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Abstract

Inflammatory bowel disease is characterised by significant interindividual heterogeneity. With 

a wider selection of pharmacological and non-pharmacological interventions available and in 

advanced developmental stages, a priority for the coming decade is to determine accurate methods 

of predicting treatment response and disease course. Precision medicine strategies will allow 

tailoring of preventative and therapeutic decisions to individual patient needs. In this review, 

we consider the future of precision medicine in inflammatory bowel disease. We discuss the 

critical need to extend from research focussed on short-term symptomatic response, to integrative 

multi-omic systems biology strategies to identify and validate biomarkers that underpin precision 

approaches. Crucially, the international community has collective responsibility to provide well-

phenotyped and curated, longitudinal datasets for scientific discovery and validation. Research 

must also study broader aspects of the immune response including components of the extracellular 

matrix to better understand biological pathways initiating and perpetuating tissue fibrosis and 

longer-term disease complications.
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Precision medicine

Why prediction of treatment response matters

As the global prevalence of inflammatory bowel disease (IBD) continues to rise, the 

need for effective tools to predict short-term or long-term outcomes becomes increasingly 

crucial. Established high rates of IBD in Western populations, now approaching 1%,1, 2 are 

coupled with a rising prevalence in developing countries.3 Subsequent impact on quality 

of life, psychological morbidity and financial costs to patients and healthcare services are 

substantial.4–13

In CD, whilst some patients follow a relatively indolent path that requires limited 

immunomodulation and results in few significant complications, others suffer from 

devastating penetrating and/or stricturing disease that necessitates sequential biologic 

therapy and surgery.14–16 Approximately 38–70% of patients with CD undergo surgery in 

the first 10 and 20 years after diagnosis, respectively17, 18 and the lifetime risk for need 

for surgical intervention in CD has been estimated to range from 50–80%.19 The use of 

biologics compared to no biologics has been shown to reduce the need for bowel resections 

in CD20–22 and an overall decline in surgeries for CD was noted,23 but their frequency 

remains significant.

Similarly, some UC patients require simple oral or topical mesalazine treatment, whilst 

others need biologics, frequent courses of corticosteroids, hospitalisation and surgery. 

Further, UC carries a 5- and 10-year cumulative risk for subtotal colectomy of 10–15%, 

and an up to 5% 30-year risk of colorectal cancer.24, 25 Additionally, the economic viability 

of continuing to treat all patients with ‘one-size-fits-all’ algorithms must be considered.

A predictive approach to clinical management is desirable to address the important balance 

of risk and benefit to IBD patients. This would allow those with a potentially complicated 

trajectory to be offered a tailored treatment plan, selecting the most likely medication, 

dietary or microbial intervention to be effective for the individual. A tailored approach 

should also avoid unnecessarily exposing those with a likely mild disease course to immune 

suppression or potential side-effects. Not only does this approach benefit the individual but 

it also minimises unnecessary spending on ineffective treatments, thus benefiting financially 

constrained healthcare systems.

Challenges to precision medicine

‘Predictive’, or ‘precision’, medicine involves electing specific treatments based on a 

patient’s various unique features.26 It is already a reality in other fields of medicine. 

For instance, patients with asthma who have high levels of eosinophils in the blood 

or respiratory tract are prescribed anti-interleukin (IL)-5 monoclonal antibodies27 and 

patients with HER2-positive breast cancer are treated with anti-HER2 antibody infusions.28 
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However, in IBD, a standardised approach remains, where treatment is instigated reactively 

and arbitrarily because of worsening clinical parameters. In some situations, such as the US 

healthcare system, these decisions may also be influenced by the payor. Without a stratified 

approach, data from landmark drug registration trials demonstrate that approximately 40% 

of patients experience primary non-response and almost 40% of the remainder suffer 

from secondary loss of response within one year.29–33 Real-world studies exploring drug 

persistence (the time between initiation and discontinuation of the drug) more closely reflect 

pragmatic clinical decision-making, including drug cessation due to intolerable side-effects, 

and are not bound by strict disease outcome parameters. These studies suggest that rates 

of drug withdrawal at 12-months are as high as 30–50% for anti-TNF medication and 

20–30% for vedolizumab for IBD overall, and 10–20% for ustekinumab in Crohn’s, with 

higher rates in anti-TNF non-responders and those prescribed immunomodulator-free anti-

TNF monotherapy.34–37 For these patients, there may be persisting symptoms, intestinal 

damage and psychological repercussions. Furthermore, even with seemingly effective anti-

inflammatory treatment, disease may progress.38 A more nuanced approach to selecting 

pharmacological interventions is therefore required from the outset, particularly given 

that the overall chance of achieving remission reduces with successive post-anti-TNF 

treatment.39

The fundamental challenge to developing and validating precision medicine interventions 

in IBD is the wide heterogeneity in, and inability to conclusively predict, disease course. 

In addition, the time to complications varies greatly and may occur over decades. Any 

prediction model needs to account for environmental influences or treatment heterogeneity 

during this time.14–16, 24, 25 A further difficulty is the inconsistency in outcome measures for 

disease activity. Whilst mucosal healing appears the most significant in terms of predicting 

future relapse, complications and surgery in CD and UC,40, 41 the need for frequent 

endoscopic examination is resource-intense and may not be acceptable to patients, and 

may not be achievable in clinical practice as evidenced by numerous clinical trials where 

this endpoint was met only by subsets of patients.41 Instead, patient-reported outcomes 

(PROs) and non-invasive biomarkers, such as fecal calprotectin and C-reactive protein, are 

increasingly used to evaluate response to therapy in research studies and clinical practice, 

with non-standardised definitions of treatment response and remission. Interpretation of the 

performance and utility of the predictive biomarkers therefore becomes difficult. In addition, 

the STRIDE 2 consensus rightly argues that psychological and quality of life outcomes 

should inform our assessment of treatment response.41 The bidirectionality of the brain-gut 

axis seems increasingly evident, so effective candidate predictive biomarkers for IBD should 

consider improvement in both intestinal and psychological clinical parameters.42–44

Precise prevention of disease-related complications

Future precision approaches should aim to proactively escalate immune suppression based 

on pre-clinical biomarkers, to prevent an otherwise aggressive future disease course.40, 41 

Approaches should identify features that would favour one immune targeted regimen over 

another in a specific individual. This is increasingly important as the number of drug classes 

effective in IBD rises.
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Numerous associations have been found between clinical,45 genetic,46 microbial47, 48, 

transcriptional, metabolic and environmental factors on the one side and response to certain 

treatments or future disease course on the other.49–57 However, many studies have taken a 

hypothesis-free, rather than pathophysiological, approach to biomarker detection, potentially 

limiting applicability, and most have not been prospectively validated to ascertain their 

potential clinical relevance.

