolog-
ical networks. Machine learning, a subset of artificial 
intelligence, refers to the development of computational 
algorithms that are able to learn from data to better 
detect patterns and adjust decisions without the need for 
explicit programming.213 Deep learning is a specialised 
type of machine learning that is capable of identifying 
highly complex patterns within and between large data-
sets using deep neural networks with multiple layers.214 
Deep learning techniques allow greater flexibility and 
higher capacity with millions of trainable parameters. 
However, these models require training on large, carefully 
‘curated’ datasets with low confounding.214 If supplied 
with accurate, high-volume data, these approaches will 
allow precise, sophisticated molecular categorisation of 
patients and may predict therapeutic response.

Standard machine learning techniques such as random 
forests, logistic regression and support vector models 
as well as more advanced deep learning models such as 
neural networks have been applied to genomics data from 
large IBD consortiums with both identification of new 
variants and confirmation of previously identified genetic 
variants associated with both CD and UC.215–217 Machine 
learning techniques applied to over 30 000 patients 
with IBD (17 379 CD, 13 458 UC) and 22 000 controls 
accessed via the International IBD Genetics Consortium 
generated high-performance predictive models for iden-
tification of CD and UC (AUROC 0.86 and 0.83, respec-
tively).215 Similarly, genomic, transcriptomic, proteomic 

Figure 3  Major community and species-specific alterations in gut microbiota and metabolites associated with active 
inflammatory bowel disease (right) relative to healthy bowel (left). Created with BioRender.com. SCFA, short-chain fatty acid.
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and microbiome data from smaller cross-sectional and 
longitudinal cohorts analysed by standard and advanced 
machine learning techniques have generated promising 
preliminary results.207–209 218–222 For example, 41 genes 
associated with IBD were identified via application of 
sequential novel computational techniques on gene 
expression profiles of just 75 patients with IBD and 42 
healthy controls accessed through a public genomics data 
repository (Gene Expression Omnibus).222

Deep learning models are already making progress in 
automated interpretation of endoscopic disease activity 
in UC.223–225 After training on a large dataset of >40 
000 endoscopic images and 6885 biopsy results, model 
processing of endoscopic images alone could also predict 
histological remission in UC with an accuracy of 93%.226 
The same deep neural network model could predict 
subsequent patient outcomes in UC based on endoscopic 
images alone.227 However, predicting treatment response 
is likely to be better informed by the combination of 
molecular and clinical data. VedoNet, a neural network 
algorithm informed by longitudinal clinical and micro-
biome data from just 85 patients with IBD, accurately 
predicts early clinical response to vedolizumab (AUROC 
0.87) as well as anti-TNF response in a smaller validation 
cohort.208 As expected, the combination of clinical and 
molecular data performed better in predicting thera-
peutic response than either parameter alone.

Predictive modelling generated by machine learning 
has not yet entered routine clinical practice in the 
management of IBD. Greater utilisation and eventual 
incorporation of machine learning techniques require 
significant computing power and large, accessible data-
sets. Furthermore, as reported in translational cancer 
research, data may be incomplete, restricted by release 
policies and access costs or limited by inconsistencies in 
measurement generated by varying experimental plat-
forms.79 228

Future directions
Applying precision medicine to predict therapeutic 
response is likely to revolutionise patient care in IBD. 
However, there are several known barriers to achieving 
this goal. Coordinated reanalysis of existing, well-
characterised datasets with newer experimental or analyt-
ical techniques is a cost-effective initial step. Longitudinal 
biobanking within both registration trials and regional 
healthcare systems would also overcome many of the 
limitations raised by underpowered existing cohorts.75 
Improving the quantity and homogeneity of data drawn 
from available samples requires more uniform and inex-
pensive multiomic experimental techniques. These data 
must then be readily accessible via collaborative research 
agreements and data sharing platforms to provide the 
volume and completeness to allow training of and inter-
pretation by sophisticated, unsupervised deep learning 
models.77 Furthermore, given the variance in environ-
mental exposures across the globe as well as possibly 
distinct genetic risk profiles across ethnicities, efforts must 

be made to incorporate diverse populations in multiomics 
analyses to ensure generalisability of biomarker discovery. 
How best to incorporate the impact of the exposome, 
including early antibiotic exposure, diet, pollutants and 
smoking, on disease course and treatment response 
remains unclear.

Once identified, successful integration of novel predic-
tive biomarkers into routine care of IBD management 
requires careful consideration. Varied uptake and appli-
cation of precision medicine in oncology provide a 
cautionary lesson. Despite established efficacy, genetic 
testing for targetable mutations is often underused and 
varies across regions and socioeconomic backgrounds.229 
Clinical guidelines, education and sophisticated decision-
support tools may improve uptake and understanding 
among clinicians and patients.

CONCLUSION
Current selection and positioning of IBD therapeutics 
are based on broad, clinical, biochemical, radiological 
and endoscopic profiling. Understanding the underlying 
molecular drivers of IBD may inform selection of more 
effective therapy in the pursuit of precision medicine 
(figure 2). Despite recent progress, the vast majority of 
existing biomarkers to predict IBD treatment response 
have not been incorporated into clinical practice. Future 
technological advances in both experimental techniques, 
machine learning and collaborative research will help 
to address these deficiencies. Once accurate biomarker 
predictors are identified, measuring biomarkers for treat-
ment response must be affordable and widely available to 
ensure equitable access to precision medicine to improve 
the quality of life of patients with IBD.

Contributors  All authors have made substantive contributions to the manuscript 
and have approved the submitted version. Conceptualisation—RDL, TJ, SK, SJC, 
MGW, MPS and GLH. Methodology—RDL and GLH. Literature search—RDL and 
GLH. Data interpretation—RDL, TJ, SK, FZ, SJC, MGW, AB, PRG, MPS and GLH. 
Original draft preparation—RDL, TJ and SJC. Review and editing—RDL, TJ, SK, 
SJC, FZ, MGW, AB, PRG, MPS and GLH. Supervision—MGW, AB, PRG, MPS and GLH.

Funding  The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

Competing interests  RDL has received educational support from Celltrion 
Healthcare and Janssen. SJC has received honoraria for advisory board 
participation, speaker fees, educational support and/or research support from 
AbbVie, Amgen, BMS, Celltrion, Chiesi, Dr Falk, Eli-Lilly, Ferring, Fresenius Kabi, 
GSK, Janssen, MSD, Novartis, Organon, Pfizer, Sandoz, Takeda, Agency for Clinical 
Innovation, Gastroenterological Society of Australia, Medical Research Future 
Fund, South Western Sydney Local Health District, Sydney Partnership for Health, 
Research and Enterprise (SPHERE) and The Leona M and Harry B Helmsley 
Charitable Trust. MGW has received educational grants or research support from 
Ferring, GESA and AbbVie; speaker fees from Janssen, AbbVie, Ferring, Takeda, 
Pfizer and MSD; and served on advisory boards for Janssen and AbbVie. PRG has 
served as a consultant or advisory board member for Anatara, Atmo Biosciences, 
Immunic Therapeutics, Novozymes, Novoviah, Intrinsic Medicine and Comvita; has 
received research grants for investigator‐driven studies from Atmo Biosciences; 
and is a shareholder with Atmo Biosciences. MPS has received educational grants 
or research support from Ferring, Orphan and Gilead; speaker fees from Janssen, 
AbbVie, Ferring, Takeda, Pfizer and Shire; and has served on advisory boards for 
Janssen, Takeda, Pfizer, Celgene, AbbVie, MSD, Emerge Health, Gilead and BMS. TJ, 
SK, FZ, AB and GLH have no relevant conflicts of interest to declare.

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.



8 Little RD, et al. eGastroenterology 2024;2:e100006. doi:10.1136/egastro-2023-100006

Open access�

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not required.

Ethics approval  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iDs
Robert D Little http://orcid.org/0000-0002-5314-6666
Georgina L Hold http://orcid.org/0000-0001-7573-3397

REFERENCES
	 1	 Ungaro R, Mehandru S, Allen PB, et al. Ulcerative colitis. Lancet 

2017;389:1756–70. 
	 2	 Torres J, Mehandru S, Colombel J-F, et al. Crohn's disease. Lancet 

2017;389:1741–55. 
	 3	 GBDIBD Collaborators. The global, regional, and national burden of 

inflammatory bowel disease in 195 countries and territories, 1990-
2017: a systematic analysis for the global burden of disease study 
2017. Lancet Gastroenterol Hepatol 2020;5:17–30.

	 4	 Park KT, Ehrlich OG, Allen JI, et al. Corrigendum to the cost of 
inflammatory bowel disease: an initiative from the Crohn's & colitis 
foundation. Inflamm Bowel Dis 2020;26:1118. 

	 5	 van der Valk ME, Mangen M-JJ, Leenders M, et al. Healthcare costs 
of inflammatory bowel disease have shifted from Hospitalisation 
and surgery towards anti-TNFα therapy: results from the COIN 
study. Gut 2014;63:72–9. 

	 6	 van Linschoten RCA, Visser E, Niehot CD, et al. Systematic review: 
societal cost of illness of inflammatory bowel disease is increasing 
due to Biologics and varies between continents. Aliment Pharmacol 
Ther 2021;54:234–48. 

	 7	 Ng SC, Shi HY, Hamidi N, et al. Worldwide incidence and 
prevalence of inflammatory bowel disease in the 21st century: 
a systematic review of population-based studies. Lancet 
2017;390:2769–78. 

