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Summary

Research gap #1:
There is a lack of validated biomarkers to understand the heterogeneity of disease development:
Priority actions for biomarkers:
pre-clinical disease.
deep remission.
disease phenotype and complications.
tissue / function restoration .
EIM and comorbidities.

O O O O O

Research gap #2:
There is a lack of validated biomarkers that aid in therapeutic decision making.
Priority biomarkers :
o phenotype / genotype based optimal treatments
o prediction of loss of response to a treatment
o prediction of disease stability after treatment de-escalation

Research gap #3:
There is an unrealized value of biosamples and biosample-derived data due to the lack of generation and integration of
multimodal data.
Priority research actions:
o optimize archival data and samples
o novel technology for biomarkers discovery.
o integration of multimodal data in biomarker discovery.

Research gap #4:
There is a lack of standardized and pragmatic processes for navigating regulation, thereby slowing down biomarkers
from reaching the clinic.
Priority actions:
utilization of validation cohorts.
standardized biomarker discovery during clinical development.
practical, regulatory, and economic considerations.
standardized protocols for sample and data collection

O O O O

* An optimal treatment is any diet, lifestyle, medication, or surgery that provides safe therapeutic efficacy in a manner
that aligns with the patient’s goals.
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INTRODUCTION

Precision medicine is one of the five focus areas of Challenges in IBD Research 2024, which also includes
environmental triggers, novel technologies, pragmatic clinical research, and preclinical human IBD mechanisms.
Generating optimal patient-specific treatment regimens to restore health, activity and quality of life requires the
synergized efforts of all five Challenges in IBD foci.

IBD is a highly complex chronic disease in which patients often present with varying clinical symptoms and
individuals can respond differently to the same therapeutic interventions. Regular, life-long monitoring is required to
optimize clinical outcomes and prevent complications of disease®. While the mechanisms of IBD have long been studied,
there remains a significant gap in understanding the mechanisms driving disease progression and response to therapies
in the individual patient. Thus, the overall focus of the Precision Medicine Workgroup is the identification of high priority
knowledge gaps and research methodologies that are hindering the discovery of disease biomarkers and development of
tools capable of stratifying patients into risk subgroups with the goal of informing the right intervention for the right
patient at the right time. Precision medicine involves utilizing granular, patient-specific information at the level of the
disease pathway through tools such as genetics, proteomics, metabolomics, and imaging. Advancing precision medicine
by associating biomarkers to clinical traits and defining complex IBD endotypes (subtyping patients through molecular
drivers of disease) will result in more targeted clinical and translational research, new avenues for drug development, and
ultimately, improved clinical paradigms that provide individualized patient healthcare.

In 2019, the Challenges in IBD Research Precision Medicine identified four research gaps requiring attention: 1)
Better stratification of patients at diagnosis to predict disease course and response to therapies, 2) Better monitoring for
response to treatment, 3) ldentification of technological improvements needed to advance precision medicine, and 4)

Understanding the regulatory and economic aspects in bringing new precision medicine approaches to the clinic.

Reflection on the Advances since 2019
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Significant progress has been made in advancing precision medicine over the past several years, albeit without
current effect on daily clinical practice. Biomarker discovery in ulcerative colitis (UC) has been well categorized in a recent
review article?. To this end, recent studies have successfully identified potential novel biomarkers that correlate with
future onset and/or progression of disease complications and treatment response®2°. However, disease progression lacks
a robust definition, making it difficult to generalize findings from these studies. Additional studies have investigated
biomarkers that stratify patients with established IBD based on disease mechanisms and characteristicst22:30-47:47-52,
Significant steps have been taken to understand predictive biomarkers and mechanisms of response to various
treatments, including anti-Tumor Necrosis Factor (TNF) agents (e.g., adalimumab, infliximab) and other biologics and small
molecules (such as ustekinumab, tofacitinib, and vedolizumab)*>3-8787-107  However, further progress is needed to fully
realize precision medicine in routine care, especially in validating these candidate biomarkers.

The development and widespread access of technological advances since 2019 have also spurred remarkable

innovations in IBD r.esear.ch13,18,26,29,30,32,33,103—106,108—125

. Among these technologies, the increased access to cutting-edge
single-cell RNA sequencing techniques and machine learning tools have revolutionized our understanding of disease
pathogenesis and improved clinical classification of disease subtypes. Traditional RNA sequencing is done in bulk, pooling
hundreds of thousands of cells together to understand the broad transcriptomic composition of a tissue. In contrast,
single-cell RNA sequencing analyzes the transcriptome of thousands of individual cells??®, facilitating much more granular
studies probing the cellular heterogeneity across IBD. The recent commercial availability of single-cell RNA sequencing
platforms has been a significant boon to IBD research, allowing investigators to probe for cellular-level genetic markers
indicating disease course or response to treatment?®127-129  Not only will the continued refinement and application of
single-cell technologies improve our understanding of the cellular mechanisms of IBD, but it will also allow researchers to
decode the transcriptomic heterogeneity found in large IBD datasets, characterize novel cell populations involved in IBD
pathogenesis, discover novel targets for therapeutic intervention, and inform more personalized care by identifying
genetic features relevant to an individual patient’s disease course.

