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Abstract

Inflammatory bowel diseases [IBD] are a heterogeneous spectrum with two extreme phenotypes, 
Crohn’s disease [CD] and ulcerative colitis [UC], which both represent numerous phenotypical 
variations. Hence, we should no longer approach all IBD patients similarly, but rather aim to rethink 
clinical classifications and modify treatment algorithms to usher in a new era of precision medicine 
in IBD. This scientific ECCO workshop aims to provide a state-of-the-art overview on prognostic and 
predictive markers, shed light on key questions in biomarker development, propose best practices 
in IBD biomarker development [including trial design], and discuss the potential for multi-omic 
data integration to help drive further advances to make precision medicine a reality in IBD.
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1.  Introduction

Inflammatory bowel disease [IBD] consists of a spectrum of various 
phenotypes within the two broader classifications of Crohn’s dis-
ease [CD] and ulcerative colitis [UC].1,2 Even considering such broad 
diagnostic umbrella terms, is it important to note that there is not 
just one CD or one UC entity, but rather numerous variations that 
differ in clinical presentation and behaviour, which likely reflects 

differences in underlying pathogenic mechanisms. Hence, we can no 
longer approach all IBD patients similarly. With rapidly expanding 
technologies that allow detailed molecular profiling,3 we should 
rethink clinical classifications and modify treatment algorithms to 
usher in a new era of precision medicine in IBD [Table 1].

Until now, clinicians have mainly relied on clinical markers 
with poor accuracy and limited predictive value.6 This is due to the 
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retrospective nature of most studies, loose definitions of predicted 
outcomes, and the heterogeneous medical approach to patients. 
Although a treat-to-target approach currently supports rigorous 
monitoring, with treatment changes if predefined goals are not met,7,8 
the identification of prognostic and predictive markers provides sig-
nificant promise to further improve clinical care. A  long-held goal 
within the field has been to accurately predict disease course at diag-
nosis and respond accordingly by administering therapies that are 
optimal for the individual patient at the molecular level, and would 
thus optimise treatment response. Although much progress has been 
made, routine and accurate application of precision medicine bio-
markers is not currently possible in IBD clinical practice.

Precision medicine in IBD might sound unrealistic, especially due 
to the heterogeneity and complex pathophysiology of the disease. 
However, achievements in other fields, such as oncology,9–11 suggest 
otherwise and support our belief that the IBD community should 
invest in prognostic and predictive biomarkers. Although progress 
has been made in recent years, translating findings into daily clinical 
practice is a lengthy process, as observed in other diseases such as 
cystic fibrosis.12 This is not simply due to waiting for clinical trials. 
Rather, the poor understanding of the molecular mechanisms that 
drive disease heterogeneity is the greatest bottleneck, which should 
be addressed to deliver biomarkers with robust clinical potential.

This ECCO scientific workshop on precision medicine aims to 
provide a state-of-the-art overview on prognostic and predictive 
markers [Figure 1], shed light on key questions to be answered in 
biomarker development, propose best practices in IBD biomarker 
development [including trial design], and discuss the potential for 
multi-omic data integration to help drive further advances to make 
precision medicine a reality in IBD.

2.  Prognostic Biomarkers, a State-of-the-art 
Overview

It is widely recognised that addressing and understanding disease 
prognosis is one of the cornerstones for developing a precision-
medicine approach in any condition,13 including IBD.14,15 While 

clinical features predictive of future IBD outcomes have been sug-
gested,16 many of these have not been validated or are not suffi-
ciently prognostic to guide therapeutic decision making.

A focus of biomarker development in IBD has been the study 
of intestinal biopsies, the site of active inflammation. The most im-
portant prognostic findings from biopsy studies were revealed in the 
RISK study; an extracellular matrix signature derived from intestinal 
biopsies of newly-diagnosed paediatric CD patients was predictive 
of developing stricturing disease when patients were followed up for 
3 years.17 The RISK study group demonstrated that combining age, 
race, disease location, antimicrobial serologies, and ileal gene signa-
tures provided a promising prediction model, which needs further 
validation in independent paediatric and adult cohorts. The RISK 
study not only underscored the value of large, well-characterised, 
prospective cohorts before initiation of treatment, but also high-
lighted important limitations in observational, multicentre cohorts; 
namely, treatments are often non-protocolised, resulting in highly 
varied management between sites, and the lack of specificity of 
phenotype classifications may hinder generalisability for ascertain-
ment of outcomes.18 Additionally, the initial prognostic performance 
was assessed using a split-sample validation or leave-one-out cross-
validation, which involves re-sampling of individuals from the same 
cohort as the patients in which the biomarker was discovered. This 
approach increases the risk of ‘overfitting’, which occurs when data 
have been so tightly modelled on that of the discovery cohort that 
it subsequently does not replicate in independent cohorts.19 This is 
likely to be a major reason why many described biomarkers fail to 
validate when tested in independent cohorts, thus highlighting the 
critical need for additional validation to ensure analytical validity.20

Given the invasiveness of endoscopic procedures, the devel-
opment of accurate non-invasive biomarkers becomes a priority. 
Therefore focus has turned toward blood-based biomarkers, which 
would be simple and acceptable to most patients. Based on initial 
promising prognostic DNA methylation signatures from intestinal 
epithelial cells,21 DNA methylation signatures in peripheral blood 
leukocytes have been assessed, although no association with clin-
ical outcome was demonstrated.22 Genome-wide association studies 
[GWAS] in IBD have also identified a genetic contribution to disease 

