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A B S T R A C T

The past decades witnessed a significant stride in deciphering the pathophysiology of inflammatory bowel dis-
ease, which further advanced drug development adding several new biologicals and small molecules to the
arsenal of available therapies. Surprisingly, this wealth in therapeutic options did not yield the aspired high
durable response rates. In addition, the increase in therapeutic availabilities ignited an increase in research to-
ward biomarkers that could help assign therapies to patients with the highest probability of response. Luckily,
major steps have been undertaken in this domain which resulted in the discovery of some interesting biomarkers
that are still under validation. However, the pace in which this domain is progressing, the discordance between
short-term endpoints in biomarker discovery studies and the ambition of the disease community in modifying
disease course, and the uncertainties about the validity of discovered biomarkers highlight the need for a critical
appraisal of research conduct in this domain. In this review, we shed light on areas of improvement in biomarker
discovery studies that will help optimize the use of available therapies and break the current therapeutic ceiling.
1. Introduction

Inflammatory bowel diseases (IBD) are chronic immune-mediated
inflammatory disorders of the gastrointestinal tract entailing two main
entities: Crohn's disease (CD) and ulcerative colitis (UC). Both diseases
are characterized by a relapsing-remitting nature with heterogeneous
phenotypes, disease course and complications (Roda et al., 2020;
Kobayashi et al., 2020). Prevalence of IBD is forecast to increase in the
coming years, with a particular rise in incidence in recently industrialized
areas (Ng et al., 1474; Kaplan and Windsor, 1759). This epidemiologic
expansion will further compound the economic and social burden of IBD
(Kaplan, 2015). Although the exact pathophysiology of IBD remains
elusive, available evidence suggests that a dysregulated immune
response towards the microbiome in genetically and environmentally
susceptible individuals induces and maintains tissue damage (Chang,
2020). The widespread availability of high throughput analytical tech-
niques has led to a better understanding of IBD pathogenesis and resulted
in an ever-expanding therapeutic armamentarium with many new com-
pounds in late-stage development (Al-Bawardy et al., 2021). This
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increasing availability in therapeutic options is indeed embraced by IBD
physicians, but unfortunately not yet optimally utilized as evidenced by
the striking ceiling in remission rates (20%–30%) observed also with new
therapies (Alsoud et al., 2021a). Currently, assigning therapies is based
on clinical features, co-morbidities, side effects and patient preference on
mode of delivery of the drug and its speed of action. Furthermore, many
clinical and laboratory variables have shown an association with (non-)
response to available therapies such as disease duration, previous expo-
sure to anti-tumor necrosis factor alpha (anti-TNF-a) biologicals, baseline
laboratory values (such as albumin, C reactive protein (CRP) and cal-
protectin), increased weight and previous bowel resection (Kopylov and
Seidman, 2016). While these features may be informative to some extent,
none of them could predict the likelihood for a certain drug to induce
disease remission in a certain patient at a certain time with reliable ac-
curacy (Verstockt and Ferrante, 2020). Luckily, the aforementioned
complexity of the current therapeutic landscape in IBD was accompanied
by a shift in stance of IBD investigators and triggered an endeavor aiming
to optimize the use of available medications in a more efficient person-
alized approach. The early steps in this research domain delivered several
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promising biomarkers that are being currently further assessed for val-
idity and clinical utility (Verstockt et al., 2021a). However, despite the
widespread belief that predictive biomarkers are of high priority, this
domain has been facing many challenges complicating discovery and
validation of biomarkers. In this review, we outline challenges and pit-
falls in this infant field.