	 8	 Kaplan GG, Ng SC. Understanding and preventing the global 
increase of inflammatory bowel disease. Gastroenterology 
2017;152:313–21. 

	 9	 Kaplan GG, Windsor JW. The four Epidemiological stages in 
the global evolution of inflammatory bowel disease. Nat Rev 
Gastroenterol Hepatol 2021;18:56–66. 

	 10	 Watermeyer G, Katsidzira L, Setshedi M, et al. Inflammatory 
bowel disease in sub-Saharan Africa: epidemiology, risk factors, 
and challenges in diagnosis. Lancet Gastroenterol Hepatol 
2022;7:952–61. 

	 11	 David LA, Maurice CF, Carmody RN, et al. Diet rapidly and 
reproducibly alters the human gut Microbiome. Nature 
2014;505:559–63. 

	 12	 Zuo T, Kamm MA, Colombel JF, et al. Urbanization and the gut 
Microbiota in health and inflammatory bowel disease. Nat Rev 
Gastroenterol Hepatol 2018;15:440–52. 

	 13	 Yatsunenko T, Rey FE, Manary MJ, et al. Human gut Microbiome 
viewed across age and geography. Nature 2012;486:222–7. 

	 14	 Schnorr SL, Candela M, Rampelli S, et al. Gut Microbiome of the 
Hadza hunter-Gatherers. Nat Commun 2014;5:3654. 

	 15	 De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in 
shaping gut Microbiota revealed by a comparative study in 
children from Europe and rural Africa. Proc Natl Acad Sci U S A 
2010;107:14691–6. 

	 16	 Ananthakrishnan AN, Khalili H, Konijeti GG, et al. Long-term intake 
of dietary fat and risk of ulcerative colitis and Crohn’s disease. Gut 
2014;63:776–84. 

	 17	 de Silva PSA, Luben R, Shrestha SS, et al. Dietary Arachidonic 
and Oleic acid intake in ulcerative colitis etiology: a prospective 
cohort study using 7-day food diaries. Eur J Gastroenterol Hepatol 
2014;26:11–8. 

	 18	 Jantchou P, Morois S, Clavel-Chapelon F, et al. Animal protein 
intake and risk of inflammatory bowel disease: the E3N prospective 
study. Am J Gastroenterol 2010;105:2195–201. 

	 19	 IBDiES I, Tjonneland A, Overvad K, et al. Linoleic acid, a dietary N-6 
polyunsaturated fatty acid, and the Aetiology of ulcerative colitis: 
a nested case-control study within a European prospective cohort 
study. Gut 2009;58:1606–11. 

	 20	 Dong C, Mahamat-Saleh Y, Racine A, et al. Op17 protein intakes 
and risk of inflammatory bowel disease in the European prospective 
investigation into cancer and nutrition cohort (EPIC-IBD). Journal of 
Crohn’s and Colitis 2020;14(Supplement_1):S015. 

	 21	 Racine A, Carbonnel F, Chan SSM, et al. Dietary patterns and risk of 
inflammatory bowel disease in Europe: results from the EPIC study. 
Inflamm Bowel Dis 2016;22:345–54. 

	 22	 Khalili H, Hakansson N, Chan SS, et al. No association between 
consumption of sweetened Beverages and risk of later-onset 
Crohn’s disease or ulcerative colitis. Clin Gastroenterol Hepatol 
2019;17:123–9. 

	 23	 Wang F, Feng J, Gao Q, et al. Carbohydrate and protein intake 
and risk of ulcerative colitis: systematic review and dose-
response meta-analysis of Epidemiological studies. Clin Nutr 
2017;36:1259–65. 

	 24	 Lo C-H, Khandpur N, Rossato SL, et al. Ultra-processed foods and 
risk of Crohn’s disease and ulcerative colitis: A prospective cohort 
study. Clin Gastroenterol Hepatol 2022;20:e1323–37. 

	 25	 Narula N, Wong ECL, Dehghan M, et al. Association of Ultra-
processed food intake with risk of inflammatory bowel disease: 
prospective cohort study. BMJ 2021;374:n1554. 

	 26	 Ananthakrishnan AN, Khalili H, Konijeti GG, et al. A prospective 
study of long-term intake of dietary fiber and risk of Crohn's disease 
and ulcerative colitis. Gastroenterology 2013;145:970–7. 

	 27	 Andersen V, Chan S, Luben R, et al. Fibre intake and the 
development of inflammatory bowel disease: A European 
prospective multi-centre cohort study (EPIC-IBD). J Crohns Colitis 
2018;12:129–36. 

	 28	 Chan SSM, Luben R, Olsen A, et al. Association between 
high dietary intake of the N-3 polyunsaturated fatty acid 
Docosahexaenoic acid and reduced risk of Crohn’s disease. Aliment 
Pharmacol Ther 2014;39:834–42. 

	 29	 Lu Y, Zamora-Ros R, Chan S, et al. Dietary Polyphenols in the 
Aetiology of Crohn’s disease and ulcerative colitis-A multicenter 
European prospective cohort study (EPIC). Inflamm Bowel Dis 
2017;23:2072–82. 

	 30	 Opstelten JL, Leenders M, Dik VK, et al. Dairy products, dietary 
calcium, and risk of inflammatory bowel disease: results from a 
European prospective cohort investigation. Inflamm Bowel Dis 
2016;22:1403–11. 

	 31	 Kronman MP, Zaoutis TE, Haynes K, et al. Antibiotic exposure and 
IBD development among children: a population-based cohort study. 
Pediatrics 2012;130:e794–803. 

	 32	 Faye AS, Allin KH, Iversen AT, et al. Antibiotic use as a risk factor for 
inflammatory bowel disease across the ages: a population-based 
cohort study. Gut 2023;72:663–70. 

	 33	 Dethlefsen L, Relman DA. Incomplete recovery and 
individualized responses of the human distal gut Microbiota 
to repeated antibiotic perturbation. Proc Natl Acad Sci U S A 
2011;108 Suppl 1(Suppl 1):4554–61. 

	 34	 Dethlefsen L, Huse S, Sogin ML, et al. The pervasive effects of an 
antibiotic on the human gut Microbiota, as revealed by deep 16S 
rRNA sequencing. PLoS Biol 2008;6:e280. 

	 35	 Parkes GC, Whelan K, Lindsay JO. Smoking in inflammatory bowel 
disease: impact on disease course and insights into the Aetiology of 
its effect. J Crohns Colitis 2014;8:717–25. 

	 36	 Ananthakrishnan AN, McGinley EL, Binion DG, et al. Ambient 
air pollution correlates with hospitalizations for inflammatory 
bowel disease: an Ecologic analysis. Inflamm Bowel Dis 
2011;17:1138–45. 

	 37	 Elten M, Benchimol EI, Fell DB, et al. Ambient air pollution and the 
risk of pediatric-onset inflammatory bowel disease: A population-
based cohort study. Environ Int 2020;138:105676. 

	 38	 Guo A, Östensson M, Størdal K, et al. Early-life hygiene-related 
factors and risk of inflammatory bowel disease: A Scandinavian 
birth cohort study. Inflamm Bowel Dis 2023:izad257. 

	 39	 Okada H, Kuhn C, Feillet H, et al. “The 'hygiene hypothesis' for 
autoimmune and allergic diseases: an update”. Clin Exp Immunol 
2010;160:1–9. 

	 40	 von Mutius E, Vercelli D. Farm living: effects on childhood asthma 
and allergy. Nat Rev Immunol 2010;10:861–8. 

	 41	 Vatanen T, Kostic AD, d’Hennezel E, et al. Variation in Microbiome 
LPS Immunogenicity contributes to Autoimmunity in humans. Cell 
2016;165:842–53. 

	 42	 Chang JT. Pathophysiology of inflammatory bowel diseases. N Engl 
J Med 2020;383:2652–64. 

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-5314-6666
http://orcid.org/0000-0001-7573-3397
http://dx.doi.org/10.1016/S0140-6736(16)32126-2
http://dx.doi.org/10.1016/S0140-6736(16)31711-1
http://dx.doi.org/10.1093/ibd/izaa081
http://dx.doi.org/10.1136/gutjnl-2012-303376
http://dx.doi.org/10.1111/apt.16445
http://dx.doi.org/10.1111/apt.16445
http://dx.doi.org/10.1016/S0140-6736(17)32448-0
http://dx.doi.org/10.1053/j.gastro.2016.10.020
http://dx.doi.org/10.1038/s41575-020-00360-x
http://dx.doi.org/10.1038/s41575-020-00360-x
http://dx.doi.org/10.1016/S2468-1253(22)00047-4
http://dx.doi.org/10.1038/nature12820
http://dx.doi.org/10.1038/s41575-018-0003-z
http://dx.doi.org/10.1038/s41575-018-0003-z
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1038/ncomms4654
http://dx.doi.org/10.1073/pnas.1005963107
http://dx.doi.org/10.1136/gutjnl-2013-305304
http://dx.doi.org/10.1097/MEG.0b013e328365c372
http://dx.doi.org/10.1038/ajg.2010.192
http://dx.doi.org/10.1136/gut.2008.169078
http://dx.doi.org/10.1093/ecco-jcc/jjz203.016
http://dx.doi.org/10.1093/ecco-jcc/jjz203.016
http://dx.doi.org/10.1097/MIB.0000000000000638
http://dx.doi.org/10.1016/j.cgh.2018.04.059
http://dx.doi.org/10.1016/j.clnu.2016.10.009
http://dx.doi.org/10.1016/j.cgh.2021.08.031
http://dx.doi.org/10.1136/bmj.n1554
http://dx.doi.org/10.1053/j.gastro.2013.07.050
http://dx.doi.org/10.1093/ecco-jcc/jjx136
http://dx.doi.org/10.1111/apt.12670
http://dx.doi.org/10.1111/apt.12670
http://dx.doi.org/10.1097/MIB.0000000000001108
http://dx.doi.org/10.1097/MIB.0000000000000798
http://dx.doi.org/10.1542/peds.2011-3886
http://dx.doi.org/10.1136/gutjnl-2022-327845
http://dx.doi.org/10.1073/pnas.1000087107
http://dx.doi.org/10.1371/journal.pbio.0060280
http://dx.doi.org/10.1016/j.crohns.2014.02.002
http://dx.doi.org/10.1002/ibd.21455
http://dx.doi.org/10.1016/j.envint.2020.105676
http://dx.doi.org/10.1093/ibd/izad257
http://dx.doi.org/10.1111/j.1365-2249.2010.04139.x
http://dx.doi.org/10.1038/nri2871
http://dx.doi.org/10.1016/j.cell.2016.04.007
http://dx.doi.org/10.1056/NEJMra2002697
http://dx.doi.org/10.1056/NEJMra2002697