Table 1. BEST biomarkers proposed by the FDA/NIH Working Group.a

Biomarker type Biomarker definition

Susceptibility/risk biomarker A biomarker that indicates the potential for developing a disease or medical condition in an individual 
who does not currently have clinically apparent disease or the medical condition [see Torres et al.4]

Predictive biomarker A biomarker used to identify individuals who are more likely than similar individuals without the 
biomarker to experience a favourable or unfavourable effect from exposure to a medical product or 
an environmental agent

Diagnostic biomarker A biomarker used to detect or confirm presence of a disease or condition of interest or to identify indi-
viduals with a subtype of the disease

Monitoring biomarker A biomarker measured serially for assessing status of a disease or medical condition or for evidence of 
exposure to [or effect of] a medical product or an environmental agent

Pharmacodynamic/response biomarker A biomarker used to show that a biological response has occurred in an individual who has been ex-
posed to a medical product or an environmental agent

Safety biomarker A biomarker measured before or after an exposure to a medical product or an environmental agent to 
indicate the likelihood, presence, or extent of toxicity as an adverse effect

Prognostic biomarker A biomarker used to identify likelihood of a clinical event, disease recurrence, or progression in pa-
tients who have the disease or medical condition of interest

Reasonably likely surrogate endpoint An endpoint supported by strong mechanistic and/or epidemiological rationale such that an effect on 
the surrogate endpoint is expected to be correlated with an endpoint intended to assess clinical benefit 
in clinical trials, but without sufficient clinical data to show that it is a validated surrogate endpoint

aFDA-NIH Biomarker Working Group. BEST [Biomarkers, EndpointS, and other Tools] Resource [Internet]. Silver Spring [MD]: Food and Drug Administration 
[US]; 2016. Bethesda MD: co-published by National Institutes of Health [US]; 2016.5
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prognosis.23,24 However, given the low odds ratios [OR] observed 
for associated variants, these findings are not sufficient to guide IBD 
patient stratification. Consistent with this, several other blood-based 
tests, serological, genetic, or a combination of both, may have prog-
nostic potential.25–27 However, none of these have been implemented 
in daily clinical practice for several reasons. These include the fact 
that these findings were mostly derived from associative studies, 
with limited effect sizes to impact on clinical decision making and 
without [prospective] replication. To date, there is only one valid-
ated prognostic blood test,28 which was originally derived from a 
gene-expression signature of CD8 + T cells in treatment-naïve, 
newly-diagnosed patients with IBD.29 Accordingly, this blood-based 
prognostic biomarker is being assessed in the PROFILE trial, where 
newly diagnosed patients with CD are stratified based on their bio-
marker status to assess if it reliably informs the selection of the 
most effective treatment strategy for each individual patient.30 This 
whole-blood prognostic signature illustrates the inherent challenges 
regarding the time required for discovery, validation, and translation 
for any successful biomarker.

Recent knowledge suggests that metabolomic or metagenomic 
profiles, or both, may be powerful biomarkers in the future. 
However, the methodology for such profiles is less established and 
findings appear to vary considerably across individuals and studies. 
Several studies report an enumeration of bacterial taxa that are as-
sociated with disease activity, but none of these taxa currently has 
proven clinical utility as a prognostic marker.31 This limitation may 
be due to the broad inter- and intra-individual variability in the 
human microbiome.32

Another emerging area covers radiomic or imaging-based bio-
markers. Findings at an initial scan before initiation of therapy 
may prognosticate disease course by recognising underlying bowel 
damage from long-term inflammation. One potential radiomic 
tool is the Lémann index [LI], which is a scoring system that uses 
clinical, endoscopic, and magnetic resonance enterography [MRE] 

information to assess cumulative disease burden.33,34 A comparison 
of disease activity by the Magnetic Resonance Index of Activity 
[MaRIA] and bowel damage by LI revealed that bowel damage and 
the LI [but not MaRIA] are independent prognostic factors for in-
testinal surgery (hazard ratio [HR]: 3.2 and 1.1, respectively) and 
of CD-related hospitalisation [HR: 1.88 and 1.08, respectively].35 
Additional MRE prognostic features include length of ileal disease 
and bowel wall thickness.36 Likewise, small intestine oral contrast 
ultrasound scores have been developed that assess bowel wall thick-
ness, lumen diameter, lesion length, number of lesion sites, presence 
of fistula, mesenteric adipose tissue alteration, abscesses, and lymph 
nodes. The sonographic lesion index for CD can be prognostic for 
surgery within a 1-year follow-up.37 There are ongoing efforts to 
use artificial intelligence to capture key radiological features of pre-
dictive value.