1.1. Defining the suitable outcome for an effective biomarker

Presently, there is a lack of consensus on the ideal outcomes for pa-
tients included in IBD randomized clinical trials (RCTs), real-life studies,
and biomarker discovery studies. Biomarker discovery studies have
aimed for a variety of endpoints, including normalization of inflamma-
tory markers, clinical or endoscopic response, or endoscopic remission
(Peyrin-Biroulet et al., 2015; Turner et al., 2021). This simple and uni-
dimensional approach currently used in assessing the outcome of thera-
pies in IBD does not appreciate the various and complex phenotypes of
the disease, nor serve the ambition of the IBD community in modifying
disease course and restoring the quality in all aspects of a patient's life.
For instance, a patient with fistulizing CD necessitating recurrent surgical
interventions and complicating daily life activities, but with only modest
luminal disease, cannot be counted as a real remitter in a biomarker study
considering solely a decrease in luminal endoscopic indices (such as
SES-CD) while the fistulizing component is not equally healed. Such
scenarios will lead to an overestimation of the real value of investigated
biomarkers. Predictive biomarker studies recruiting IBD patients with
heterogeneous phenotypes, are more likely to benefit from a holistic and
multi-dimensional assessment of therapy effect, which can be a com-
posite of several unidimensional outcome measures. The recent SPIRIT
initiative to establish a consensus on outcome measures for disease
modification could serve as a starting point towards an objective, holistic
and patient-centered outcome assessment that can be further adapted to
serve the aims of biomarker studies (Le Berre and Peyrin-Biroulet, 2021).
Alternatively, objectivity in assessing the reliability of discovered bio-
markers can be ensured by designing studies including subgroups of
patients with homogenous phenotypes, where therapy effect can be
adequately assessed in each subgroup using the most suitable simple
outcome measure. Besides the need to identify the most suitable out-
comes for IBD patients, the heterogeneity in outcome definitions is an
additional major limitation, especially in biomarker development. For
example, various definitions are being used for endoscopic remission,
including the absence of ulcerations or specific endoscopic score cut-offs
(Dulai et al., 2015). Standardizing outcomes definitions across IBD
studies is vital to ensure robustness in the discovery and validation of
new biomarkers, and to facilitate the comparison between results ob-
tained in different studies. Currently used endoscopic and histologic
indices have been constructed and validated as continuous variables and
proven to be correlated with other inflammatory biomarkers (CRP and
calprotectin). However, their categorization into binary or ordinal vari-
ables is still questionable. Dichotomizing continuous indices leads to an
important loss of information, and ignores within-category information
as all patients below or above a certain cut-off are treated as equal
(responder vs non-responder, with partial responders often categorized
as non-responders) (Fedorov et al., 2009). This information loss jeopar-
dizes the reliability of machine learning models used to select the ideal
panel of biomarkers as the explained-variance significantly drops (Alt-
man and Royston, 2006). Therefore, additional studies are required to
determine the clinically relevant minimal change in outcome indices,
investigate the non-inferiority of categorized outcomes, and define the
optimal cut-offs.

1.2. Aiming for biomarkers predicting primary non-response and long-term
response

To date, all studies investigating biomarkers for the prediction of
therapy outcome in IBD have been aiming for short-term response (6
2

months–1 year). Such biomarkers will undoubtedly be of a great
importance in assigning therapies and lowering rates of primary non-
response. While there are currently very limited long-term real-life re-
ports on non-anti-TNF-a drugs, the rates of loss of response are high for
anti-TNF-a biologicals (Roda et al., 2016). This reality forms a major
clinical challenge and make it reasonable to question the durability of
certain biomarkers as follow-up reports on accuracy performance of these
biomarkers in predicting long-term outcomes are lacking. Without the
guarantee to predict long-term benefits of a certain drug, the
cost-effectiveness of biomarkers-based therapy assignment in compari-
son with the current random trial-and-error approach might be limited to
some extent. However, it is presently not clear from the available evi-
dence whether the same biomarkers predicting initial (non-)response
would also be capable of predicting the maintenance of a stable
long-term remission, as pathways involved in these processes may be
different. Therefore, researchers are encouraged to also report on the
long-term predictive performance of biomarkers, and to investigate
molecular processes underlying “loss of response” phenomenon and IBD
flares. These parallel efforts are necessary to ultimately break the impasse
of cycling biologicals which a considerable proportion of patients is
currently facing. Predicting (non-)response to biologicals and small
molecules will undoubtedly bring IBD community many steps closer to
realizing precision medicine. However, due to the cost of these therapies
and the preference of many patients to withdraw therapy if feasible, one
should explore the potential of biomarkers to predict disease recurrence
upon treatment discontinuation in patients in deep remission. Random-
ized (unblinded) trials have demonstrated that a subset of patients does
indeed not experience relapse after anti-TNF withdrawal (Kobayashi
et al., 2021). A post-hoc analysis of the STORI trial identified a potential
proteomic signature predictive of disease recurrence (Pierre et al., 2020),
though validation in the SPARE trial (NCT02177071) and other large
datasets is required prior to implementation in daily clinical practice
(Verstockt et al., 2021b; Louis, 2022). On top, longitudinal (sequential)
assessment of biomarkers holds even large promise to identify those
patients who can harmlessly discontinue their treatment. This approach
should yet be investigated in IBD, as promising results are emerging from
other fields (Kameda et al., 2021).