9Little RD, et al. eGastroenterology 2024;2:e100006. doi:10.1136/egastro-2023-100006

Open access

	 43	 Levine A, Sigall Boneh R, Wine E. Evolving role of diet in the 
pathogenesis and treatment of inflammatory bowel diseases. Gut 
2018;67:1726–38. 

	 44	 Colombel J-F, Panaccione R, Bossuyt P, et al. Effect of tight 
control management on Crohn’s disease (CALM): a Multicentre, 
randomised, controlled phase 3 trial. The Lancet 2017;390:2779–89. 

	 45	 Lichtiger S, Binion DG, Wolf DC, et al. The CHOICE trial: 
Adalimumab demonstrates safety, Fistula healing, improved quality 
of life and increased work productivity in patients with Crohn’s 
disease who failed prior Infliximab therapy. Aliment Pharmacol Ther 
2010;32:1228–39. 

	 46	 Feagan BG, Sandborn WJ, Lazar A, et al. Adalimumab therapy 
is associated with reduced risk of hospitalization in patients with 
ulcerative colitis. Gastroenterology 2014;146:110–8. 

	 47	 Costa J, Magro F, Caldeira D, et al. Infliximab reduces 
hospitalizations and surgery interventions in patients with 
inflammatory bowel disease: a systematic review and meta-
analysis. Inflamm Bowel Dis 2013;19:2098–110. 

	 48	 Alsoud D, Verstockt B, Fiocchi C, et al. Breaking the therapeutic 
ceiling in drug development in ulcerative colitis. Lancet 
Gastroenterol Hepatol 2021;6:589–95. 

	 49	 Rutgeerts P, Sandborn WJ, Feagan BG, et al. Infliximab for 
induction and maintenance therapy for ulcerative colitis. N Engl J 
Med 2005;353:2462–76. 

	 50	 Hanauer SB, Feagan BG, Lichtenstein GR, et al. Maintenance 
Infliximab for Crohn’s disease: the ACCENT I randomised trial. 
Lancet 2002;359:1541–9. 

	 51	 Reinisch W, Sandborn WJ, Hommes DW, et al. Adalimumab for 
induction of clinical remission in moderately to severely active 
ulcerative colitis: results of a randomised controlled trial. Gut 
2011;60:780–7. 

	 52	 Sandborn WJ, van Assche G, Reinisch W, et al. Adalimumab 
induces and maintains clinical remission in patients with 
moderate-to-severe ulcerative colitis. Gastroenterology 
2012;142:257–65. 

	 53	 Hanauer SB, Sandborn WJ, Rutgeerts P, et al. Human anti-tumor 
necrosis factor Monoclonal antibody (Adalimumab) in Crohn’s 
disease: the CLASSIC-I trial. Gastroenterology 2006;130:323–33. 

	 54	 Sandborn WJ, Feagan BG, Marano C, et al. Subcutaneous 
Golimumab induces clinical response and remission in patients 
with moderate-to-severe ulcerative colitis. Gastroenterology 
2014;146:85–95. 

	 55	 Sandborn WJ, Feagan BG, Rutgeerts P, et al. Vedolizumab as 
induction and maintenance therapy for Crohn’s disease. N Engl J 
Med 2013;369:711–21. 

	 56	 Feagan BG, Rutgeerts P, Sands BE, et al. Vedolizumab as induction 
and maintenance therapy for ulcerative colitis. N Engl J Med 
2013;369:699–710. 

	 57	 Feagan BG, Sandborn WJ, Gasink C, et al. Ustekinumab as 
induction and maintenance therapy for Crohn’s disease. N Engl J 
Med 2016;375:1946–60. 

	 58	 Sands BE, Sandborn WJ, Panaccione R, et al. Ustekinumab as 
induction and maintenance therapy for ulcerative colitis. N Engl J 
Med 2019;381:1201–14. 

	 59	 Sandborn WJ, Su C, Sands BE, et al. Tofacitinib as induction 
and maintenance therapy for ulcerative colitis. N Engl J Med 
2017;376:1723–36. 

	 60	 Sandborn WJ, Feagan BG, D’Haens G, et al. Ozanimod as 
induction and maintenance therapy for ulcerative colitis. N Engl J 
Med 2021;385:1280–91. 

	 61	 Danese S, Vermeire S, Zhou W, et al. Upadacitinib as induction and 
maintenance therapy for moderately to severely active ulcerative 
colitis: results from three phase 3, Multicentre, double-blind, 
randomised trials. The Lancet 2022;399:2113–28. 

	 62	 Sandborn WJ, Feagan BG, Loftus EV, et al. Efficacy and safety of 
Upadacitinib in a randomized trial of patients with Crohn’s disease. 
Gastroenterology 2020;158:2123–38. 

	 63	 Pouillon L, Travis S, Bossuyt P, et al. Head-to-head trials in 
inflammatory bowel disease: past, present and future. Nat Rev 
Gastroenterol Hepatol 2020;17:365–76. 

	 64	 Singh S, Murad MH, Fumery M, et al. Comparative efficacy and 
safety of biologic therapies for moderate-to-severe Crohn's 
disease: a systematic review and network meta-analysis. Lancet 
Gastroenterol Hepatol 2021;6:1002–14. 

	 65	 Nguyen NH, Singh S, Sandborn WJ. Positioning therapies in 
the management of Crohn's disease. Clin Gastroenterol Hepatol 
2020;18:1268–79. 

	 66	 Singh S, Murad MH, Fumery M, et al. First- and second-line 
Pharmacotherapies for patients with moderate to severely active 
ulcerative colitis: an updated network meta-analysis. Clinical 
Gastroenterology and Hepatology 2020;18:2179–2191. 

	 67	 Kopylov U, Seidman E. Predicting durable response or resistance 
to antitumor necrosis factor therapy in inflammatory bowel disease. 
Therap Adv Gastroenterol 2016;9:513–26. 

	 68	 Ding NS, Hart A, De Cruz P. Systematic review: predicting and 
Optimising response to anti-TNF therapy in Crohn’s disease - 
algorithm for practical management. Aliment Pharmacol Ther 
2016;43:30–51. 

	 69	 Gisbert JP, Chaparro M. Predictors of primary response to biologic 
treatment [anti-TNF, Vedolizumab, and Ustekinumab] in patients 
with inflammatory bowel disease: from basic science to clinical 
practice. J Crohns Colitis 2020;14:694–709. 

	 70	 Fiocchi C, Iliopoulos D. “What's new in IBD therapy: an "Omics 
network" approach”. Pharmacol Res 2020;159:104886. 

	 71	 Seyed Tabib NS, Madgwick M, Sudhakar P, et al. Big data in IBD: 
big progress for clinical practice. Gut 2020;69:1520–32. 

	 72	 Weersma RK, Xavier RJ, et al, IBD Multi Omics Consortium. 
Multiomics analyses to deliver the most effective treatment to 
every patient with inflammatory bowel disease. Gastroenterology 
2018;155:e1–4. 

	 73	 Verstockt B, Noor NM, Marigorta UM, et al. Results of the 
seventh scientific workshop of ECCO: precision medicine in 
IBD-disease outcome and response to therapy. J Crohns Colitis 
2021;15:1431–42. 

	 74	 Schleidgen S, Klingler C, Bertram T, et al. What is personalized 
medicine: sharpening a vague term based on a systematic literature 
review. BMC Med Ethics 2013;14:55. 

	 75	 Mateo J, Steuten L, Aftimos P, et al. Delivering precision oncology 
to patients with cancer. Nat Med 2022;28:658–65. 

	 76	 Singh AP, Shum E, Rajdev L, et al. Impact and diagnostic gaps of 
comprehensive Genomic profiling in real-world clinical practice. 
Cancers (Basel) 2020;12:1156. 

	 77	 Schwartzberg L, Kim ES, Liu D, et al. Precision oncology: who, 
how, what, when, and when not Am Soc Clin Oncol Educ Book 
2017;37:160–9. 

	 78	 Fiocchi C, Dragoni G, Iliopoulos D, et al. Results of the seventh 
scientific workshop of ECCO: precision medicine in IBD-what, Why, 
and how. J Crohns Colitis 2021;15:1410–30. 