3.  Predictive Efficacy and Safety Biomarkers, 
a State-of-the-art Overview

Easily accessible biomarkers that can predict therapy [non-]re-
sponse would greatly improve patient outcomes. Primary non-
response to anti-tumour necrosis factor [TNF] agents has been 
linked to various clinical features, including age at treatment initi-
ation and previous surgery,38 whereas associations with baseline in-
flammatory burden have been conflicting.39–41 Similar scoring tools 
have been developed to predict vedolizumab and ustekinumab re-
sponse,42,43 including clinical features such as previous surgery, 
anti-TNF exposure, baseline serum albumin, and draining fistula. 
Given the large overlap in predictive features between individual 
therapies, treatment stratification based purely on clinical fea-
tures has been regarded as ultimately having limited capacity for 
selecting molecular pathway-based specific treatments. Therefore, 
there is a high unmet need for identifying molecular predictive 
biomarkers.
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Figure 1. Utility of prognostic and predictive biomarkers along the inflammatory bowel disease [IBD] patient’s journey. Published with permission from ©Mount 
Sinai Health System.
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One of the first applications of genetics in IBD therapeutics 
aimed to identify patients at higher risk of side effects. A  histor-
ical example was successfully translated to routine clinical prac-
tice, specifically the association of polymorphisms in the enzyme 
thiopurine methyltransferase [TPMT] and thiopurine-induced 
myelosuppression.44 Testing for TPMT before commencement 
of thiopurines and appropriate dose reduction reduces the risk of 
myelosuppression by 10-fold in risk allele carriers.45 GWAS also 
identified an additional susceptibility locus in the nudix hydrolase 
15 [NUDT15] gene region, which is associated with bone marrow 
suppression.46,47 Polymorphisms in these two genes explain almost 
50% of thiopurine-induced myelotoxicity, providing a strong ra-
tionale for genotype screening before thiopurine initation.48 GWAS 
approaches have also identified genetic factors that predispose to 
aminosalicylate-associated nephrotoxicity. A strong association with 
the human leukocyte antigen [HLA] region has been demonstrated, 
but the rarity of this adverse event has precluded its adoption in 
clinical practice.49

Multiple genetic association studies have also explored the rela-
tionship of genetic variants for response to therapy in a retrospective 
manner, often limited by low sample size.50 In one of the largest 
observational studies addressing the topic of immunogenicity [a 
common cause for loss of response to anti-TNF agents51], the PANTS 
study identified through whole-exome sequencing an association 
between the HLA-DQA1*05 haplotype and the risk of immuno-
genicity to anti-TNF agents.52,53 Considering that HLA-DQA1*05 
carriage almost doubles the risk of immunogenicity, pre-treatment 
screening may allow for a more informed decision on the benefit-risk 
balance of monotherapy versus combination therapy.

Transcriptional profiling has been at the forefront in predictive 
biomarker development, especially at the tissue level. Early micro-
array studies that profiled mucosal gene expression of anti-TNF naïve 
patients with colonic CD or UC identified four genes [IL13RA2, IL-
11, IL-6, TNFAIP6] that accurately separated responders from non-
responders to infliximab induction.54,55 This IL13RA2 signal was 
later replicated in independent cohorts.56,57 An attempt to refine the 
original signature generated by using samples from the ACT1 trial, 
and to validate it in a phase 2a trial of golimumab in UC, was unsuc-
cessful.55,58,59 Despite the negative result, this pilot study highlighted 
key factors for successful biomarker discovery. These include the 
need for tight outcome definitions and for addressing other causes 
of non-response, including immunogenicity or drug underdosing. 
Due to the increasing number of publicly available datasets, a meta-
analysis across studies may provide further insights into both disease 
pathogenesis and biomarker discovery. For example, Oncostatin M 
[OSM] is one of the most highly expressed cytokine genes in the 
mucosa of anti-TNF non-responders. Using an elegant experimental 
set-up, the authors not only validated the predictive value of OSM 
mRNA quantification in multiple cohorts, but also provided mech-
anistic proof that it may be an alternative, targetable, pathway.60

The combination of single-cell approaches with transcriptomic 
profiling has allowed for a much more granular overview of 
gene expression within cellular clusters. Using a combination of 
transcriptomic and proteomic single-cell platforms, Martin et  al. 
identified a functionally interconnected group of activated cells [in-
flammatory macrophages, IgG+ plasma cells, activated T cells, den-
dritic cells, and stromal cells] enriched in the mucosa of anti-TNF 
CD non-responders.61 A  significant challenge in translating these 
findings remains the transposition of a complex genetic signature 
to a test that can be easily used in routine clinical care. Whether 
these signatures of non-response are anti-TNF specific and not 

simply representing a generic treatment-refractory phenotype re-
mains to be established, especially as this indeed seems to be the 
case with OSM.62 Reassuringly, studies exploring biomarkers to 
anti-trafficking agents have not identified a relevant overlap with 
transcriptional biomarkers of response to anti-TNF agents. In a bio-
marker discovery study performed in tandem with a phase 2 ran-
domised controlled trial [RCT] testing the efficacy of etrolizumab 
in anti-TNF naïve UC patients, baseline levels of integrin alpha ε 
[ITGAE] and granzyme A [GZMA] in the intestinal mucosa pre-
dicted endoscopic response.63 Additionally, baseline expression levels 
of four genes [PIWIL1, MAATS1, RGS13, DCHS2] were identified 
to predict endoscopic response to vedolizumab.64 None of these 
genes predicted response to anti-TNF therapy. Serum IL-22 was pre-
dictive for anti-IL23p19 success [MEDI2070] in a recent phase 2 
RCT trial in patients with CD.65

Transcriptional profiling of peripheral blood may also hold 
promise for biomarker discovery. Baseline expression of Triggering 
Receptor Expressed in Myeloid Cells-1 [TREM1] in both gut and 
blood accurately predicted poor response to anti-TNF therapy, al-
though conflicting results have been published.66–68 Hence, larger val-
idation studies are necessary.