Notwithstanding the methodological limitations and discordance of biomarker prediction 

studies to-date,58, 59 the complex, multifaceted pathophysiology of IBD renders clinically 

relevant single biomarker detection difficult. At a basic level, IBD involves dysregulated 

interactions between the host immune system, intestinal epithelial barrier and luminal 

microbes in genetically susceptible individuals.60 Cytokines regulate the function of 

mucosal immune and non-immune compartments, including the epithelium and stroma, 

which leads to active and chronic inflammatory processes. These are driven by a variety of 

cells, including neutrophils, lymphocytes, monocytes, resident macrophages and fibroblasts, 

which contribute to intestinal damage, often-debilitating symptoms and reduced quality 

of life associated with the illness. Layers of complexity are added by the various 

environmental,50, 61, 62 microbiological,63 pharmacological,64 dietary,65 biochemical66 and 

psychological factors43, 67 that appear to be involved in disease inception, progression and 

relapse.

Prediction of short-term response to therapy

Current state of play

Examples of precision tools already widely used in IBD clinical practice to predict short 

term response or complications of therapy include clinical factors, blood, genetic or 

fecal biomarkers. They are used to assess immunogenicity, drug metabolism, treatment 

compliance or to predict flare or response to treatment.

Predictive clinical factors used to guide treatment decisions in routine practice include an 

understanding that early first relapse,68 particularly within the first 2 years69, is associated 

with greater likelihood of future active disease/relapses in UC. Age <40 years at diagnosis, 

female sex, and extraintestinal manifestations are also predictive of disease relapse in 

UC, whereas male sex and extensive disease predict colectomy.24 In contrast, mucosal 

healing in UC is predictive of reduced subsequent disease relapse and need for treatment 

intervention.70–72 In CD, predictors of worse disease course include age <40 years at 

diagnosis, perianal disease, stricturing or weight loss at diagnosis, and a need for steroids to 

treat the presenting inflammation.45, 73

Calprotectin is a cytosolic protein abundant in neutrophils with antimicrobial functions.74 

Quantification of calprotectin in feces correlates with endoscopic disease activity,75, 76 

histological inflammation77 and is thus predictive of relapse in asymptomatic IBD 

patients78, 79 or in the postoperative setting.80 Therefore, fecal calprotectin is a well-

established non-invasive biomarker of mucosal inflammation used in screening for IBD 

in symptomatic patients pre-diagnosis and is widely used in longitudinal monitoring of IBD 

disease activity in clinical practice and research.81, 82
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Up to 40% of patients have been shown to discontinue thiopurines due to adverse effects 

including leucopenia.83, 84 Testing for thiopurine methyltransferase (TPMT) genotype is 

cost effective.85 Assessment of TPMT activity is widely recommended prior to instituting 

thiopurine therapy in IBD.86, 87 In a prospective study of 207 patients, heterozygous TPMT 
genotype was a strong predictor of adverse effects when compared to those with wild 

type TPMT status (79% vs 35%).83 Dose reduction of thiopurines in patients pre-screened 

and identified as carrying TPMT variants led to a 10-fold reduction in haematological 

adverse effects without a negative impact on treatment efficacy.88 Following treatment 

commencement, measurement of the thiopurine metabolites thioguanine nucleotides 

(TGN) and methylmercaptopurine (MeMP) can support dose optimisation by identifying 

poor compliance, subtherapeutic dosing, thiopurine hypermethylation or supratherapeutic 

dosing.86

Multiple clinical studies have demonstrated a clear association between serum drug 

concentrations of biologics and outcome for IBD patients, including the association 

of low or undetectable drug levels and immunogenicity or non-response/loss of 

response.89–98 Therapeutic drug monitoring (TDM) describes the measurement of trough 

drug concentration and anti-drug antibodies in blood and can be used to assess adherence 

with treatment schedule, pharmacokinetics and immunogenicity, therefore guiding dose 

escalation or reduction decisions. TDM can guide when to switch therapies or add 

in immunomodulation. TDM is increasingly commonplace, particularly in reactive 

optimisation of anti-TNF therapy use in symptomatic patients to define and manage primary 

non response or secondary loss of response.86, 87 TDM may potentially be used more 

frequently in future proactive algorithms for patients with quiescent disease receiving 

anti-TNF treatment to support de-escalation99–102 and in optimisation of vedolizumab and 

ustekinumab depending on prospective data to support clinical utility, cost effectiveness and 

availability of TDM assays.103

On the verge of implementation

Identification of biomarkers to support precision medicine in clinical practice has been an 

intense area of research in recent years. Several biomarkers show promise and may enter 

common clinical practice subject to a variety of barriers including validation of clinical 

utility, cost effectiveness of testing, availability of assays, scalability and acceptance of 

testing.104

Exposome

The exposome refers to environmental factors that play a key role in IBD pathogenesis, 

flare or long-term complications. It is multifactorial including diet and dietary additives, 

exposure to medications, infections, air and water pollution, stress and sun exposure. The 

crucial importance of the exposome is evidenced by a rising prevalence of both UC and CD 

in newly industrialised countries in South America, Asia and the Middle East over recent 

decades.105, 106

Smoking, whilst protective against relapse in UC,68 is a major risk factor for disease 

progression in CD107 including need for hospitalisation and surgery.108 Smoking is 
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also associated with poorer outcomes following colorectal surgery.109, 110 In a study of 

postoperative 6-mercaptopurine (6-MP) vs placebo to prevent recurrence of inflammation, 