	 79	 Olivera P, Danese S, Jay N, et al. Big data in IBD: a look into the 
future. Nat Rev Gastroenterol Hepatol 2019;16:312–21. 

	 80	 Tysk C, Lindberg E, Järnerot G, et al. Ulcerative colitis and Crohn’s 
disease in an Unselected population of Monozygotic and Dizygotic 
twins. A study of Heritability and the influence of smoking. Gut 
1988;29:990–6. 

	 81	 KIRSNER JB, SPENCER JA. Family occurrences of ulcerative 
colitis, regional Enteritis, and Ileocolitis. Ann Intern Med 
1963;59:133–44. 

	 82	 de Lange KM, Moutsianas L, Lee JC, et al. Genome-wide 
Association study Implicates immune activation of multiple integrin 
genes in inflammatory bowel disease. Nat Genet 2017;49:256–61. 

	 83	 Graham DB, Xavier RJ. Pathway paradigms revealed from the 
Genetics of inflammatory bowel disease. Nature 2020;578:527–39. 

	 84	 Ng SC, Tsoi KKF, Kamm MA, et al. Genetics of inflammatory bowel 
disease in Asia: systematic review and meta-analysis. Inflamm 
Bowel Dis 2012;18:1164–76. 

	 85	 Jostins L, Ripke S, Weersma RK, et al. Host-microbe interactions 
have shaped the genetic architecture of inflammatory bowel 
disease. Nature 2012;491:119–24. 

	 86	 Gordon H, Trier Moller F, Andersen V, et al. Heritability in 
inflammatory bowel disease: from the first twin study to genome-
wide Association studies. Inflamm Bowel Dis 2015;21:1428–34. 

	 87	 Charbit-Henrion F, Parlato M, Hanein S, et al. Diagnostic yield 
of next-generation sequencing in very early-onset inflammatory 
bowel diseases: A Multicentre study. J Crohns Colitis 
2018;12:1104–12. 

	 88	 Qin D. Next-generation sequencing and its clinical application. 
Cancer Biol Med 2019;16:4–10. 

	 89	 Heap GA, Weedon MN, Bewshea CM, et al. HLA-Dqa1-HLA-Drb1 
variants confer susceptibility to Pancreatitis induced by Thiopurine 
immunosuppressants. Nat Genet 2014;46:1131–4. 

	 90	 Yang S-K, Hong M, Baek J, et al. A common Missense variant in 
Nudt15 confers susceptibility to Thiopurine-induced leukopenia. 
Nat Genet 2014;46:1017–20. 

	 91	 Walker GJ, Harrison JW, Heap GA, et al. Association of genetic 
variants in Nudt15 with Thiopurine-induced myelosuppression in 
patients with inflammatory bowel disease. JAMA 2019;321:773–85. 

	 92	 Dewit O, Starkel P, Roblin X. Thiopurine metabolism monitoring: 
implications in inflammatory bowel diseases. Eur J Clin Invest 
2010;40:1037–47. 

	 93	 Heap GA, So K, Weedon M, et al. Clinical features and HLA 
Association of 5-Aminosalicylate (5-ASA)-Induced nephrotoxicity in 
inflammatory bowel disease. J Crohns Colitis 2016;10:149–58. 

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

http://dx.doi.org/10.1136/gutjnl-2017-315866
http://dx.doi.org/10.1016/S0140-6736(17)32641-7
http://dx.doi.org/10.1111/j.1365-2036.2010.04466.x
http://dx.doi.org/10.1053/j.gastro.2013.09.032
http://dx.doi.org/10.1097/MIB.0b013e31829936c2
http://dx.doi.org/10.1016/S2468-1253(21)00065-0
http://dx.doi.org/10.1016/S2468-1253(21)00065-0
http://dx.doi.org/10.1056/NEJMoa050516
http://dx.doi.org/10.1056/NEJMoa050516
http://dx.doi.org/10.1016/S0140-6736(02)08512-4
http://dx.doi.org/10.1136/gut.2010.221127
http://dx.doi.org/10.1053/j.gastro.2011.10.032
http://dx.doi.org/10.1053/j.gastro.2005.11.030
http://dx.doi.org/10.1053/j.gastro.2013.05.048
http://dx.doi.org/10.1056/NEJMoa1215739
http://dx.doi.org/10.1056/NEJMoa1215739
http://dx.doi.org/10.1056/NEJMoa1215734
http://dx.doi.org/10.1056/NEJMoa1602773
http://dx.doi.org/10.1056/NEJMoa1602773
http://dx.doi.org/10.1056/NEJMoa1900750
http://dx.doi.org/10.1056/NEJMoa1900750
http://dx.doi.org/10.1056/NEJMoa1606910
http://dx.doi.org/10.1056/NEJMoa2033617
http://dx.doi.org/10.1056/NEJMoa2033617
http://dx.doi.org/10.1016/S0140-6736(22)00581-5
http://dx.doi.org/10.1053/j.gastro.2020.01.047
http://dx.doi.org/10.1038/s41575-020-0293-9
http://dx.doi.org/10.1038/s41575-020-0293-9
http://dx.doi.org/10.1016/S2468-1253(21)00312-5
http://dx.doi.org/10.1016/S2468-1253(21)00312-5
http://dx.doi.org/10.1016/j.cgh.2019.10.035
http://dx.doi.org/10.1016/j.cgh.2020.01.008
http://dx.doi.org/10.1016/j.cgh.2020.01.008
http://dx.doi.org/10.1177/1756283X16638833
http://dx.doi.org/10.1111/apt.13445
http://dx.doi.org/10.1093/ecco-jcc/jjz195
http://dx.doi.org/10.1016/j.phrs.2020.104886
http://dx.doi.org/10.1136/gutjnl-2019-320065
http://dx.doi.org/10.1053/j.gastro.2018.07.039
http://dx.doi.org/10.1093/ecco-jcc/jjab050
http://dx.doi.org/10.1186/1472-6939-14-55
http://dx.doi.org/10.1038/s41591-022-01717-2
http://dx.doi.org/10.3390/cancers12051156
http://dx.doi.org/10.1200/EDBK_174176
http://dx.doi.org/10.1093/ecco-jcc/jjab051
http://dx.doi.org/10.1038/s41575-019-0102-5
http://dx.doi.org/10.1136/gut.29.7.990
http://dx.doi.org/10.7326/0003-4819-59-2-133
http://dx.doi.org/10.1038/ng.3760
http://dx.doi.org/10.1038/s41586-020-2025-2
http://dx.doi.org/10.1002/ibd.21845
http://dx.doi.org/10.1002/ibd.21845
http://dx.doi.org/10.1038/nature11582
http://dx.doi.org/10.1097/MIB.0000000000000393
http://dx.doi.org/10.1093/ecco-jcc/jjy068
http://dx.doi.org/10.20892/j.issn.2095-3941.2018.0055
http://dx.doi.org/10.1038/ng.3093
http://dx.doi.org/10.1038/ng.3060
http://dx.doi.org/10.1001/jama.2019.0709
http://dx.doi.org/10.1111/j.1365-2362.2010.02346.x
http://dx.doi.org/10.1093/ecco-jcc/jjv219


10 Little RD, et al. eGastroenterology 2024;2:e100006. doi:10.1136/egastro-2023-100006

Open access�

	 94	 Digby-Bell JL, Atreya R, Monteleone G, et al. Interrogating host 
immunity to predict treatment response in inflammatory bowel 
disease. Nat Rev Gastroenterol Hepatol 2020;17:9–20. 

	 95	 Jürgens M, Laubender RP, Hartl F, et al. Disease activity, 
ANCA, and Il23R genotype status determine early response to 
Infliximab in patients with ulcerative colitis. Am J Gastroenterol 
2010;105:1811–9. 

	 96	 Hlavaty T, Pierik M, Henckaerts L, et al. Polymorphisms in 
apoptosis genes predict response to Infliximab therapy in 
Luminal and Fistulizing Crohn’s disease. Aliment Pharmacol Ther 
2005;22:613–26. 

	 97	 Urcelay E, Mendoza J-L, Martinez A, et al. Ibd5 Polymorphisms 
in inflammatory bowel disease: association with response to 
Infliximab. World J Gastroenterol 2005;11:1187–92. 

	 98	 Vermeire S, Louis E, Rutgeerts P, et al. Nod2/Card15 does 
not influence response to Infliximab in Crohn’s disease. 
Gastroenterology 2002;123:106–11. 

	 99	 Mascheretti S, Hampe J, Croucher PJP, et al. Response to 
Infliximab treatment in Crohn’s disease is not associated 
with mutations in the Card15 (Nod2) gene: an analysis in 534 
patients from two multicenter, prospective GCP-level trials. 
Pharmacogenetics 2002;12:509–15. 

	100	 Pierik M, Vermeire S, Steen KV, et al. Tumour necrosis factor-alpha 
receptor 1 and 2 Polymorphisms in inflammatory bowel disease and 
their association with response to Infliximab. Aliment Pharmacol 
Ther 2004;20:303–10. 

	101	 Mascheretti S, Hampe J, Kühbacher T, et al. Pharmacogenetic 
investigation of the TNF/TNF-receptor system in patients 
with chronic active Crohn’s disease treated with Infliximab. 
Pharmacogenomics J 2002;2:127–36. 