1.3. Ensuring sufficient drug exposure among included patients

So far, only few predictive biomarker studies provided information on
drug exposure (Verstockt et al., 2019a). Ideally, all patients should be
offered an equal chance to attain a sufficient drug exposure. This can be
achieved through implementing therapeutic drug monitoring (TDM) to
exclude a pharmacokinetic (i.e. underexposure), rather than a pharma-
codynamic, reason for therapy failure (Papamichael et al., 2015; Dreesen,
2021). Consequently, in many previous predictive biomarker studies, it
cannot be ruled out that patients who were classified as “non-responders”
would have been labeled as “responders”, if TDM would have been
embedded in the study. Failing to discriminate between pharmacody-
namic (mechanistic) non-responders and those non-responding as a
result of underexposure could jeopardize the reliability of biomarker
studies.

1.4. Confounding baseline inflammation

Non-specific measures of baseline inflammation in blood (C RP), feces
(calprotectin) or intestinal tissue (endoscopic indices and histologic
scorings) have proven to be correlated with disease response to therapy
(Kopylov and Seidman, 2016; Narula et al., 2020). As a result, to ascer-
tain its added value, any biomarker should exhibit an ability to predict
therapy response better than these non-specific measures. Furthermore,
inflammatory state will undoubtedly impact tissue architecture, gene
expression, gene translation and cellular functions. As a result, a putative
biomarker, even with a validated high accuracy, might be a surrogate of
inflammation and not specifically related to the mechanism of action
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(MOA) of the drug whose response this biomarker is claimed to predict.
To eliminate this suspicion, functional studies should ensue to investigate
the molecular mechanisms through which this biomarker is implicated in
predicting therapy response to a certain drug irrespective of baseline
inflammatory status (Prins et al., 2021).

1.5. Confounding baseline concomitant therapies

Conventional therapies such as steroids still hold an important posi-
tion in the therapeutic arsenal of IBD, either as a first option to ameliorate
symptoms in newly diagnosed patients or as a bridging option while
awaiting the effect of an initiated biological or small molecule. Despite
their positive role in controlling IBD, these concomitant therapies may
confound results of predictive biomarker studies. For instance, the exact
processes and molecular changes mediating the effects of therapeutic
steroids are, till now, not yet entirely understood. Broadly, it is reported
that steroids could exert these effects through genomic or non-genomic
pathways (Ramamoorthy and Cidlowski, 2016). Hence, these unpre-
dictable effects that steroids (and plausibly other concomitant therapies)
may have on molecular signatures, could lead to false conclusions per-
taining the predictive role of certain biomarkers and hamper their vali-
dation (Alsoud et al., 2021b).

1.6. Unknown effect of disease duration

Data from both RCTs and real-life studies clearly showed that therapy
outcomes in IBD are better in patients with shorter disease duration
(Ungaro et al., 2020; Solitano et al., 2020). The exact underlying
mechanisms are not yet elucidated, but it is conceivable to hypothesize
that pathological networks are dynamic and thus change over time,
generally leading to an increase in disease refractoriness. These changes
could be intrinsic and programmed in the genetic component of IBD
pathophysiology or could result from extrinsic effects of environmental,
pharmaceutical or dietary factors on epigenetics and intestinal immu-
nology, or could be a combination thereof (Renz et al., 2011). As a result,
it's plausible that IBD disease biology in a newly diagnosed patient is
entirely different from the biology the same patient could have after 10
or 20 years. Until this phenomenon is fully understood, one could
question whether a putative biomarker that is claimed to predict
response to a certain drug would exhibit the same predictive perfor-
mance across patients with different disease durations. Additionally,
investigators should carefully ascertain that therapy outcome in
biomarker studies is not solely driven by confounding differences in
disease duration among study subjects (which is currently thought to be
correlated with disease refractoriness). In such instances, the putative
biomarker could be indicative for accumulation of molecular changes
caused by disease progression over time, rather than being indicative for
response probability to a specific therapy and its specific MOA. Ideally,
the accuracy of discovered biomarkers should be validated across pa-
tients' groups with different disease durations in order to ensure a wide
utility in real-life clinical practice.

1.7. Unknown effect of previous exposures

Beside the effect of disease duration on therapy outcome, lower
response rates in anti-TNF exposed patients is a repetitive finding in
many RCTs and real-life studies that yet require underpinning (Rosario
et al., 2017; Verstockt et al., 2020). Given the lack of evidence that these
lower rates were driven by alterations in drug clearance (Liefferinckx
et al., 2019), it's plausible that the introduction of one drug may trigger
processes that eventually lead to increased refractoriness to (some) future
drugs. This hypothesis was evidenced by molecular studies using intes-
tinal tissue and serum samples from ustekinumab (UST) phase 3 trials. In
these studies, only anti-TNF naïve patients showed significant normali-
zation in CD expression profiles as a result of UST induction and main-
tenance therapy (Li et al., 2017; Monast et al., 2017). In addition, more
3

inflammatory serum proteins elevated at baseline normalized in the
anti-TNF naïve group during maintenance phase (Li et al., 2017). Hence,
a careful consideration should be made regarding previous drug expo-
sures while conducting predictive biomarker studies. This is important to
avoid drawing inaccurate conclusions by attributing the predictive
character of a certain biomarker to its implication in (non-)response to a
specific drug, while being in reality a non-specific parameter for
increased disease refractoriness in general.