6-MP only demonstrated benefit in smokers, emphasizing the importance of considering 

postoperative prophylaxis in this high risk group.111

Evidence-based answers to diet as a precision tool in IBD are a current research priority.86 

It has been observed that the ‘Western’ diet of fast or ultra-processed foods, high fat 

content and meat increase risk of disease development,112–114 and protective factors include 

higher intake of fibre, caffeine, fruit, vegetables, olive oil, fish, grain and nuts.112, 113, 115 

Recently, it has been recognised that an association exists between dietary emulsifiers, 

detergent-like additives widely found in the food chain and gastrointestinal inflammation.116 

In experimental colitis emulsifiers increase circulating inflammatory mediators, e.g. LPS, 

IL-1β, IL-6, and TNF, possibly mediated by gut microbial changes.117 Emulsifiers also 

induce thinning of the mucous layer of the gut epithelium with resultant encroachment 

of microbes at the epithelial surface, in theory altering intestinal permeability and risk of 

bacterial translocation.118–121

Formula-based exclusive enteral nutrition (EEN) diets can induce remission in CD but 

palatability and acceptability to patients limit its use, especially in adults. Exciting early data 

from the CD-TREAT programme that utilises a personalised food-based diet with similar 

composition to EEN has shown good tolerability, improved disease activity and changes to 

the gut microbiome and metabolome comparable to EEN.122

Further much needed studies are underway to determine the impact of environmental factors 

on the gut microbiome and intestinal inflammation in the context of IBD. These will 

also investigate whether precision approaches are possible to identify those most likely to 

respond, or to modify the gut microbiome or tailor dietary intake to enrich response.116, 122

Genetics and genomics

Genetic discovery has challenged the traditional view of IBD pathogenesis being a 

dichomotous condition comprised of UC and CD. Genetics stratifies subphenotypes of IBD, 

in particular a genetic distinction between ileal and colonic CD.123 Mechanistic pathways 

driving the inflammatory response in IBD have been discovered or confirmed, including 

microbial sensing (NOD2, CARD9, RIPK2), intestinal barrier function (C1orf106, HNF4A), 

innate and adaptive immune signalling (NLRP7, IL18RAP, CD28, IFNG, PTPN22, STAT4, 
IL6ST, IL23R, RORC, IL17RA), fibrosis (OSMR, SMAD3) and cellular homeostasis 

(ATG16L1, RNF186, ERGIC1).124

Despite the above advances, unfortunately few variants associate with prognosis or clinical 

outcomes or are ready for incorporation in clinical practice with a small number of 

notable exceptions. The ‘personalised anti-TNF therapy in CD study’ (PANTS) consortium 

longitudinally followed >1,000 biologic naïve CD patients before and after introduction 

of anti-TNF therapy. TNF failure was significantly associated with low drug levels 

and development of anti-drug antibodies.125 Immunogenicity to anti-TNF antibodies was 

associated with HLA-DQA1*05, with a hazard ratio approaching 2.126 Since 40% of 

Europeans carry the HLA-DQA1*05 allele it is a conceptually attractive biomarker 
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candidate, and may be particularly useful in identifying patients prone to immunogenicity 

who may benefit from combination immunomodulator therapy to limit this risk.

Genetics may also be useful to predict complications of treatment. Variants in NUDT15 
are associated with increased risk of thiopurine induced myelosuppression.127 The HLA-
DQA1*02:01-HLA-DRB1*07:01 haplotype is predictive of thiopurine induced pancreatitis 

with a number needed to test of 76 to avoid one case.128 Current translation of these data 

into day to day practice is limited by cost, which will change once incorporated into routine 

clinical genotyping panels. Well curated, phenotyped, longitudinal cohorts such as IBD 

BioResource129 will be essential in the development of future precision genetics tools.

Molecular profiling

Deep molecular profiling of tissue and blood with multi-modal -omics technologies, 

including transcriptomics, metagenomics, metabolomics, proteomics and cytomics are 

bringing new insights into patient stratification. In particular, transcriptomics in either 

intestinal biopsies and/or peripheral blood shows considerable promise. Specific examples 

include single transcripts, such as OSM, OSMR or TREM1 separated responders from non-

responders to anti-TNF induction.51, 53, 130–133 Colonic tissue gene expression of granzyme 

A (GZMA) and αE integrin (ITGAE) predicted outcome to etrolizumab therapy.134 

The expression of 4 transcripts (RGS13, DCHS2, MAATS1, and PIWIL1) in colonic 

biopsies differentiated responders and non-responders to vedolizumab.52 A supervised list 

of individual transcripts, or pathway-specific transcripts can also be screened for enrichment 

in whole genome expression datasets. These approaches have identified TNF receptors 

(TNFR2) and TNF itself as predictors of response to anti-TNF therapy.135, 136 Similarly, 

overexpression of mucosal IL7R signalling gene transcripts distinguishes responders from 

non-responders to anti-TNF therapy.137

An excellent example of a precision medicine stratified trial translating insights from 

molecular profiling is the UK study ‘predicting outcome for CD using a molecular 

biomarker’ (PROFILE).138 Previous unsupervised transcriptional profiling of circulating 

CD8+ T cells was predictive of a more complicated disease course in CD and UC as defined 

by the need for future treatment escalation.139 Elevated expression of genes involved in 

antigen-dependent T cell responses, including signalling initiated by both IL-7 and TCR 

ligation, portended a poor prognosis with specificity for CD of 89% and UC of 84% 

and sensitivity for CD of 59% and UC of 77%. Based on this, the PROFILE trial is the 

first prospective randomized trial testing a biomarker strategy utilising these identified T 

cell signatures to stratify patients at diagnosis into an accelerated step-up standard of care 

arm and a top-down anti-TNF and immunomodulator arm.138 PROFILE exemplifies the 

scientific rigor, funding and time required to take academic discovery of -omic association 

through to randomized controlled trial, and hopefully later clinical implementation.