The combination of metabolomic, metataxonomic, or 
metagenomic profiling has been explored for biomarker discovery.69,70 
Overall, patients with a more diverse baseline microbiome and 
higher microbial diversity show better response to anti-TNF agents, 
vedolizumab, and ustekinumab. Fewer mucus-colonising bacteria, a 
higher abundance of short-chain fatty acid-producing bacteria, and 
lower abundance of pro-inflammatory bacteria are also associated 
with a favourable outcome.31,71 Models based on a combination of 
clinical data and microbiota have good predictive accuracy [vedoNet 
being an excellent example] and certainly merit further investigation 
as a potential predictive tool of the future.72

Integration of profiles targeting different omics layers may 
provide an advantage in biomarker discovery. In an inception co-
hort study of 428 paediatric UC patients receiving standardised 
mesalamine or corticosteroids and with a pre-defined protocol for 
therapy escalation, the combination of mucosal gene-expression 
signatures and abundance of bacterial species with clinical indices 
could predict upfront who would require escalation to anti-TNF 
therapy.73 Due to the increasing complexity of such multi-omic data, 
machine-learning approaches will be increasingly essential to use the 
full power of these analyses.3

4.  Key Questions in Biomarker Development

Effective integration of biomarkers into IBD clinical practice will ul-
timately rely on well-designed and coordinated efforts in biomarker 
research. To advance biomarker development, careful consideration 
must be given to the specific questions and criteria used in study 
designs and evaluation of potential markers. We recommend the fol-
lowing key areas as important considerations and priorities when 
developing biomarkers of prognosis and response to therapy in IBD 
in Box 1.

4.1.  Defining clear, objective, and relevant clinical 
outcomes
Clear and objective outcomes are essential for robust endpoints in 
biomarker research, where reproducibility is critical. We first must 
define what it is we want to predict, as endpoints will directly inform 
the performance of any biomarker. For prognosis, outcomes should 
reflect adverse disease-related events from both patient and health 
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system perspectives. We propose that outcomes for prognostic bio-
marker performance should include IBD-related surgery, IBD-related 
hospitalisation, need for biological or small-molecule therapy, and 
new disease-related complications by Montreal classification [new 
stricture, abdominal fistula, or abscess, or perianal fistula or abscess 
for CD, and disease extension for UC]. Each of these outcomes has 
been used in previous studies investigating impact of therapy and 
early endoscopic healing on the prognosis of IBD.8,74,75 These out-
comes could be used individually, or ideally as a composite, to cap-
ture a range of events that would be considered as comprising poor 
prognosis. In addition, newer outcomes of interest may be used in 
future prognostic biomarker research, including the IBD Disability 
Index [IBD-DI] and the LI.34,76 The IBD-DI and LI may become more 
widely used outcomes as local expertise and familiarity become 
more common.

Outcomes to assess biomarkers of response can incorporate 
shorter- or longer-term endpoints, or both. Given the increased im-
portance of objective metrics of response, outcomes for therapeutic 
response should ideally be based on endoscopic, histological, or 
radiological assessments [or combinations thereof] of disease ac-
tivity within 6–12 months after initiating a new therapy or at time 
of loss of response.77,78 Various definitions of endoscopic remission 
have been proposed, including specific endoscopic score cut-offs, 
percentage decrease from baseline score, or absence of ulcerations.79 
Although these are reasonable endpoints, the ideal endoscopic target 
is still a subject of active investigation, as is the radiological target. 
Whether we should aim for mucosal or transmural healing is still 
debated, although this will undoubtedly affect biomarker develop-
ment. To align RCT data as much as possible with real-world obser-
vational cohorts, time points for response assessment in biomarker 
studies should parallel RCT endpoints that are commonly at the end 
of induction [primary non-response] and the end of the first year of 
maintenance [secondary non-response]. Alternative outcomes may 
include longer-term durable steroid-free response, with incorporation 
of objective resolution of inflammation [non-invasive blood or stool 
markers, endoscopy, or combinations thereof], fibrosis, or both.

4.2.  Incorporating adequate drug exposure in 
assessment of response to therapy
Although therapeutic drug monitoring has been increasingly used 
in clinical practice, especially for anti-TNF agents, to date it has 
rarely been considered in IBD biomarker research. Incorporation of 
drug-concentration data into biomarker study designs will be key to 
developing more robust predictors of response to therapy. Outcomes 
in these studies should be conditioned on having adequate drug con-
centrations present at the time of response assessment, minimising 
the risk that mechanistic or molecular responders are considered 
non-responders because of inadequate exposure. Whereas the ‘op-
timal’ drug concentrations are not firmly established and may differ 
from patient to patient, biomarker studies should at least require the 
presence of drug in the blood at the time of outcome assessment or a 
minimum concentration as currently accepted.80,81