1.8. Need for a shift from knowledge-based to data-driven biomarker
discovery

Until now, many predictive biomarker studies have been driven by
theories based on earlier knowledge or assumptions about the MOA of
the targeted drugs and mechanisms of (non-)response to them. For
instance, to predict response to a drug that is presumed to intercept
mucosal inflammation through its role in blocking lymphocyte traf-
ficking, the most intuitable approach is to search for biomarkers among
chemokines, binding ligands or integrins known to be implicated in the
mucosal immune system. Such a narrow approach could lead to pursue
futile research as previous knowledge or speculations may appear to be
inaccurate or at least incomplete (Zeissig et al., 2019). Instead, “data--
driven research” holds substantial promise to advance biomarker dis-
covery in IBD. This latter approach has become recently more feasible
through the increasing availability of high-throughput analytical tech-
niques whose data output can be further interrogated and modelled by
numerous unbiased artificial intelligence algorithms (Seyed Tabib et al.,
2020). Additionally, several molecular layers (proteomics, tran-
scriptomics, metagenomic, epigenetic, metabolomic and genomics) can
presently be easily and simultaneously analyzed from patients’
bio-samples and further integrated in multi-omic models. 41As opposed
to the former knowledge-based research, unprejudiced data-driven
research relies entirely on data to infer molecular components (i.e. bio-
markers) implicated in (non-)response to a certain drug. Using currently
available biologic networks databases, researchers can further investi-
gate how the identified biomarkers are involved in pathways related to
mucosal inflammation and help set new theories for future functional
studies (Fiocchi and Iliopoulos, 2021). Such approaches will likely result
in predictive signatures, rather than single gene/protein biomarkers, and
hence might have a more robust predictive accuracy. Furthermore,
integrating multi-omic data from biomarker studies of several drugs and
coalescing new insights on mechanisms of actions and (non-)response
may guide physicians towards evidenced-based combinations of avail-
able therapies that could yield optimal synergic effects (Stalgis et al.,
2021). This innovative approach is still not widely adopted in IBD
studies, mainly due to scarcity of resources and lack of standardized
methodologies tailored to the purpose of advancing personalized medi-
cine in IBD. However, IBD professional organization and research con-
sortia can play a vital role in formulating clear methodologies and secure
sufficient fundings to help anchor this approach in IBD research. This
robust and highly predictive potential of multi-omic biomarkers is
accompanied with a tradeoff in increased complexity, as it is impractical
to collect many different biosamples and apply different technologies in
the clinical setting. Therefore, IBD researchers should translate these
complex single or multi-omic signatures into easy-to-implement clinical
tools. This translation is not a hypothetical aspiration, but has already
been applied with the development of a whole blood easy-to-use
qPCR-based prognostic classifier as surrogate for a CD 8 T cell gene
expression signature (Biasci et al., 2019).

1.9. Collaboration and data sharing

It is well known that oncology has been the leading field in medicine
in delivering personalized therapy to patients in the past years. Although
the complexity of cancer is different than IBD, this success could never
have been achieved without the early realization of all actors in the field