A different approach is to determine whether distribution of co-expressed genes with shared 

patterns of upregulation/downregulation, often termed “modules”, associate with clinical 

phenotypes. Transcriptional modules associated with OSM/OSMR expression effectively 

stratified clinical response to anti-TNF therapy.51 An advantage of identifying modules 

over individual transcripts, is provision of insights into biological mechanisms of treatment 
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response/resistance. Cellular deconvolution methods, where cell-specific transcriptional 

programs are used to estimate cell proportions from genome-wide expression datasets, also 

promise to provide new insights into cellular mediators of treatment response or resistance. 

These methods are now being surpassed by single cell sequencing platforms, where 

transcriptional profiles are defined at single cell resolution. Together, these approaches 

are identifying mechanistically relevant transcriptional programs in specific intestinal cell 

types linked to clinical outcomes. Intriguingly, modules associated with inflammatory 

monocytes, neutrophils and their interactions with stromal cells are associated with 

treatment refractoriness to biological and conventional therapies.140, 141 These data also 

point to the possible notion of a “molecular severity”, or “molecular complexity” of disease, 

where induction of particular immune pathways has clinically meaningful relationships with 

tissue injury and patient trajectories, including responsiveness to therapeutic intervention. 

In the same way that activation of stromal cells, inflammatory subsets of mononuclear 

phagocytes neutrophils, IL-1 and IL-22 related pathways are linked to increased tissue 

injury and ulceration,140–142 activation of this axis is also implicated, potentially causally, in 

treatment resistance.

Microbiome

The microbiome is a key factor in initiation and perpetuation of the inflammatory response 

in IBD.143 Relative to non-IBD subjects the gut microbiome in IBD has a reduced 

diversity144 and lacks stability with greatest taxonomic and functional variability observed in 

the context of disease activity.145

In comparison to well powered human genetics studies with replication, to date microbiome 

studies have been relatively small though have yielded intriguing observations implicating 

the utility of microbiome data to predict outcome to therapeutic intervention. A prospective 

cohort of 85 patients with CD and UC commencing vedolizumab therapy, metagenomic 

sequencing of stool at baseline identified higher alpha diversity and greater abundance 

of Roseburia inulinivorans and a Burkholderiales species in CD patients who achieved 

remission at week 14.56 Enrichment of branched chain amino acid biosynthesis in those 

achieving remission was noted. Neural network modelling identified that microbial metadata 

alone outperformed clinical metadata alone in predicting remission. In 232 CD patients of 

the phase 2 CERTIFI study treated with ustekinumab146 Faecalibacterium and Bacteroides 
were enriched in baseline stool in CD patients who achieved remission after 6 weeks of 

treatment. Once again in predictive modelling algorithms, baseline microbiota profiles alone 

outperformed baseline clinical metadata alone in predicting remission at week 6.

Whilst these studies have been small, they support the concept that presence or absence 

of certain microbiota or species diversity may predict response to IBD therapy. What is 

not clear from these studies is mechanistically whether and how gut microbiota directly or 

indirectly influence treatment outcomes. This concept has been explored outside of IBD in 

studies of PD-1/PDL-1 targeted immune checkpoint therapy in the oncology field. Here, 

patients with metastatic melanoma responding to anti-PD-1 therapy had higher relative 

abundance of Faecalibacterium, whereas non-responders had higher relative abundance of 

Bacteroidales.147 In a separate study of metastatic melanoma patients responding to PD-1 
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directed therapy had higher abundance of Bifidobacterium longum, Collinsella aerofaciens 
and Enterococcus faecium, and non-response was associated with Ruminococcus obeum 
and Roseburia intestinalis.148 Similarly increased relative abundance of Akkermansia 
mucinophila was found in stool from responders to anti-PD-1 therapy in a study of non-

small cell lung cancer and renal tract cancers.149 Fascinatingly in all three studies,147–149 

researchers administered fecal microbial transplants (FMT) to mice that had implanted 

tumour cells. FMT from patients responding to PD-1 blockade into mice enhanced the 

anti-tumour effects in the animal model with an increase in anti-tumour CD8+ T cells 

within malignant tissue relative to FMT from non-responding patients. Supplementation 

of the microbiome from non-responding patients by oral administration of Akkermansia 
mucinophila improved the anti-tumour effect of PD-1 blockade by IL-12 dependent 

recruitment of CCR9+CXCR3+CD4+ T cells.149

These studies suggest enrichment of immunoregulatory microbes can both predict and 

influence responsiveness to systematically administered drugs. Whilst the mechanisms 

are unclear, it is possible these microbes reinforce epithelial barrier integrity and prevent 

bacterial translocation in the gut, and/or modify antigen presentation and subsequent anti-

tumour T cell responses.147, 149, 150 Intriguingly these studies also raise the question of 

whether the microbiome can be manipulated to enhance systemic drug effects that perhaps 

in the future may benefit patients with IBD.

Prediction of future tissue damage and remodeling

The short-term treatment response is not clearly linked to prevention of future tissue 
damage and remodeling

Despite impressive progress in developing novel biologics and small molecules to treat IBD 

and improvement in the short-term treatment response, it becomes increasingly apparent 

that the prevention of future bowel damage and control of subsequent excessive tissue 

remodeling remains of high importance and is often underappreciated in short term cohort 

or intervention studies.38, 151 The rate of surgical resections is also of high importance 

and shows only modest decline over the past few decades.152 This observation is further 

supported by the pediatric RISK inception cohort.153 Pediatric CD patients were included 

close to diagnosis and patients with no complication were followed until the occurrence 

of complications or not.153 Out of 913 participants, within 3 years 9% developed either 

internal penetrating or stricturing disease. Interestingly, the early use of anti-TNF in this 

cohort prevented the occurrence of internal penetrating disease (HR 0.3), but not stricturing 

disease.153 In addition, observational data from organs other than the gut as well as from 

IBD suggest that despite the successful suppression of inflammation, intestinal damage 

and remodeling can take an independent course.38, 154 This indicates separate mechanisms 

driving inflammation and tissue damage.