4.3.  Assessing biomarkers in specific patient 
populations and/or timepoints in disease course
To date, many biomarker results have not been consistently replicated 
in other cohorts or have been conflicting, as recently highlighted with 
whole-blood TREM1.66–68 This is likely due to the heterogeneity of 
studies, including differences in patient populations and outcome def-
initions. Biomarkers may be specific to certain disease states and may 
depend on the specific IBD patient clinical scenario. Prognostic bio-
markers will be of greatest utility at specific time points in the disease 
course, especially at diagnosis [Figure 1], to inform treatment and 
disease monitoring strategies. Another key juncture where prognostic 
biomarkers can have significant value is in the postoperative setting, 
to help determine which patients need immediate post operative 
prophylaxis versus those who may only require therapy monitoring. 
It is possible that, following therapy introduction, biomarkers change 
over time and provide a more dynamic and accurate prognostication 
of disease course. This is another area that warrants further research. 
However, such biomarker changes might also complicate their use 
and their potential for generalisation in daily clinical practice.

  Box 1. Priorities for research in predicting disease outcome and response to therapy in inflammatory bowel disease [IBD].

–    Defining clear, objective, and clinically relevant outcomes
◦	 Prognostic: IBD–related surgery versus IBD-related hospitalisation versus new disease-related complications 

versus need for biologic/small-molecule agents versus IBD-DI [Disability Index] versus cumulative bowel damage 
scores [such as Lémann index] versus …

◦	 Predictive: mucosal versus transmural healing, and definitions for these
– Incorporating adequate drug concentration for biomarkers of response to therapy
– Assessing biomarkers in specific patient populations and/or timepoints in the disease course

◦	 Prognostic: at diagnosis and in postoperative setting
◦	 Predictive: biologic-naïve patients versus at the time of biologic failure [considering prior/current drug exposures]

– Defining criteria for evaluating performance and impact of new biomarkers
– Standardization of baseline clinical data and phenotyping, including response, across independent studies, allowing 

pooled data analysis and direct comparisons
– Biomarker incorporation into clinical trials: early-phase interventional trials in IBD should have exploratory  

biomarker development projects built into funding, design, and analysis. Results should be published, even if  
negative. Appreciation for the length of time and preparation required prior to initiation of such designs, and the  
general difficulties of obtaining funding for pre-trial methodology and planning activities

– Increased academia-industry collaborations to combine intellectual expertise and experience and to mine randomized 
controlled trial datasets and samples

– Well-powered ambitious prospective studies that are specifically designed towards accumulation of data for several 
molecular layers
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Biomarkers for therapy response should also consider disease 
state, in particular current and previous treatment exposures. For ex-
ample, RCTs have consistently revealed lower response rates in pa-
tients with previous anti-TNF exposure, so this group of patients may 
require a different set of biomarkers to select subsequent treatment, 
which are distinct from patients who are biologic naïve. Biomarker 
study designs should focus on specific common clinical scenarios 
to inform patient selection. For example, such studies should focus 
on biologic-naïve patients to inform selection of first-line biologic 
therapy and on the selection of a subsequent therapy at the time of 
biologic failure. As many health systems and insurers may promote 
anti-TNF as first-line therapy, particularly with the cost savings of 
biosimilars, predictive biomarkers for therapy selection following 
anti-TNF failure is a significant unmet need. Factors such as disease 
duration or disease phenotype [fistulising versus stricturing disease], 
and potentially even gender,82 are likely also important stratifying 
variables when analysing predictive biomarkers for therapeutic re-
sponse. Last, longitudinal assessment of biomarkers may provide 
additional predictive value by informing decisions on when to ter-
minate therapy early.

4.4.  Defining criteria for evaluating performance 
and impact of new biomarkers
To incorporate prospective biomarkers into clinical practice, they 
should show incremental value in addition to current common clin-
ical and commercially available laboratory parameters. Although 
evaluating the prognostic or predictive performance of a biomarker 
alone is an important step, such performance must ultimately 
be compared with other clinical variables. It is possible that bio-
markers, particularly if mostly indicative of inflammatory burden, 
may perform similarly to C-reactive protein or faecal calprotectin. 
We recommend that IBD biomarker studies compare the predictive 
performance of selected markers alone and with clinical parameters 
[such as age, disease phenotype, clinical laboratory values] and then 
verify whether the composite provides a significant improvement in 
prediction for biomarker alone or composite models. In IBD prog-
nosis biomarker studies, comparisons should be made with clinical 
risk factors for more aggressive disease and with consideration of 
transcriptional tests or serologies as comparison biomarkers that 
have demonstrated some prognostic capability.28,83,84

5.  Biomarker Development in Trial Design

Many of the major advances in IBD from recent decades have been 
facilitated by carefully performed RCTs, which have rightly been 
considered the gold standard for investigation of new interven-
tions.85 However, despite the increasing number of therapeutic op-
tions for IBD, remission rates across all mechanisms of action seem 
to plateau at approximately 30% for all drugs. Furthermore, there 
has been a worrying decline in recruitment to IBD trials globally.86 
This has been compounded by the detrimental effect of coronavirus 
disease 2019 [COVID-19] on trial recruitment and a need to con-
sider alternative methods for future IBD trial conduct.87 Accordingly, 
there have been growing concerns in the field that such a trajectory 
is not sustainable and that there is a pressing need to address some 
of the inefficiencies of clinical trials in IBD.88

5.1.  General trial aspects in biomarker 
development
There are multiple focus areas that can address clinical trial effi-
ciency. These include greater use of adaptive platform designs and 

appropriate selection of outcome measures to reduce the [historic-
ally high] placebo response rates in IBD.89,90 Whereas these topics are 
beyond the scope of this manuscript, biomarker incorporation into 
RCTs is another way to improve efficiency of trial design and even-
tually clinical practice. Many of the developments in clinical trials 
will be driven and complemented by studies that provide a greater 
overall understanding of disease pathogenesis. This will ultimately 
result in better target selection,91 more accurate biomarkers, and key 
efficiency savings for pharmaceutical companies in drug develop-
ment programmes.