Fig. 1. Challenges and pitfalls in predictive biomarker studies in inflammatory bowel disease.
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Fig. 2. Alternative design of predictive biomarker studies to deal with various challenges. Precaution is required for heterogenous patients' characteristics (including
phenotype, disease duration, baseline inflammation, previous and concomitant therapies). Therapeutic drug monitoring is ideally implemented to ensure sufficient
drug exposure. Baseline bio-samples are analyzed yielding several molecular layers which are then interrogated through artificial intelligence algorithms to confer
signatures that are most predictive for disease outcomes. Disease outcomes are assessed using indices/measures that are compatible with disease phenotypes. Accuracy
of identified signatures is reported in predicting early and long-term disease outcomes.
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that the delivery of personalized medicine is a “team sport”, and that
working together is the key to overcome obstacles, standardize meth-
odologies and advance the field (Rodriguez and Pennington, 2018).
Recently, biomarker discovery research in IBD has witnessed the start of
some promising collaborations among academic research groups, and
also between academia and pharmaceutical industry (e.g. COLLIBRI
consortium, IMI programs including 3 TR and Immuniverse). Further
augmenting this collaborative mindset is essential to deliver the
long-awaited breakthroughs and offer the optimum in personalized
therapy to IBD patients. Besides collaborative efforts on certain projects,
the public availability of omics data generated from predictive biomarker
studies is paramount to expedite the advances in the field. These publicly
available omics data, along with standardized and detailed reporting on
phenotypes, characteristics and therapy outcomes of patients in whom
the data were generated and code scripts used to run the bioinformatic
processing, offer several advantages: allow ing an objective judgment of
the design of the studies and their results; enabling other researchers to
correctly validate previous results using their own new datasets;
providing the suitable materials bioinformaticians and statisticians need
to tailor bioinformatic tools to the pathology of IBD; and offering the
chance for other investigators to apply newly developed bioinformatic
algorithms that may refine previous findings yielding new insights, and
even more reliable biomarkers.

1.10. Validation and clinical application

Before biomarkers can be clinically implemented, their clinical use-
fulness in guiding therapeutic decisions to achieve improved outcomes
should ideally be determined. Many aspects of this step are still debated,
5

including whether determining this clinical utility is always necessary,
what the sufficient sample size would be and whether this step should
solely be performed through RCTs. Although not being a therapeutic
predictive biomarker, the widely used TPMT testing, assessed before
initiating thiopurines, has never undergone an RCT assessment of clinical
utility. Furthermore, large RCTs may not be needed to determine the
clinical utility of a predictive biomarker: the United States Food and Drug
Administration (FDA) approved microsatellite instability testing, pre-
dictive for the response to pembrolizumab in patients with colorectal
cancer, based on data from only 149 patients (Marcus et al., 2019). In
addition, high quality evidence can also be generated from studies other
than RCTs: the prospective-specimen-collection, retro-
spective-blinded-evaluation (PRoBE) design has been proposed and well
described to avoid complexities of RCTs, while ensuring the statistical
integrity of biomarker evaluation in real-life clinical settings (Pepe et al.,
2008).

Another consideration is the importance of validating discovered
biomarkers in diverse populations, to explore a world-wide future clin-
ical utility. As different geographic and ethnic populations have different
genetic predisposition status, different diets and different environmental
exposures, it is reasonable to assume the existences of analogous differ-
ences in processes underlying the development of the disease, its flares,
and mechanisms leading to (non-) response to drugs. These differences
may be the reason for the inconsistent findings pertaining the whole-
blood TREM1 biomarker generated from different cohorts, in addition
to differences in outcome definitions (Verstockt et al., 2019a; Gaujoux
et al., 2019; Verstockt et al., 2019b; Verstockt, 2022).

Evidence-based analytical validity and clinical utility are not the only
catalysts to guarantee a high uptake of biomarkers in clinical practice.
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Regulatory and financial aspects are also issues that should pragmatically
be solved by regulators with clear and relevant guidelines. Currently, a
large share of IBD expenditure is attributed to a small group of patients
who have very refractory forms of IBD, requiring frequent switching of
biologicals and multiple surgical interventions that are obviously asso-
ciated with high need for in-patient care and lost productive life years
(Alulis et al., 2021; Park et al., 2019). Those patients are most likely to
benefit from personalized therapy approach using developed biomarkers.
It is the responsibility of IBD biomarker researchers and interested health
economists to convey the benefits of biomarker-driven therapeutic de-
cisions in improving population health and alleviating scarcity in finan-
cial resources to policy makers and regulators. Based on the collective
(basic, translational and economic) evidence, regulators can then impose
the implementation of predictive biomarkers in therapeutic decision in
order to be entitled to insurance coverage. Costs of utilizing properly
developed and robust biomarkers would eventually be negligible
compared to the overall financial gain.

3. Conclusion

Biomarker discovery to predict therapy response in IBD is an area of
prime importance, driven by the pressing need to break the current
therapeutic ceiling. Although initial steps have been taken in this direc-
tion, it is paramount to critically assess current design of predictive
biomarker studies to identify methodological weaknesses and optimize
the use of currently scarce resources. Cautious conduct of biomarker
studies taking into account the various challenges (Fig. 1) and alterna-
tives (Fig. 2) we highlighted in this article is required in order to deliver
reliable predictive biomarkers that are direly needed to increase the
effectiveness of available therapies and raise hope for IBD patients and
their treating physicians in the decade ahead.
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