	102	 Ungar B, Engel T, Yablecovitch D, et al. Prospective observational 
evaluation of time-dependency of Adalimumab Immunogenicity 
and drug concentrations: the POETIC study. Am J Gastroenterol 
2018;113:890–8. 

	103	 Ungar B, Chowers Y, Yavzori M, et al. The temporal evolution of 
antidrug antibodies in patients with inflammatory bowel disease 
treated with Infliximab. Gut 2014;63:1258–64. 

	104	 Kennedy NA, Heap GA, Green HD, et al. Predictors of anti-TNF 
treatment failure in anti-TNF-naive patients with active Luminal 
Crohn's disease: a prospective, Multicentre, cohort study. Lancet 
Gastroenterol Hepatol 2019;4:341–53. 

	105	 Schultheiss JPD, Mahmoud R, Louwers JM, et al. Loss of response 
to anti-Tnfalpha agents depends on treatment duration in patients 
with inflammatory bowel disease. Aliment Pharmacol Ther 
2021;54:1298–308. 

	106	 Mahmoud R, Schultheiss JPD, Fidder HH, et al. Letter: loss of 
response to anti-Tnfalpha agents depends on treatment duration 
in patients with inflammatory bowel disease-authors' reply. Aliment 
Pharmacol Ther 2022;55:499–500. 

	107	 Powell Doherty RD, Liao H, Satsangi JJ, et al. Extended analysis 
identifies drug-specific Association of 2 distinct HLA class II 
Haplotypes for development of Immunogenicity to Adalimumab and 
Infliximab. Gastroenterology 2020;159:784–7. 

	108	 Bergstein S, Spencer EA. Dop72 HLA-Dqa1*05 Associates with 
Immunogenicity and loss of response to anti-TNF therapy in the 
IBD population: A meta-analysis. Journal of Crohn’s and Colitis 
2023;17(Supplement_1):i148–50. 

	109	 Gonzalez-Galarza FF, McCabe A, Santos EJMD, et al. Allele 
frequency net database (AFND) 2020 update: gold-standard data 
classification, open access genotype data and new query tools. 
Nucleic Acids Res 2020;48:D783–8. 

	110	 Goto Y, Kiyono H. Epithelial barrier: an interface for the cross-
communication between gut Flora and immune system. Immunol 
Rev 2012;245:147–63. 

	111	 Parikh K, Antanaviciute A, Fawkner-Corbett D, et al. Colonic 
epithelial cell diversity in health and inflammatory bowel disease. 
Nature 2019;567:49–55. 

	112	 Kurashima Y, Kiyono H. Mucosal ecological network of epithelium 
and immune cells for gut homeostasis and tissue healing. Annu Rev 
Immunol 2017;35:119–47. 

	113	 Corthésy B. Multi-Faceted functions of Secretory IgA at Mucosal 
surfaces. Front Immunol 2013;4:185. 

	114	 Atuma C, Strugala V, Allen A, et al. The adherent gastrointestinal 
mucus GEL layer: thickness and physical state in vivo. Am J Physiol 
Gastrointest Liver Physiol 2001;280:G922–9. 

	115	 Owens BMJ, Simmons A. Intestinal Stromal cells in Mucosal 
immunity and homeostasis. Mucosal Immunol 2013;6:224–34. 

	116	 Hansson GC, Johansson ME. The inner of the two Muc2 Mucin-
dependent mucus layers in colon is devoid of bacteria. Gut 
Microbes 2010;1:51–4. 

	117	 Birchenough GMH, Johansson MEV, Gustafsson JK, et al. New 
developments in goblet cell mucus secretion and function. Mucosal 
Immunol 2015;8:712–9. 

	118	 Wehkamp J, Salzman NH, Porter E, et al. Reduced Paneth cell 
alpha-Defensins in Ileal Crohn’s disease. Proc Natl Acad Sci U S A 
2005;102:18129–34. 

	119	 Okumura R, Kurakawa T, Nakano T, et al. Lypd8 promotes the 
segregation of flagellated Microbiota and Colonic Epithelia. Nature 
2016;532:117–21. 

	120	 Vanuytsel T, Tack J, Farre R. The role of intestinal permeability in 
gastrointestinal disorders and current methods of evaluation. Front 
Nutr 2021;8:717925. 

	121	 Turpin W, Lee S-H, Raygoza Garay JA, et al. Increased intestinal 
permeability is associated with later development of Crohn's 
disease. Gastroenterology 2020;159:2092–100. 

	122	 Ihara S, Hirata Y, Koike K. TGF-beta in inflammatory bowel disease: 
a key regulator of immune cells, epithelium, and the intestinal 
Microbiota. J Gastroenterol 2017;52:777–87. 

	123	 Wei HX, Wang B, Li B. IL-10 and IL-22 in Mucosal immunity: driving 
protection and pathology. Front Immunol 2020;11:1315. 

	124	 Jäger S, Stange EF, Wehkamp J. Inflammatory bowel disease: 
an impaired barrier disease. Langenbecks Arch Surg 
2013;398:1–12. 

	125	 Na YR, Stakenborg M, Seok SH, et al. Macrophages in intestinal 
inflammation and resolution: a potential therapeutic target in IBD. 
Nat Rev Gastroenterol Hepatol 2019;16:531–43. 

	126	 Gálvez J. Role of Th17 cells in the pathogenesis of human IBD. 
ISRN Inflamm 2014;2014:928461. 

	127	 Lee SH, Kwon JE, Cho ML. Immunological pathogenesis of 
inflammatory bowel disease. Intest Res 2018;16:26–42. 

	128	 Gaffen SL, Jain R, Garg AV, et al. The IL-23-IL-17 immune axis: 
from mechanisms to therapeutic testing. Nat Rev Immunol 
2014;14:585–600. 

	129	 Castro-Dopico T, Clatworthy MR. Mucosal IgG in inflammatory 
bowel disease - a question of (Sub)Class? Gut Microbes 
2020;12:1–9. 

	130	 Martin JC, Chang C, Boschetti G, et al. Single-cell analysis 
of Crohn's disease lesions identifies a pathogenic cellular 
Module associated with resistance to anti-TNF therapy. Cell 
2019;178:1493–508. 

	131	 Castro-Dopico T, Dennison TW, Ferdinand JR, et al. Anti-
Commensal IgG drives intestinal inflammation and type 17 immunity 
in ulcerative colitis. Immunity 2019;50:1099–1114. 

	132	 Park CO, Kupper TS. The emerging role of resident memory T 
cells in protective immunity and inflammatory disease. Nat Med 
2015;21:688–97. 

	133	 Hegazy AN, West NR, Stubbington MJT, et al. Circulating and 
tissue-resident Cd4+ T cells with reactivity to intestinal Microbiota 
are abundant in healthy individuals and function is altered during 
inflammation. Gastroenterology 2017;153:1320–37. 

	134	 Zundler S, Becker E, Spocinska M, et al. Hobit- and Blimp-1-driven 
Cd4(+) tissue-resident memory T cells control chronic intestinal 
inflammation. Nat Immunol 2019;20:288–300. 

	135	 Britton GJ, Contijoch EJ, Mogno I, et al. Microbiotas from humans 
with inflammatory bowel disease alter the balance of gut Th17 and 
Rorgammat(+) regulatory T cells and exacerbate colitis in mice. 
Immunity 2019;50:212–24. 

	136	 Ozsolak F, Milos PM. RNA sequencing: advances, challenges and 
opportunities. Nat Rev Genet 2011;12:87–98. 

	137	 Haque A, Engel J, Teichmann SA, et al. A practical guide to single-cell 
RNA-sequencing for BIOMEDICAL research and clinical applications. 
Genome Med 2017;9:75. 

	138	 Serigado JM, Foulke-Abel J, Hines WC, et al. Ulcerative colitis: novel 
epithelial insights provided by single cell RNA sequencing. Front Med 
(Lausanne) 2022;9:868508. 

	139	 Arijs I, Li K, Toedter G, et al. Mucosal gene signatures to predict 
response to Infliximab in patients with ulcerative colitis. Gut 
2009;58:1612–9. 

	140	 Oxford IBD Cohort Investigators, West NR, Hegazy AN, et al. Oncostatin 
M drives intestinal inflammation and predicts response to tumor 
necrosis factor-neutralizing therapy in patients with inflammatory bowel 
disease. Nat Med 2017;23:579–89. 

	141	 Arijs I, Quintens R, Van Lommel L, et al. Predictive value of epithelial 
gene expression profiles for response to Infliximab in Crohn’s disease. 
Inflamm Bowel Dis 2010;16:2090–8. 

	142	 Verstockt B, Verstockt S, Dehairs J, et al. Low Trem1 expression in 
whole blood predicts anti-TNF response in inflammatory bowel disease. 
EBioMedicine 2019;40:733–42. 

	143	 Verstockt B, Verstockt S, Creyns B, et al. Mucosal Il13Ra2 
expression predicts Nonresponse to anti-TNF therapy in Crohn’s 
disease. Aliment Pharmacol Ther 2019;49:572–81. 