In experimental animal models, successful anti-inflammatory therapy suppresses 

inflammatory mediators, but factors driving tissue remodeling, such as TGF-β1, remain 

high.155 In humans, a change in the intestinal immunophenotype is observed over time.156 

The initially Th1 dominated T cell response close to diagnosis switches to a Th2 prone 

pro-repair response, which is characterized by the expression of pro-fibrotic factors.156 The 
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same can be found in experimental colitis, where in the early phases cytokines such as IFNγ 
predominate, which undergoes a switch to a pro-repair TGF-β1 signature.157

Collectively, these data suggest that inflammation may initiate tissue damage and aberrant 

repair responses in IBD, but once tissue damage and subsequent excessive remodeling is 

established it can progress independently. This may explain the disconnect between the 

short-term response and the long-term outcome in IBD, which makes separate exploration of 

both a necessity.

The immune-stromal-epithelial interactome and the biology of treatment resistance

Traditional biologics and immunosuppressive therapies in IBD target immune cell function, 

with limited impact on non-immune cells.158 This is surprising considering the known 

contributions of non-immune cells to inflammation in other organs159, 160 as well as 

IBD,161, 162 and relevant given the fact that non-immune cells are major effector cell type in 

fibrosis, producing excessive amounts of extracellular matrix (ECM).38

A cell type that has been widely neglected in the considerations around treatment 

resistance are mesenchymal cells. Traditionally mesenchymal cell phenotypes have strongly 

contributed to understanding the field of remodeling across organs, but recent single cell 

genomics approaches indicate the role of mesenchymal cells in the anti-inflammatory 

therapy response. A recent study of the colonic mesenchyme revealed four previously 

unknown distinct subsets of dysregulated fibroblasts in intestinal inflammation,163 as 

indicated by fibroblast populations expressing interleukin (IL)-33, lysyl oxidases (LOX), 

TNFSF14 and fibroblastic reticular cell-associated genes. This highlights how intestinal 

fibroblasts may not only respond to, but drive inflammation and barrier dysfunction in 

IBD.163 In the context of ileal CD, cellular heterogeneity may contribute to resistance to 

treatment with anti-TNF therapy. Tissue in anti-TNF resistant CD patients contained two 

subsets of fibroblasts. One of those are CTHRC1+ fibroblasts, which express the highest 

concentration of collagen genes and exhibit pro-fibrotic function in vitro.164

However, the exact role of these activated fibroblasts or other mesenchymal cell populations 

in the pathogenesis of treatment resistance (or development of complications) is not yet 

clear though a proposed model of cross-talk between immune, stromal and epithelial cells 

is presented in Figure 1. This will be one critical piece of the puzzle to not only understand 

short-term treatment response or lack thereof, but also long-term disease course. More 

recently, further mechanistic insights have been afforded by single cell transcriptomics 

and how the patterns of co-expressed genes detected in whole intestinal tissue specimens 

relate to morphological aspects of tissue injury, immune pathways and patient outcomes in 

intestinal ulceration. IL-1β responsive biological pathways were identified as key drivers of 

tissue damage, ulceration and severe inflammation. IL-1β activates fibroblasts to produce 

neutrophil-active chemokines, including the CXC family members, CXCL1, CXCL5 and 

CXCL8,141 which is associated with accumulation of tissue neutrophils, especially at 

ulcer bases. Modules linked to IL-1-activated stromal cells and neutrophil recruitment 

are strongly linked to poor patient outcomes, including lack of therapeutic response to 

multiple IBD therapies such as anti-TNF, vedolizumab and corticosteroids.141 IL-1β also 

triggers IL-23 production by activated intestinal inflammatory mononuclear phagocytes, and 
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together both of these cytokines activate mucosal lymphocytes with induction of type 1 and 

type 3 immunity, including induction of IL-22, which in chronic inflammation is linked 

to induction of CXC family neutrophil-active chemokines by colonic epithelial cells and 

treatment refractoriness in IBD.140

Not only mesenchymal cells, but the ECM itself is considered an active participant in 

inflammation, tissue damage and remodeling.165, 166 Through relapsing and remitting cycles 

of inflammation and repair, the accumulation of ECM results in the change of its mechanical 

properties, mainly in increased stiffness. The stiffness of the inflamed IBD intestine is higher 

compared to non-inflamed tissue, irrespective of small bowel or colonic location.167, 168 

This was also true for the stiffness of stricture areas from CD intestine that had up to 

6-fold higher values compared to adjacent grossly normal tissue.167, 168 Increased stiffness 

activates intestinal mesenchymal cells through changing their morphology, cytoskeletal 

architecture, migratory properties, proliferation and importantly ECM deposition168–171 This 

may initiate a feed-forward mechanism that progresses independently of inflammation and 

hence is relevant for long-term outcomes.

The ECM also has important effects on the inflammatory process in IBD pathobiology by 

altering cellular processes and functions through sequestering cytokines, chemokines, and 

growth factors.165 The ECM can present bound mediators to immune and non-immune 

cells in the tissues to activate them. The ECM can promote adhesion and extravasation 

of leukocytes and therefore not only increase their number in the inflamed gut, but may 

also increase their retention. ECM components themselves, such as fibronectin, collagens, 

and laminin, interact with cell adhesion molecules expressed on the surface of essentially 

all immune and non-immune cells and manipulate their function through modulation of 

intracellular signaling pathways.165 A well-documented example is the ECM component 

hyaluronan, which plays a direct role in the recruitment of leukocytes in response to 

inflammatory stimuli.172

The increasingly recognized dynamic interactions within the ECM seem not only key 

drivers for stricture formation but also for penetrating complications in Crohn’s disease 

and disease progression in UC. The >1,000 molecules that contribute to and regulate 

the ECM, the ‘matrisome’,173 include a variety of mediators involved in tissue repair 

and remodeling, and dysregulation of this physiological function seems to be key in 

IBD pathobiology. Matrix metalloproteinases (MMPs) and elastases are upregulated in 