All the aforementioned biomarkers in IBD perfectly illustrate 
that there is no single correct approach to biomarker development; 
biomarkers with strong credentials can be, and have been, devel-
oped from both prospective observational cohorts and prospective 
clinical trials. The development and validation of ITGAE and OSM 
gene expression levels using datasets from RCTs60,63 highlights the 
extremely valuable information that can be gained from post-hoc 
analysis of RCT data. Clinical trials in IBD, particularly industry-
sponsored trials, typically collect numerous biological specimens 
at fixed and regular time points and have highly curated and de-
tailed clinical phenotyping databases from prospective follow-up 
of patients during the trial. In addition, there is often longer-term 
follow-up through open-label extension programmes.

We note the recent and commendable efforts by the pharma-
ceutical industry to build molecular and translational analyses into 
trials, to allow for identification and validation of drug-specific bio-
markers for response.65 However, as not all of these analyses have 
been reported, we would strongly recommend publication of such 
biomarker studies, regardless of the results obtained, to help advance 
knowledge and understanding in the field. Given the considerable 
inefficiency and the time required to recruit and follow up large 
cohorts of patients with IBD, the availability of already collected, 
archived samples and detailed datasets from clinical trials provides 
a rich opportunity for exploration and collaboration.92 Accordingly, 
we strongly encourage increased academia-industry collaboration in 
the near future to combine intellectual expertise and experience and 
to mine RCT datasets and samples to ultimately drive biomarker de-
velopment, validation, and further progress in the field.

With regard to trial design, it is important to carefully plan and 
account for which samples could be collected for development of 
future biomarkers. The number and nature of both procedures and 
samples will be dictated by multiple factors, such as funding, eth-
ical approval, trial duration, and availability of staff and facilities, 
among other considerations. However, sponsors should consider 
collection [and appropriate storage] of whole blood, serum, stool, 
peripheral blood mononuclear cells, biopsy samples, and endoscopic 
and imaging results whenever possible.

5.2.  Biomarker development embedded in early 
drug development
It is worth noting that in analogous clinical trials in oncology, pro-
spective therapeutics typically do not proceed beyond early-phase 
trial investigation if there is no accompanying predictive biomarker 
identified, regardless of possible efficacy signals for the therapeutic 
agent.93 Although this may not be the case yet for IBD, we urge all 
early-phase interventional trials in IBD to have exploratory bio-
marker development projects built into trial funding, design, and 
analysis. Reassuringly, we note that this is already consistent with 
practices for many commercial companies and ongoing trials in 
IBD.94

Coupled with furthering progress in the field and the possibility 
for improved clinical outcomes for patients, there is also significant 
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benefit to trial sponsors from focusing on biomarker development in 
the early-phase setting. If companion biomarkers to predict response 
or non-response to therapies can be identified, this would allow for 
more efficient designs and smaller sample sizes to be used in late-
phase trials to affirm validity/clinical utility. This would ultimately 
reduce costs for each individual trial and potentially expedite the ap-
proval of regulatory submission packages following trial completion.

5.3.  A need to determine clinical utility
For biomarkers that have demonstrated analytical validity, the most 
important next step is determining whether there is clinical utility, 
which would provide definitive evidence to guide therapeutic deci-
sion making. Whether this clinical utility requires assessment in a 
biomarker-guided RCT or in a real-world setting is still a matter 
of debate and largely depends on the type of biomarker and the 
credentials of the marker itself. An important point is that TPMT 
testing, assessed before initiation of thiopurine treatment, has never 
undergone assessment for clinical utility in an RCT setting. However, 
TPMT testing is widely used in most health care settings around 
the world.

For prognostic biomarkers, it is possible to have a biomarker 
with strong analytical validity that may not necessarily equate to 
clinical utility. In such instances, assessment in a biomarker-guided 
RCT is generally advised.95 For predictive biomarkers, such as 
those for therapeutic response and non-response, if the biomarker 
robustness is considered strong, the biomarker should be con-
sidered for use in clinical practice and assessed for clinical utility 
in a real-world setting, ideally through well-designed prospective 
observational studies. It is interesting to note that there are already 
anecdotal reports from centres adopting some of the novel pre-
dictive biomarkers into their standard of care, such as NUDT15 
testing before initiation of thiopurines and HLA-DQA1*05 testing 
before initiation of anti-TNF agents. However, there are other con-
siderations for biomarkers, including cost, reimbursement consid-
erations, approval from health care technology agencies [HTAs], 
and regulatory approval. Accordingly, there may be reluctance by 
many to use biomarkers in clinical practice without assessment in 
an RCT.