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

http://dx.doi.org/10.1038/s41575-019-0228-5
http://dx.doi.org/10.1038/ajg.2010.95
http://dx.doi.org/10.1111/j.1365-2036.2005.02635.x
http://dx.doi.org/10.3748/wjg.v11.i8.1187
http://dx.doi.org/10.1053/gast.2002.34172
http://dx.doi.org/10.1097/00008571-200210000-00002
http://dx.doi.org/10.1111/j.1365-2036.2004.01946.x
http://dx.doi.org/10.1111/j.1365-2036.2004.01946.x
http://dx.doi.org/10.1038/sj.tpj.6500091
http://dx.doi.org/10.1038/s41395-018-0073-0
http://dx.doi.org/10.1136/gutjnl-2013-305259
http://dx.doi.org/10.1016/S2468-1253(19)30012-3
http://dx.doi.org/10.1016/S2468-1253(19)30012-3
http://dx.doi.org/10.1111/apt.16605
http://dx.doi.org/10.1111/apt.16757
http://dx.doi.org/10.1111/apt.16757
http://dx.doi.org/10.1053/j.gastro.2020.03.073
http://dx.doi.org/10.1093/ecco-jcc/jjac190.0112
http://dx.doi.org/10.1093/nar/gkz1029
http://dx.doi.org/10.1111/j.1600-065X.2011.01078.x
http://dx.doi.org/10.1111/j.1600-065X.2011.01078.x
http://dx.doi.org/10.1038/s41586-019-0992-y
http://dx.doi.org/10.1146/annurev-immunol-051116-052424
http://dx.doi.org/10.1146/annurev-immunol-051116-052424
http://dx.doi.org/10.3389/fimmu.2013.00185
http://dx.doi.org/10.1152/ajpgi.2001.280.5.G922
http://dx.doi.org/10.1152/ajpgi.2001.280.5.G922
http://dx.doi.org/10.1038/mi.2012.125
http://dx.doi.org/10.4161/gmic.1.1.10470
http://dx.doi.org/10.4161/gmic.1.1.10470
http://dx.doi.org/10.1038/mi.2015.32
http://dx.doi.org/10.1038/mi.2015.32
http://dx.doi.org/10.1073/pnas.0505256102
http://dx.doi.org/10.1038/nature17406
http://dx.doi.org/10.3389/fnut.2021.717925
http://dx.doi.org/10.3389/fnut.2021.717925
http://dx.doi.org/10.1053/j.gastro.2020.08.005
http://dx.doi.org/10.1007/s00535-017-1350-1
http://dx.doi.org/10.3389/fimmu.2020.01315
http://dx.doi.org/10.1007/s00423-012-1030-9
http://dx.doi.org/10.1038/s41575-019-0172-4
http://dx.doi.org/10.1155/2014/928461
http://dx.doi.org/10.5217/ir.2018.16.1.26
http://dx.doi.org/10.1038/nri3707
http://dx.doi.org/10.1080/19490976.2019.1651596
http://dx.doi.org/10.1016/j.cell.2019.08.008
http://dx.doi.org/10.1016/j.immuni.2019.02.006
http://dx.doi.org/10.1038/nm.3883
http://dx.doi.org/10.1053/j.gastro.2017.07.047
http://dx.doi.org/10.1038/s41590-018-0298-5
http://dx.doi.org/10.1016/j.immuni.2018.12.015
http://dx.doi.org/10.1038/nrg2934
http://dx.doi.org/10.1186/s13073-017-0467-4
http://dx.doi.org/10.3389/fmed.2022.868508
http://dx.doi.org/10.3389/fmed.2022.868508
http://dx.doi.org/10.1136/gut.2009.178665
http://dx.doi.org/10.1038/nm.4307
http://dx.doi.org/10.1002/ibd.21301
http://dx.doi.org/10.1016/j.ebiom.2019.01.027
http://dx.doi.org/10.1111/apt.15126


11Little RD, et al. eGastroenterology 2024;2:e100006. doi:10.1136/egastro-2023-100006

Open access

	144	 Toedter G, Li K, Marano C, et al. Gene expression profiling and 
response signatures associated with differential responses to 
Infliximab treatment in ulcerative colitis. Am J Gastroenterol 
2011;106:1272–80. 

	145	 Gaujoux R, Starosvetsky E, Maimon N, et al. Cell-centred meta-
analysis reveals baseline predictors of anti-Tnfalpha non-response 
in biopsy and blood of patients with IBD. Gut 2019;68:604–14. 

	146	 Arijs I, De Hertogh G, Lemmens B, et al. Effect of Vedolizumab 
(anti-Alpha4Beta7-integrin) therapy on histological healing 
and Mucosal gene expression in patients with UC. Gut 
2018;67:43–52. 

	147	 Nishida A, Inoue R, Inatomi O, et al. Gut Microbiota in the 
pathogenesis of inflammatory bowel disease. Clin J Gastroenterol 
2018;11:1–10. 

	148	 Hold GL, Smith M, Grange C, et al. Role of the gut Microbiota in 
inflammatory bowel disease pathogenesis: what have we learnt in 
the past 10 years World J Gastroenterol 2014;20:1192–210. 

	149	 Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue 
established by Metagenomic sequencing. Nature 2010;464:59–65. 

	150	 Hold GL, Pryde SE, Russell VJ, et al. Assessment of microbial 
diversity in human Colonic samples by 16S rDNA sequence 
analysis. FEMS Microbiol Ecol 2002;39:33–9. 

	151	 Hayashi H, Sakamoto M, Benno Y. Phylogenetic analysis of 
the human gut Microbiota using 16S rDNA clone libraries and 
strictly anaerobic culture-based methods. Microbiol Immunol 
2002;46:535–48. 

	152	 Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of the human 
intestinal microbial Flora. Science 2005;308:1635–8. 

	153	 Human Microbiome Project C. Structure, function and diversity of 
the healthy human Microbiome. Nature 2012;486:207–14. 

	154	 Kamada N, Núñez G. Regulation of the immune system by the 
resident intestinal bacteria. Gastroenterology 2014;146:1477–88. 

	155	 Hamada H, Hiroi T, Nishiyama Y, et al. Identification of multiple 
isolated Lymphoid Follicles on the Antimesenteric wall of the Mouse 
small intestine. J Immunol 2002;168:57–64. 

	156	 Bouskra D, Brézillon C, Bérard M, et al. Lymphoid tissue genesis 
induced by Commensals through Nod1 regulates intestinal 
homeostasis. Nature 2008;456:507–10. 

	157	 Hapfelmeier S, Lawson MAE, Slack E, et al. Reversible microbial 
Colonization of germ-free mice reveals the dynamics of IgA immune 
responses. Science 2010;328:1705–9. 

	158	 Lécuyer E, Rakotobe S, Lengliné-Garnier H, et al. Segmented 
Filamentous bacterium uses secondary and tertiary Lymphoid 
tissues to induce gut IgA and specific T helper 17 cell responses. 
Immunity 2014;40:608–20. 

	159	 Satoh-Takayama N, Vosshenrich CAJ, Lesjean-Pottier S, et al. 
Microbial Flora drives interleukin 22 production in intestinal Nkp46+ 
cells that provide innate Mucosal immune defense. Immunity 
2008;29:958–70. 

	160	 Sanos SL, Bui VL, Mortha A, et al. Rorgammat and Commensal 
Microflora are required for the differentiation of Mucosal interleukin 
22-producing Nkp46+ cells. Nat Immunol 2009;10:83–91. 

	161	 Mazmanian SK, Liu CH, Tzianabos AO, et al. An immunomodulatory 
molecule of Symbiotic bacteria directs maturation of the host 
immune system. Cell 2005;122:107–18. 

	162	 Chung H, Pamp SJ, Hill JA, et al. Gut immune maturation 
depends on Colonization with a host-specific Microbiota. Cell 
2012;149:1578–93. 

	163	 Ivanov II, Frutos R de L, Manel N, et al. Specific Microbiota direct 
the differentiation of IL-17-producing T-helper cells in the mucosa of 
the small intestine. Cell Host & Microbe 2008;4:337–49. 

	164	 Geuking MB, Cahenzli J, Lawson MAE, et al. Intestinal bacterial 
Colonization induces Mutualistic regulatory T cell responses. 
Immunity 2011;34:794–806. 

	165	 Atarashi K, Tanoue T, Shima T, et al. Induction of Colonic 
regulatory T cells by indigenous Clostridium species . Science 
2011;331:337–41. 

	166	 Talham GL, Jiang HQ, Bos NA, et al. Segmented Filamentous 
bacteria are potent stimuli of a Physiologically normal state 
of the murine gut Mucosal immune system. Infect Immun 
1999;67:1992–2000. 

	167	 Hall JA, Bouladoux N, Sun CM, et al. Commensal DNA limits 
regulatory T cell conversion and is a natural adjuvant of intestinal 
immune responses. Immunity 2008;29:637–49. 

	168	 Berg G, Rybakova D, Fischer D, et al. Microbiome definition re-
visited: old concepts and new challenges. Microbiome 2020;8. 

	169	 Zuo T, Ng SC. The gut Microbiota in the pathogenesis and 
Therapeutics of inflammatory bowel disease. Front Microbiol 
2018;9:2247. 

	170	 Frank DN, St. Amand AL, Feldman RA, et al. Molecular-
Phylogenetic characterization of microbial community imbalances 

in human inflammatory bowel diseases. Proc Natl Acad Sci USA 
2007;104:13780–5. 

	171	 Walters WA, Xu Z, Knight R. Meta-analyses of human gut Microbes 
associated with obesity and IBD. FEBS Lett 2014;588:4223–33. 

	172	 Forbes JD, Van Domselaar G, Bernstein CN. Microbiome survey of 
the inflamed and Noninflamed gut at different compartments within 
the gastrointestinal tract of inflammatory bowel disease patients. 
Inflamm Bowel Dis 2016;22:817–25. 