IBD,174, 175 with dysregulation preceding symptoms.176 In one study exploring matrisome 

dysregulation in colitis, neutrophil elastase was detected only in mice with severe DSS-

induced disease, whilst those with mild disease demonstrated a balance between the activity 

of neutrophil elastase and its inhibitor, SerpinA3N. Extracellular secretion of SerpinA3N 

via an engineered bacterial strain was able to attenuate tissue damage, suggesting that 

the imbalance of proteolytic and anti-proteolytic activity is crucial in determining tissue 

damage.177 Similarly, tissue inhibitor of metalloproteinases-3 (TIMP3)-transgenic mice 

were resistant to 2,4,6-trinitrobenzene-sulfonic acid-induced colitis.178 Different types and 

degrees of dysregulation appear to affect the endothelium, facilitating intestinal entry of 

immune cells, and disrupt cell-cell adhesion and the integrity of the basement membrane, 

which increases epithelial permeability for luminal microbes.178 The matrisome may also 
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directly influence response to biologic medication, and MMP3 and MMP12 have been 

shown to reduce the function of infliximab and adalimumab molecules through proteolytic 

cleavage, which is more pronounced in anti-TNF non-responders, suggesting a role in 

treatment resistance.179

Hence, one key to future prediction of long-term outcomes in IBD is to focus on 

the mesenchymal cell populations as well as their products, namely the ECM. While 

conceptually still in its infancy this notion has already found entry into the world of IBD.

Current predictors of long-term outcomes

Long-term complications in Crohn’s disease, such as strictures or fistulae, are linked to 

high morbidity, hospitalizations, need for surgery, and poor quality of life.38 The future 

potential for a patient without complications to develop a complicated phenotype is a major 

consideration that influences treatment decisions by clinicians. The striking variability in 

disease progression can also be seen in UC.180, 181

Currently the choice and timing of therapy are based exclusively upon clinical presentation 

of disease,182 which may be heterogenous and confounded by delays in diagnosis. Accurate 

biomarkers in this space would be a powerful patient management tool enabling clinicians to 

adjust the long-term therapy according to risk stratification. This may furthermore facilitate 

patient recruitment for natural history studies or allow the effective design for trials of 

medications preventing future complications and this should be a research priority.

This need is in contrast to the limited number of studies assessing long-term outcomes. The 

majority of the available publications examine genetics, serology, the microbiome, mucosal 

biopsy transcriptomic profiles or a combination of the above. Genetic variants are linked 

with the diagnosis of IBD, with disease location or drug metabolism.183 Initial studies 

assessing prognosis assessed gene variants that were identified with the diagnosis of IBD.184 

Variants in NOD2 were found to be associated with bowel stenosis, bowel resection or 

complicated Crohn’s disease.184 Since genes linked with diagnosis may not be relevant 

for prognosis, Lee et al. performed a within-cases genome wide associated study in two 

large Crohn’s disease cohorts.185 Patients were grouped into aggressive (frequent flares, 

treatment refractory and at least 2 abdominal surgeries) and mild (no immunomodulators or 

surgery with at least 4 years of follow up) and consistent with prior investigations, genes 

linked with diagnosis were not linked with prognosis. Interestingly, and independent of 

disease location and follow-up, four significant gene loci had prognostic value, including 

XACT (X chromosome long non-coding RNA), MHC (antigen recognition), FOXO3 (TGF-

β1 pathway) and IGFBP1-IGFBP3 (insulin like growth factor binding protein). Pathway 

analysis suggested innate and adaptive immune responses and responses to microorganisms 

to be involved in disease progression.

In fact, in IBD an intestinal immune response against intestinal luminal antigens can be 

found. This, together with a genetic predisposition, gives rise to the formation of anti-

microbial antibodies, that can be detected in the circulation (serum) of patients with IBD, in 

particular Crohn’s disease. The presence or levels of several of those antibodies are linked 

with or predictive of complications and surgery in Crohn’s disease.186 The combination of 
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clinical, serologic and genetic markers has a higher accuracy compared to any individual 

marker alone187 and, to allow use in clinical practice online, webtools have been developed 

to assist providers.187 Major limitations of those studies are the lack of prospective data and 

non-protocolized sampling schemes.

The best characterized data is derived from the North American pediatric RISK inception 

cohort153 A combination of clinical factors (age, race, disease location) and antimicrobial 

serologies predicted complicated disease with an accuracy of AUC 0.66. Presence of 

Ruminococcus at diagnosis was linked with future stricturing complications and Veillonella 
with penetrating complications. This study furthermore identified a gene set in ileal biopsies 

at diagnosis which was associated with future stricturing or internal penetrating disease, 

and when adding the gene signatures to the risk model the AUC increased to 0.72. Using 

deeper RNA sequencing and only focusing on future development of stricturing disease 

an ileal gene signature associated with ECM gene expression, including an oncostatin M 

co-expression signature were identified.188 An eight ECM gene set reached an accuracy 

for prediction of future strictures (with in 5 years) of AUC 0.82.188 When looking at 

development of future stricturing disease within 3 years, serum proteomics revealed ECM1 

as a predictor of future strictures (HR 5.33).189 Plasma concentrations of collagen type 

III alpha 1 chain (COL3A1) and autoantibodies to colony-stimulating factor 2 (CSF2) at 

diagnosis identified patients with future B2 versus B1 disease with an AUC of 0.8.190

In totality, these available data make it apparent that current markers for long-term 

prediction are not accurate enough to be used in clinical practice. Further complicating 

the situation is the fact that the available markers predict a complicated disease course in 

general, rather than a specific complication, such as strictures or internal penetrating disease 

that could be targeted with a specific intervention.