Biomarker-guided RCTs to assess clinical utility can be broadly 
divided into the following two categories: biomarker-guided trials 
using an adaptive design and biomarker-guided trials using more 
traditional, non-adaptive designs.96,97 Adaptive clinical trials allow 
modification of design features based on accruing information during 
the course of a trial; these designs are increasingly used in drug de-
velopment programmes.98 Importantly, there are many individual 
biomarker-guided designs, with similar terminology to describe them 
and subtle variations between each individual approach.97 Given the 
number of possible biomarker-guided trial designs, choosing an ap-
propriate design is challenging and requires careful consideration 
and close discussions with statisticians and trial methodologists with 
expertise in the area. The critical points to consider are the creden-
tials of the biomarker, including the prevalence of the biomarker in 
the population of interest, and the number and type of therapies 
available.

A further important consideration is the role of regulators in 
helping to support and drive innovation in RCTs to enable discovery, 
validation, and assessment for clinical utility across different phases 
of clinical trials. Whereas the Food and Drug Administration of the 
USA and the European Medicines Agency both encourage the col-
lection of data to develop or validate biomarkers, there has been a 
lack of clear guidance regarding the use of specific trial designs and 

what would be considered acceptable coefficients or metrics for use 
in RCTs.99 Moreover, it is currently unclear whether regulators or 
HTAs would accept findings from either RCTs or prospective valid-
ation cohorts in external territories, before confirmation for either 
regulatory approval or reimbursement, respectively. Likewise, the 
International Conference on Harmonisation [ICH] guidance [E16] 
on biomarkers was developed in 2011 and is in need of an update to 
reflect progress over the past decade.100 We believe that future regu-
latory advice and indeed greater uptake of biomarker-guided trials 
will likely be driven by case studies demonstrating successful imple-
mentation across the field.

5.4.  Various trial designs, depending on the 
biomarker context
A biomarker-stratified approach is a potentially suitable option for 
investigation of single biomarkers with strong credentials.95 Indeed, 
this approach was taken in the PROFILE trial. PROFILE is the first 
biomarker-guided trial in IBD where investigators used a biomarker-
stratified design to assess a prognostic biomarker for clinical utility 
to guide choice of therapeutic strategy following diagnosis.30 
Accordingly, several other groups around the world investigating 
single biomarkers are embarking on similar approaches to evaluate 
clinical utility, including the INHERIT trial [NCT04109300] to as-
sess clinical utility of HLA-DQA1*05 before initiation of infliximab 
in a Canadian IBD cohort.

When evaluating multiple therapies and multiple biomarkers, 
a biomarker-stratified design is typically inefficient, given that the 
trial size should be based on the effect observed in all patients, 
which is likely to be [at best] modest.101 In this respect, much can 
be learned from the oncology field.102 Presented with a similar chal-
lenge in the setting of metastatic colorectal cancer, the FOCUS4 
trial [ISRCTN90061546] was set up to investigate multiple mo-
lecular biomarkers and multiple therapies and did so using an um-
brella, platform protocol with a multi-arm, multi-stage [MAMS] 
approach.103 One of the advantages of a seamless phase 2/3 ap-
proach in the FOCUS4 platform was that biomarkers or treatments 
demonstrating preliminary lack of efficacy were dropped early from 
the platform, and promising new biomarkers or treatments were 
added as the trial progressed.104

The benefits and efficiencies of biomarker-guided trials have been 
described, but it is important to note the limitations and challenges 
experienced from using such novel approaches and designs.105 In par-
ticular, the length of time and preparation required before initiation 
of such designs, and the general difficulties of obtaining funding for 
pre-trial methodology and planning activities, should be considered. 
This may be an area of focus for sponsors and IBD societies to con-
sider in the future. To allow greater adoption across the IBD field, 
there is also a requirement for increased training and development 
to enable both familiarity and understanding of complex innovative 
trial designs.106

There are also many unknown aspects of conduct for biomarker-
guided trials. These include effects on recruitment and retention 
from use of more innovative [and potentially more complicated] trial 
designs, whether biomarker results should be blinded to patients 
or clinicians during trial conduct, the best comparison groups [ie, 
which standard-of-care treatments to incorporate], how best to com-
municate these results to both clinicians and patients and, import-
antly, how the results affect clinician decision making and patient 
behaviour. These questions, and many more, could and should be 
addressed by ongoing and future biomarker-guided trials in the field.
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6.  Multi-omics Paving the Way to 
Incorporate the IBD Interactome in Biomarker 
Development

Learning from ongoing and future clinical trials in IBD and from re-
lated medical fields should enable greater progress toward delivering 
the goal of precision medicine. How we subsequently analyse and 
integrate generated data is rapidly changing with the increasing 
availability of high-throughput profiling. Personalised medicine is 
no longer a theoretical concept but is already happening3; the use of 
intestinal organoids as an in-vitro model for cystic fibrosis is a key 
example.107

Multi-omic profiling has generated the IBD interactome, which 
has provided insights on the mechanisms involved in IBD.3,108 
Tentatively, a strategy towards biomarker discovery that summarises 
specific physiological phenomena associated with prognosis and 
response to therapy might serve to achieve predictors with clinical 
utility. Availability of such multi-omic based tools, especially in the 
early stages of the disease, would maximise the window of oppor-
tunity to reduce time to remission and the lower quality of life asso-
ciated with the current approach in treating IBD patients.6