	173	 Gevers D, Kugathasan S, Denson LA, et al. The treatment-naive 
Microbiome in new-onset Crohn’s disease. Cell Host & Microbe 
2014;15:382–92. 

	174	 Nishino K, Nishida A, Inoue R, et al. Analysis of endoscopic brush 
samples identified mucosa-associated Dysbiosis in inflammatory 
bowel disease. J Gastroenterol 2018;53:95–106. 

	175	 Darfeuille-Michaud A, Boudeau J, Bulois P, et al. High prevalence of 
adherent-invasive Escherichia coli associated with Ileal mucosa in 
Crohn’s disease. Gastroenterology 2004;127:412–21. 

	176	 Kotlowski R, Bernstein CN, Sepehri S, et al. High prevalence of 
Escherichia coli belonging to the B2+D Phylogenetic group in 
inflammatory bowel disease. Gut 2007;56:669–75. 

	177	 Baumgart M, Dogan B, Rishniw M, et al. Culture independent 
analysis of Ileal mucosa reveals a selective increase in invasive 
Escherichia coli of novel Phylogeny relative to depletion of 
Clostridiales in Crohn’s disease involving the ileum. ISME J 
2007;1:403–18. 

	178	 Manichanh C, Rigottier-Gois L, Bonnaud E, et al. Reduced diversity 
of Faecal Microbiota in Crohn’s disease revealed by a Metagenomic 
approach. Gut 2006;55:205–11. 

	179	 Walker AW, Sanderson JD, Churcher C, et al. High-throughput 
clone library analysis of the mucosa-associated Microbiota reveals 
Dysbiosis and differences between inflamed and non-inflamed 
regions of the intestine in inflammatory bowel disease. BMC 
Microbiol 2011;11:7. 

	180	 Sokol H, Leducq V, Aschard H, et al. Fungal Microbiota Dysbiosis in 
IBD. Gut 2017;66:1039–48. 

	181	 Ungaro F, Massimino L, D’Alessio S, et al. The gut Virome in 
inflammatory bowel disease pathogenesis: from Metagenomics to 
novel therapeutic approaches. UEG Journal 2019;7:999–1007. 

	182	 Qv L, Mao S, Li Y, et al. Roles of gut Bacteriophages in the 
pathogenesis and treatment of inflammatory bowel disease. Front 
Cell Infect Microbiol 2021;11:755650. 

	183	 Buttó LF, Haller D. Dysbiosis in intestinal inflammation: cause or 
consequence. Int J Med Microbiol 2016;306:302–9. 

	184	 Elinav E, Strowig T, Kau AL, et al. Nlrp6 Inflammasome regulates 
Colonic microbial Ecology and risk for colitis. Cell 2011;145:745–57. 

	185	 Sartor RB, Wu GD. Roles for intestinal bacteria, viruses, and fungi 
in pathogenesis of inflammatory bowel diseases and therapeutic 
approaches. Gastroenterology 2017;152:327–39. 

	186	 Magnúsdóttir S, Ravcheev D, de Crécy-Lagard V, et al. Systematic 
genome assessment of B-vitamin biosynthesis suggests Co-
operation among gut Microbes. Front Genet 2015;6:148. 

	187	 Ellis JL, Karl JP, Oliverio AM, et al. Dietary vitamin K is remodeled 
by gut Microbiota and influences community composition. Gut 
Microbes 2021;13:1–16. 

	188	 Karl JP, Meydani M, Barnett JB, et al. Fecal concentrations 
of Bacterially derived vitamin K forms are associated with 
gut Microbiota composition but not plasma or fecal cytokine 
concentrations in healthy adults. Am J Clin Nutr 2017;106:1052–61. 

	189	 Deleu S, Machiels K, Raes J, et al. Short chain fatty acids and its 
producing organisms: an overlooked therapy for IBD eBioMedicine 
2021;66:103293. 

	190	 Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109A, 
receptor for Niacin and the Commensal metabolite butyrate, 
suppresses Colonic inflammation and carcinogenesis. Immunity 
2014;40:128–39. 

	191	 Morrison DJ, Preston T. Formation of short chain fatty acids by 
the gut Microbiota and their impact on human metabolism. Gut 
Microbes 2016;7:189–200. 

	192	 Kelly CJ, Zheng L, Campbell EL, et al. Crosstalk between 
Microbiota-derived short-chain fatty acids and intestinal 
epithelial HIF augments tissue barrier function. Cell Host Microbe 
2015;17:662–71. 

	193	 Takahashi K, Nishida A, Fujimoto T, et al. Reduced abundance 
of butyrate-producing bacteria species in the fecal microbial 
community in Crohn’s disease. Digestion 2016;93:59–65. 

	194	 Rowan F, Docherty NG, Murphy M, et al. Desulfovibrio bacterial 
species are increased in ulcerative colitis. Dis Colon Rectum 
2010;53:1530–6. 

	195	 Zinkevich V, Beech IB. Screening of sulfate-reducing bacteria in 
colonoscopy samples from healthy and Colitic human gut mucosa. 
FEMS Microbiol Ecol 2000;34:147–55. 

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

http://dx.doi.org/10.1038/ajg.2011.83
http://dx.doi.org/10.1136/gutjnl-2017-315494
http://dx.doi.org/10.1136/gutjnl-2016-312293
http://dx.doi.org/10.1007/s12328-017-0813-5
http://dx.doi.org/10.3748/wjg.v20.i5.1192
http://dx.doi.org/10.1038/nature08821
http://dx.doi.org/10.1111/j.1574-6941.2002.tb00904.x
http://dx.doi.org/10.1111/j.1348-0421.2002.tb02731.x
http://dx.doi.org/10.1126/science.1110591
http://dx.doi.org/10.1038/nature11234
http://dx.doi.org/10.1053/j.gastro.2014.01.060
http://dx.doi.org/10.4049/jimmunol.168.1.57
http://dx.doi.org/10.1038/nature07450
http://dx.doi.org/10.1126/science.1188454
http://dx.doi.org/10.1016/j.immuni.2014.03.009
http://dx.doi.org/10.1016/j.immuni.2008.11.001
http://dx.doi.org/10.1038/ni.1684
http://dx.doi.org/10.1016/j.cell.2005.05.007
http://dx.doi.org/10.1016/j.cell.2012.04.037
http://dx.doi.org/10.1016/j.chom.2008.09.009
http://dx.doi.org/10.1016/j.immuni.2011.03.021
http://dx.doi.org/10.1126/science.1198469
http://dx.doi.org/10.1128/IAI.67.4.1992-2000.1999
http://dx.doi.org/10.1016/j.immuni.2008.08.009
http://dx.doi.org/10.1186/s40168-020-00875-0
http://dx.doi.org/10.3389/fmicb.2018.02247
http://dx.doi.org/10.1073/pnas.0706625104
http://dx.doi.org/10.1016/j.febslet.2014.09.039
http://dx.doi.org/10.1097/MIB.0000000000000684
http://dx.doi.org/10.1016/j.chom.2014.02.005
http://dx.doi.org/10.1007/s00535-017-1384-4
http://dx.doi.org/10.1053/j.gastro.2004.04.061
http://dx.doi.org/10.1136/gut.2006.099796
http://dx.doi.org/10.1038/ismej.2007.52
http://dx.doi.org/10.1136/gut.2005.073817
http://dx.doi.org/10.1186/1471-2180-11-7
http://dx.doi.org/10.1186/1471-2180-11-7
http://dx.doi.org/10.1136/gutjnl-2015-310746
http://dx.doi.org/10.1177/2050640619876787
http://dx.doi.org/10.3389/fcimb.2021.755650
http://dx.doi.org/10.3389/fcimb.2021.755650
http://dx.doi.org/10.1016/j.ijmm.2016.02.010
http://dx.doi.org/10.1016/j.cell.2011.04.022
http://dx.doi.org/10.1053/j.gastro.2016.10.012
http://dx.doi.org/10.3389/fgene.2015.00148
http://dx.doi.org/10.1080/19490976.2021.1887721
http://dx.doi.org/10.1080/19490976.2021.1887721
http://dx.doi.org/10.3945/ajcn.117.155424
http://dx.doi.org/10.1016/j.ebiom.2021.103293
http://dx.doi.org/10.1016/j.immuni.2013.12.007
http://dx.doi.org/10.1080/19490976.2015.1134082
http://dx.doi.org/10.1080/19490976.2015.1134082
http://dx.doi.org/10.1016/j.chom.2015.03.005
http://dx.doi.org/10.1159/000441768
http://dx.doi.org/10.1007/DCR.0b013e3181f1e620
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00764.x


12 Little RD, et al. eGastroenterology 2024;2:e100006. doi:10.1136/egastro-2023-100006

Open access�

	196	 Loubinoux J, Bronowicki J-P, Pereira IAC, et al. Sulfate-reducing 
bacteria in human Feces and their association with inflammatory 
bowel diseases. FEMS Microbiol Ecol 2002;40:107–12. 

	197	 Galipeau HJ, Caminero A, Turpin W, et al. Novel fecal biomarkers 
that precede clinical diagnosis of ulcerative colitis. Gastroenterology 
2021;160:1532–45. 

	198	 Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, 
short-chain fatty acids, regulate Colonic Treg cell homeostasis . 
Science 2013;341:569–73. 

	199	 Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived 
butyrate induces the differentiation of Colonic regulatory T cells. 
Nature 2013;504:446–50. 