Conclusions:

Practical approach to the future of precision medicine

As outlined in this review, the clear clinical unmet need is in stark contrast to a lack 

of validated biomarkers in essentially all major areas of IBD. Several research priorities 

must be addressed to develop evidence-based solutions to the challenges posed by effective 

precision medicine (Table 1). IBD is a highly complex heterogenous disease with gene 

and environment interactions. In traditional prediction studies, each of those components is 

examined separately from each other. This approach negates our increasing understanding 

of IBD pathogenesis, which suggests that they should be viewed in totality as opposed to 

single contributors. Each ‘ome’, such as the genome, microbiome or exposome, would then 

be individually analyzed, followed by their integration in a process termed ‘systems biology’ 

(Figure 2). Investigation of multi-omics data is believed to result in more than the sum of 

its individual components191 and may sharpen our approach to disease prediction in IBD.192 

This is likely the case even more so when multi-omics data are examined longitudinally 

over time. While in other diseases systems biology is already commonly used,193–195 the 

journey in IBD has just begun.104, 196 To reach the ultimate goal several challenges need to 

be addressed.
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Available systems biology tools have been largely developed for cancer investigations.197 

In these diseases, often only a single specific gene mutation drives the pathology which 

may be, and is likely, different in IBD as a complex immune mediated disease. Hence, 

novel tools will need to be developed to account for this genetic heterogeneity. Current 

studies in IBD focus largely on individual -omics taken from larger populations and few to 

no datasets are available with multiple -omics from multiple tissues (biopsy, stool, blood, 

etc.) derived from only a few well characterized patients. It is however known that more 

-omics per patient with a smaller sample size reveal a more robust prediction compared 

to less omics in larger populations.198 Sample quality is of fundamental importance. This 

includes standardization and rigorous procurement protocols with documentation, when and 

how they were processed, storage conditions and quality controls. Finally, and perhaps of 

utmost importance is the clinical annotation of the samples. Examples include endoscopic 

evaluation only, without histologic confirmation or the lack of unified use of standardized 

and reliable scoring systems or patient reported outcome metrics. Only if the input material 

is solid can the output be trusted and be robust. What is not contributory is the fact that 

all published data is to be made available in publicly accessible datasets. These datasets 

all carry their own unique limitations, such as heterogeneity in patient cohorts, different 

procurement protocols, variable patient ages, missing data or different treatments, which 

then, even with the most sophisticated analysis pipeline, will yield incorrect results when 

combined with each other.

The solutions include a multi-omic analysis approach relying on the recruitment of 

significant numbers of patients in well planned, prospective, well characterized patient 

cohorts with standardized sampling schemes from multiple tissues (Figure 3). This is 

obtainable through multiple research designs, including registration randomized controlled 

interventional trials, cohort studies and increasingly prevalent IBD biorepositories.59 Sample 

collection should be ideally undertaken in a longitudinal fashion accounting for the 

environmental factors influencing IBD over time and to control for the fluctuations in 

disease activity. Once a biomarker signature is identified it should be validated in an 

independent dataset. What is often forgotten is the need to prospectively validate the 

relevance of the marker as otherwise any finding merely represents an association. Finally, 

even the perfect biomarker needs to show clinical impact. Prediction for the sake of 

prediction only is a weak sword against fighting IBD. For each biomarker, controlled trials 

needs to be performed to test if an intervention based on the biomarker ultimately improves 

outcome.

Provided these challenges clinical trials and cohort studies must change the current focus on 

only short term, symptomatic endpoints and consider predictive biomarkers and treatment 

targets within methodological designs. The wide spectrum of IBD phenotypes and severity 

of disease will need to be explored, if we are to understand treatment response and 

predict natural history. This includes older patients, those with mild-to-moderate disease, 

comorbidities as well as patients with prior response or non-response to anti-TNF or other 

biologic therapies.15, 24, 199 Such approaches could be facilitated by removing barriers to 

participation in research, using electronic patient records to identify potential participants, 

and promoting clinical and scientific principles in study design. This will become crucially 

important as predictive markers seek validation in randomized controlled trials. In these 
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instances, whilst current registration trials often report efficacy data following a randomized 

responder study design, studies trialling potentially clinically tractable predictive biomarkers 

will need to be developed to explore intention-to-treat outcomes a priori. Furthermore, a 

holistic approach to the goals of a predictive approach in IBD will be required, focussing 

both on inflammation and quality of life.200

Future approaches to precision medicine through understanding the mechanistic basis 

of disease biology, short- and long-term treatment response, and natural history are 

promising (Figure 4), and will help to achieve a collective goal to control and reverse 

inflammation, tissue damage and control excessive remodeling, ultimately preventing long-

term complications of IBD.
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Figure 1: 
Towards a new conceptual framework of immunological mechanisms of treatment resistance 

integrating cross-talk between immune, stromal and epithelial interactions.

The immune mechanisms of treatment resistance are complex and likely multifactorial. 

Key observations from different independent experiments, including high resolution single 

cell transcriptomics and cytometry experiments, indicate suggests common immunological 

themes in treatment resistance, typically involving communication circuits between mucosal 

immune cells and non-immune compartments, including stromal cells and epithelial cells. 

It is possible to integrate these paradigms into a potentially unifying hypothetic framework 

to identify at least one of the biological pathways associated with poor patient outcomes, 

tissue injury and treatment refractoriness. 1. Key proximal steps responsible for initiating 

severe inflammation are likely to involve mononuclear phagocytes (MPs), and especially 

CD14+ CX3CR1+ subsets, which are enriched in diseased tissue of IBD patients and 

play an important role sampling and responding to luminal antigens, including dysbiotic 

bacterial communities and other components of the exposome. 2. These MPs are a key 

source of cytokines implicated in treatment resistance, such as IL-1β, IL-23, oncostatin 

M and TNF, and other immune molecules, such as TREM1. 3. Some of these cytokines 
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act directly on key non-immune cells, including the stromal and epithelial compartments. 