However, several challenges preclude the discovery and imple-
mentation of multi-omic solutions in standard management of pa-
tients [Box  2]. First, the deliverables that can be obtained from 
multi-omic biomarkers is uncertain. For example, predictions 
based on genetic biomarkers necessarily present an upper limit re-
lated to heritability of the investigated trait.109 Although profiles 
based on more dynamic layers, such as transcriptomic or prote-
omic data, are certainly closer to the pathogenic events at the 
molecular level, it is often not appreciated that univocal positive 
predictions might not be achievable. Rather than striving for in-
dividualisation, envisioning ways to incorporate molecular-based 
stratification [eg, good versus poor response] might be the way for 
successful integration into the clinical setting. Second, basic studies 
for molecular biomarkers are often affected by biases that impede 
distinguishing between cause and consequence.84 Although this 
problem also affects observational studies for clinical risk factors, 
prospective and well-powered studies for multi-omic biomarkers 

can be very costly. This relates to a third aspect associated with the 
inherent complexity of multi-omic profiling. For instance, even if 
profiling of many technologies in several tissues allows for refine-
ment of biomarkers with large predictive power, collecting many 
different biosamples might be impractical in the clinical setting.110 
Fourth, the integration of multi-omic biomarkers into clinical deci-
sion making can be difficult. Measurements from molecular-based 
biomarkers can often be noisy due to inherent real within-patient 
variability. For instance, protein levels might make for an excel-
lent biomarker for longitudinal purposes, but genetic and lifestyle 
factors unrelated to the disease may complicate obtaining refer-
ence intervals.111 Hence, even if molecular biomarkers can provide 
orthogonal information that complements clinical factors easily 
obtained in routine patient care,17 those leading to well-defined 
thresholds and outcomes must be prioritised for successful integra-
tive risk modelling in the context of clinical trials. Finally, datasets 
should be made publicly available upon publication of the results, 
allowing re-analysis for different research questions and enabling 
pooled analyses and thus increasing power. Publishers and funders 
should not simply encourage, or even better require, raw data de-
position in the public domain, but should also insist on the avail-
ability of relevant metadata [which should ideally be standardised 
across the field].

The scope for multi-omic biomarkers for prognosis and re-
sponse to therapy depends on finding the right balance between 
cutting-edge technology and easy-to-implement clinical tools. We 
acknowledge the current problems clinicians face in implementing 
biomarkers, including lack of robustness, invasiveness, and difficul-
ties in measurements. However, clinical trials such as PROFILE dem-
onstrate that omic-based biomarkers can have actionable potential 
and can be incorporated into the algorithms and clinical toolkit used 
for longitudinal management of patients.28,112 Instead of promoting a 
patchy strategy that targets specific omic technologies in unpowered 
studies, a renewed focus on well-powered ambitious prospective 
studies that are specifically designed towards accumulation of data 
for several molecular layers may be the key to discovering unex-
pected yet reliable biomarkers associated with specific responses of 
interest.113 This is the objective of several Horizon2020 Innovative 

Box 2. Best practices and main challenges for biomarker development.

Best practices
– Well-defined ‘gold standard’ outcomes that are easily assessable/reproducible and clinically relevant [see Box 1]
–  Compare the prognostic/predictive performance of identified biomarkers with clinically established prognostic/predictive 

parameters
– Development in large, well-characterised prospective cohorts
– Reproducibility: independent validation to confirm the absence of overfitting
– Confirm clinical utility in a [randomised] trial format
– Deposit raw data and detailed metadata in the public domain
Main challenges
–  Highly varied management between patients due to lack of standardised treatment protocols and phenotyping in observa-

tional studies
– Variable, non-standardised endpoints in observational studies
– Biomarker applicability may differ in diverse populations with different genetic backgrounds, environmental exposures …
–  Translating a complex signature to a test that can be easily used in routine clinical care, especially in the context of a multi-

omic biomarker
– Distinguishing cause and consequence, advancing beyond pure associative studies
– Prospective and well-powered multi-omic studies are cost-prohibitive
– Lack of data dissemination and access to relevant data warehouses as available in other fields [ie, TCGA for cancer]
– Making relevant multi-omics datasets publicly accessible, including standardised phenotypic data and metadata
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Medicine Initiatives [IMI] projects [ImmUniverse, 3TR], IBD plexus, 
and many other collaborative initiatives.114 Besides allowing for in-
tegrative studies that can better refine our knowledge about the bio-
logical mechanisms associated with prognosis and drug response, 
this strategy could ultimately yield a panel of multiple markers that 
together provide likelihood of response to each mechanism and sub-
group associated with these events.6,115

7.  Conclusion

Over the past decade there have been major advances in under-
standing the prognosis of IBD and prediction of treatment response or 
non-response, with several promising biomarkers either undergoing 
validation in large prospective cohorts or currently being assessed 
for clinical utility. Ultimately, the best biomarkers will be those that 
can effectively guide treatment decisions and subsequently change 
disease course in the long term, which will likely involve the use of 
multiple complementary approaches [such as the IBD interactome].3 
We have highlighted several best-practice examples, including the 
main challenges encountered in biomarker development to date, and 
have outlined key research priorities for consideration by funders 
and research groups to help further advance progress towards preci-
sion medicine in IBD.
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