	200	 Arpaia N, Campbell C, Fan X, et al. Metabolites produced 
by Commensal bacteria promote peripheral regulatory T-cell 
generation. Nature 2013;504:451–5. 

	201	 Ardalan ZS, Yao CK, Sparrow MP, et al. Review article: the impact 
of diet on Ileoanal pouch function and on the pathogenesis of 
Pouchitis. Aliment Pharmacol Ther 2020;52:1323–40. 

	202	 Yilmaz B, Juillerat P, Øyås O, et al. Microbial network disturbances 
in relapsing refractory Crohn’s disease. Nat Med 2019;25:323–36. 

	203	 Aden K, Rehman A, Waschina S, et al. Metabolic functions of 
gut Microbes associate with efficacy of tumor necrosis factor 
antagonists in patients with inflammatory bowel diseases. 
Gastroenterology 2019;157:1279–1292. 

	204	 Zhou Y, Xu ZZ, He Y, et al. Gut Microbiota offers universal 
biomarkers across Ethnicity in inflammatory bowel disease 
diagnosis and Infliximab response prediction. mSystems 2018;3. 

	205	 Kolho K-L, Korpela K, Jaakkola T, et al. Fecal Microbiota in pediatric 
inflammatory bowel disease and its relation to inflammation. Am J 
Gastroenterol 2015;110:921–30. 

	206	 Magnusson MK, Strid H, Sapnara M, et al. Anti-TNF therapy 
response in patients with ulcerative colitis is associated with 
Colonic antimicrobial peptide expression and Microbiota 
composition. J Crohns Colitis 2016;10:943–52. 

	207	 Shaw KA, Bertha M, Hofmekler T, et al. Dysbiosis, inflammation, 
and response to treatment: a longitudinal study of pediatric subjects 
with newly diagnosed inflammatory bowel disease. Genome Med 
2016;8. 

	208	 Ananthakrishnan AN, Luo C, Yajnik V, et al. Gut Microbiome function 
predicts response to anti-integrin biologic therapy in inflammatory 
bowel diseases. Cell Host Microbe 2017;21:603–10. 

	209	 Doherty MK, Ding T, Koumpouras C, et al. Fecal Microbiota 
signatures are associated with response to Ustekinumab therapy 
among Crohn’s disease patients. mBio 2018;9. 

	210	 Caenepeel C, Sadat Seyed Tabib N, Vieira-Silva S, et al. Review 
article: how the intestinal Microbiota may reflect disease activity 
and influence therapeutic outcome in inflammatory bowel disease. 
Aliment Pharmacol Ther 2020;52:1453–68. 

	211	 Williams A-J, Paramsothy R, Wu N, et al. Australia IBD Microbiome 
(AIM) study: protocol for a Multicentre longitudinal prospective 
cohort study. BMJ Open 2021;11:e042493. 

	212	 Ideker T, Galitski T, Hood L. A new approach to decoding life: 
systems biology. Annu Rev Genomics Hum Genet 2001;2:343–72. 

	213	 Panch T, Szolovits P, Atun R. Artificial intelligence, machine learning 
and health systems. J Glob Health 2018;8:020303. 

	214	 Zou J, Huss M, Abid A, et al. A primer on deep learning in 
Genomics. Nat Genet 2019;51:12–8. 

	215	 Wei Z, Wang W, Bradfield J, et al. Large sample size, wide variant 
spectrum, and advanced machine-learning technique boost risk 
prediction for inflammatory bowel disease. Am J Hum Genet 
2013;92:1008–12. 

	216	 Romagnoni A, Jégou S, Van Steen K, et al. International 
inflammatory bowel disease Genetics C. comparative performances 
of machine learning methods for classifying Crohn disease patients 
using genome-wide Genotyping data. Sci Rep 2019;9:10351. 

	217	 Luo Y, de Lange KM, Jostins L, et al. Exploring the genetic 
architecture of inflammatory bowel disease by whole-genome 
sequencing identifies Association at Adcy7. Nat Genet 
2017;49:186–92. 

	218	 Verstockt B, Sudahakar P, Creyns B, et al. Dop70 an integrated 
multi-Omics biomarker predicting endoscopic response in 
Ustekinumab treated patients with Crohn’s disease. Journal of 
Crohn’s and Colitis 2019;13(Supplement_1):S072–3. 

	219	 Zarringhalam K, Enayetallah A, Reddy P, et al. Robust clinical 
outcome prediction based on Bayesian analysis of transcriptional 
profiles and prior causal networks. Bioinformatics 2014;30:i69–77. 

	220	 Verstockt B, Verstockt S, Veny M, et al. Expression levels of 4 genes 
in colon tissue might be used to predict which patients will enter 
endoscopic remission after Vedolizumab therapy for inflammatory 
bowel diseases. Clin Gastroenterol Hepatol 2020;18:1142–51. 

	221	 Mishra N, Aden K, Blase JI, et al. Longitudinal multi-Omics 
analysis identifies early blood-based predictors of anti-TNF 
therapy response in inflammatory bowel disease. Genome Med 
2022;14:110. 

	222	 Yuan F, Zhang YH, Kong XY, et al. Identification of candidate 
genes related to inflammatory bowel disease using minimum 
redundancy maximum relevance, incremental feature selection, 
and the shortest-path approach. BioMed Research International 
2017;2017:1–15. 

	223	 Gottlieb K, Requa J, Karnes W, et al. Central reading of ulcerative 
colitis clinical trial videos using neural networks. Gastroenterology 
2021;160:710–719. 

	224	 Stidham RW, Liu W, Bishu S, et al. Performance of a deep learning 
model vs human reviewers in grading endoscopic disease 
severity of patients with ulcerative colitis. JAMA Netw Open 
2019;2:e193963. 

	225	 Ozawa T, Ishihara S, Fujishiro M, et al. Novel computer-assisted 
diagnosis system for endoscopic disease activity in patients with 
ulcerative colitis. Gastrointestinal Endoscopy 2019;89:416–421. 

	226	 Takenaka K, Ohtsuka K, Fujii T, et al. Development and validation 
of a deep neural network for accurate evaluation of endoscopic 
images from patients with ulcerative colitis. Gastroenterology 
2020;158:2150–7. 

	227	 Takenaka K, Ohtsuka K, Fujii T, et al. Deep neural network 
accurately predicts prognosis of ulcerative colitis using endoscopic 
images. Gastroenterology 2021;160:2175–2177. 

	228	 Jiang P, Sinha S, Aldape K, et al. Big data in basic and Translational 
cancer research. Nat Rev Cancer 2022;22:625–39. 

	229	 The Lancet. 20 years of precision medicine in oncology. Lancet 
2021;397. 

eG
astroenterology: first published as 10.1136/egastro-2023-100006 on 17 January 2024. D

ow
nloaded from

 https://egastroenterology.bm
j.com

 on 20 M
ay 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

http://dx.doi.org/10.1111/j.1574-6941.2002.tb00942.x
http://dx.doi.org/10.1053/j.gastro.2020.12.004
http://dx.doi.org/10.1126/science.1241165
http://dx.doi.org/10.1038/nature12721
http://dx.doi.org/10.1038/nature12726
http://dx.doi.org/10.1111/apt.16085
http://dx.doi.org/10.1038/s41591-018-0308-z
http://dx.doi.org/10.1053/j.gastro.2019.07.025
http://dx.doi.org/10.1128/mSystems.00188-17
http://dx.doi.org/10.1038/ajg.2015.149
http://dx.doi.org/10.1038/ajg.2015.149
http://dx.doi.org/10.1093/ecco-jcc/jjw051
http://dx.doi.org/10.1186/s13073-016-0331-y
http://dx.doi.org/10.1016/j.chom.2017.04.010
http://dx.doi.org/10.1128/mBio.02120-17
http://dx.doi.org/10.1111/apt.16096
http://dx.doi.org/10.1136/bmjopen-2020-042493
http://dx.doi.org/10.1146/annurev.genom.2.1.343
http://dx.doi.org/10.7189/jogh.08.020303
http://dx.doi.org/10.1038/s41588-018-0295-5
http://dx.doi.org/10.1016/j.ajhg.2013.05.002
http://dx.doi.org/10.1038/s41598-019-46649-z
http://dx.doi.org/10.1038/ng.3761
http://dx.doi.org/10.1093/ecco-jcc/jjy222.104
http://dx.doi.org/10.1093/ecco-jcc/jjy222.104
http://dx.doi.org/10.1093/bioinformatics/btu272
http://dx.doi.org/10.1016/j.cgh.2019.08.030
http://dx.doi.org/10.1186/s13073-022-01112-z
http://dx.doi.org/10.1155/2017/5741948
http://dx.doi.org/10.1053/j.gastro.2020.10.024
http://dx.doi.org/10.1001/jamanetworkopen.2019.3963
http://dx.doi.org/10.1016/j.gie.2018.10.020
http://dx.doi.org/10.1053/j.gastro.2020.02.012
http://dx.doi.org/10.1053/j.gastro.2021.01.210
http://dx.doi.org/10.1038/s41568-022-00502-0
http://dx.doi.org/10.1016/S0140-6736(21)01099-0

	Pathogenesis and precision medicine for predicting response in inflammatory bowel disease: advances and future directions
	Abstract
	Introduction
	Genetics
	Intestinal barrier and mucosal immunity
	Gut microbiota
	Big data and machine learning
	Future directions

	Conclusion
	References