The transcriptional response of different intestinal stromal cells to oncostatin M, and 

IL-1β in particular, is linked to resistance to steroids, anti-TNF and vedolizumab. Analysis 

of the biological pathway driven by these cytokines indicate activation of neutrophil 

attracting chemokines (CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8), extracellular 

matrix disruption (including expression of metalloproteinases MMP1, MMP3, MMP13) 

and augmented expression of hallmark fibroblast genes, such as THY1, PDPN, IL1l, 
IL13RA2. 4. In agreement with increased expression of neutrophil-selective CXC family 

chemokines, treatment resistant patients with significant tissue injury, including ulcers have 

increased neutrophil accumulation in inflamed tissue. IL-1 and IL-23 are important drivers 

of lymphocyte activation, including conventional CD4+ T-cells, MAIT cells and innate 

lymphoid cells (ILCs), triggering induction of multiple effector cytokines, such as IFNγ and 

IL-22. Indeed, IL-22 is also a potent inducer of neutrophil-active cytokines, particularly in 

intestinal epithelial cells. Notably, IL-22-responsive genes are also enriched in IBD tissue, 

including ulcers. The mechanisms that underpin the association of enhanced neutrophil 

recruitment, tissue injury and poor patient outcomes are not known, but neutrophils 

themselves have potent inflammatory activity as producers of reactive oxygen species, tissue 

damaging metalloproteinases, extracellular traps and can produce cytokines.
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Figure 2: 
Future of precision medicine discovery and validation: Intergation of multi-omics/systems 

biology.

The current approach of analysing individual omics separately needs to be changed to an 

integration of all omes’ using systems biology to identify central regulatory nodes allowing 

precision medicine.
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Figure 3: 
Conceptual basis for optimal future precision medicine clinical trial and cohort design for 

short term and long-term outcomes in inflammatory bowel disease

A. Future observational cohort or interventional trials in precision medicine should be 

designed around relevant outcomes of interest. Short term outcomes such as treatment 

response/remission, non-response, loss of response and durable remission should have 

at least 1 year, ideally longer follow up. For Long term studies assessments should 

begin at diagnosis (or pre-diagnosis to assess disease risk or prevention) and continue 
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for many years to study complications of disease such as stricture formation, abscess, 

neoplasia, surgery or postoperative recurrence. Crucial for both types of study is longitudinal 

collection of clinical outcome data, coupled with patient reported information, deep clinical 

phenotyping and appropriate biosampling to collect multiple tissue or sample types, at 

multiple timepoints. B. Biosamples should be analysed using multi-omic technologies or 

hypothesis-led targeted phenotypic assays and data integrated by computational means. This 

will provide multidimensional biological understanding, for example of disease progression, 

response to therapy, and biomarker discovery and validation. C. Remaining biosamples 

should be archived in biorepositories to facilitate targeted laboratory functional exploration 

or validation of biological insight informed by -omic approaches. Key to success is the 

association of these biorepositories with clinical metadata and bioinformatic pipelines to 

identify and refine big data discoveries and to formulate relevant hypotheses.
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Figure 4: 
Promising future approaches to precision medicine along the spectrum of the natural history 

of inflammatory bowel disease.

A. Pathogenetic conceptual basis for response to therapy and natural history of IBD: A 

complex interplay of environmental factors, genetic factors and a dysregulated inflammatory 

response including immune and non-immune cells. B. Potential markers for short term 

response to therapy. C. Potential markers for long term response to therapy/avoidance of 

complications of chronic inflammation and fibrogenesis. Abbreviations: ECM: Extracellular 

matrix; OSM: Oncostatin M; TREM: Triggering receptor expressed on myeloid cells 1; 

IL13RA2: Interleukin 13 receptor alpha 2; NOD: Nucleotide oligonerization domain; MHC: 

Major histocompatibility complex
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Table 1:

Future research priorities in precision medicine

Improved disease classification and understanding of natural history:

  • Natural history: Patient stratification into complicated and indolent disease courses

  • Exposome: Understand which environmental factors are linked to IBD pathogenesis, what influences susceptibility to these factors and at 
what time in an individual’s life these environmental factors have greatest impact.

  • Patient heterogeneity: Improve IBD stratification by multi-omics approaches. Create more effective molecular sub classifications in IBD. 
Link stratifications to clinically meaningful outcomes.

Optimal design of cohort studies and clinical trials:

  • Design of short-term studies: Factors governing treatment response and (primary and secondary) non-response.

  • Design of long-term studies: Factors leading to long term consequences of IBD including malignancy, fibrosis and surgery risk.

  • Definition of key clinical outcomes, surrogate endpoints and treatment targets: Short term (response and remission, mucosal healing, early 
drug side effects) and long term (hospitalisation, fibrosis, surgery, neoplasia, de-escalation of therapy, long term drug side effects).

  • Phenotyping: Use of multi-omic technologies on relevant clinical material including blood, intestinal tissue, stool, saliva and urine.

  • Inclusivity: Address inequalities in research methodologies including access across ethnic groups, ages and countries.

  • Head to head studies: Better understand comparative efficacy of therapeutic interventions.

  • Biomarker stratification: Discovery and validation of predictive or prognostic biomarkers embedded from outset of clinical development 
programmes.

  • Tissue sampling: Defining mechanisms to support multicentre collection, shipping, cryopreservation and storage of samples. Development 
of governance to access, protocols and technologies to profile readily available clinical archival material (e.g. formalin fixed paraffin embedded 
(FFPE) tissue).

Computational integration:

  • Digital health: Collection, interpretation and visualisation of healthcare data from electronic healthcare records for research.

  • Collaboration: Encouragement of multicentre industry-academic-informatic partnerships.

  • Bioinformatic training: Availability of training and open access sharing of bioinformatic pipelines including emerging artificial intelligence 
and machine learning approaches.

  • Data integration/systems biology: Development of multi-omic integrative approaches to incorporate clinical, microbiome, metabolome, 
transcriptome, genome with environmental exposure.

Mechanistic biological validation:

  • Functional experiments: Testing of biological implications of immune and microbial associations identified by -omic studies.

Incorporation of precision medicine strategies into clinical practice:

  • Health economics: Delineation of models relevant to diverse healthcare settings, financial structures and populations globally.

  • Accessibility: Availability of high throughput, accessible and cost-effective technology to introduce biomarkers in clinical practice.

  • Clinical guidelines: Incorporation of validated biomarkers in treatment pathways.
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