Machine learning has been another area of exponential growth in IBD research over the last five years. Machine

learning attempts to mirror human problem solving by optimizing algorithms that reveal patterns within datasets. Over
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the course of thousands of computational iterations, these algorithms can eventually “learn” the unique, complex genetic,
visual, and/or biochemical features that indicate a given classification, including specific IBD subtypes. These techniques
are particularly well-suited to identify patterns and extract features from images that are pertinent for disease
classification®*°. Since 2019, machine learning techniques have supported new scientific discoveries and novel diagnostic
tools that may soon be applied in a clinical setting!30:3233115-121123-125131 * Aq the quality of machine learning is heavily
dependent upon the robustness of data that the models are trained on, it is critical that future machine learning tools are
trained on large, unbiased datasets that accurately reflect the heterogeneity of patient characteristics. However, clinical
knowledge must be incorporated into the review of any machine learning recommendations as machine learning can
inadvertently introduce bias resulting in misleading conclusions. As with single-cell sequencing, future studies utilizing
machine learning will require significant synergy with other Challenges in IBD foci, necessitating novel technological
advancements in the approach and analyses as well as the establishment of pragmatic clinical research cohorts. Together,

these cross-cutting studies will help deliver impactful precision medicine on a patient-specific level.

Limitations in the field

Despite the significant headway made in addressing the 2019 Challenges in IBD Research goals, several key
limitations remain. First, few biomarker studies have focused on understanding molecular signatures at or preceding
disease onset. This is largely due to the difficulty in identifying and recruiting cohorts of currently healthy subjects who
will eventually be diagnosed with IBD. The second limitation has been the limited application of cross-cutting technologies
to large, multi-omic datasets. Previous studies primarily focused on collecting and interpreting one specific data modality.
Furthermore, contemporary biomarker studies are not often paired with broader patient clinical metadata, meaning the
presence of a biomarker may have different functional relevance when contextualized with different clinical
characteristics (e.g., disease activity). Thus, future studies must seek to establish large, multi-center studies to collect and
probe diverse sets of multi-omic data across different patient states, both before and after diagnosis. An example of an

initiative generating longitudinal multi-omic datasets is the Crohn’s & Colitis Foundation IBD Plexus program.
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Finally, the regulatory and economic barriers that impede the delivery of validated biomarkers to the clinic remain
a key gap facing precision medicine in IBD. At-home, direct-to-consumer tests have been extremely valuable for improving
the early diagnosis and management of various diseases, such as colorectal cancer!*2. However, only fecal calprotectin
and c-reactive protein (CRP) have been approved by the FDA as biomarkers of IBD as of 2023133134 A formalized validation
process for molecular and imaging biomarkers must be developed to ensure the biomarker candidates are given the
greatest chance of making an impact on our IBD patients.

There remains an urgent need for additional tests to predict IBD risk, to distinguish between IBD subtypes and to
predict disease course and response to therapies. Bringing these diagnostics into the realm of public-private partnerships
would better help patients and aid in defining molecular endotypes in IBD in an open and transparent way. Test accuracy
and clinically feasible workflows will furthermore be especially important to the uptake of these tests and could
significantly improve capabilities for pre-clinical screening of IBD, earlier intervention, and patient-specific care. As each
future test platform will require similar validation and regulatory approval, developing a consistent set of guidelines for
integrating precision medicine practices into biomarker assays would be extremely beneficial towards streamlining the
production and authorization of translational biomarker assays and expediting the delivery of improved, personalized

clinical tests directly to consumers.

Outstanding gaps
After reflecting upon where the field has advanced or is still in need of advancement from the 2019 Challenges in IBD
Research Precision Medicine goals, we have identified four gaps, that when addressed will drive the next five years of IBD

research in precision medicine:

1. There is a lack of validated biomarkers to understand the heterogeneity of early disease development.
2. There is a lack of validated biomarkers that aid in clinical decision making.
3. There is a recognized but unrealized value of biosamples and of biosample-derived data due to the lack of

generation and integration of multimodal data.
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4. There is a lack of standardized and pragmatic processes for navigating regulation, thereby slowing down

biomarkers from reaching the clinic.

To enable precision interception of disease, we must both understand how pre-symptomatic molecular alterations can
predict a variety of disease attributes and identify thoroughly validated biomarkers that map the entire disease journey.
As such, there is a great need to bring newly discovered and yet-to-be discovered biomarkers into the clinic where they
can directly impact patient lives. As biomarkers are unlikely to come in the form of a single analyte, we must harmonize
all available data types and sources to find these complex sets of biomarkers. Finally, it is critical to ensure biomarkers
are scientifically validated, economically feasible, and based on a patient centric understanding of the disease and disease
progression. Together, innovative new research into these four gap areas will deliver meaningful improvements to I1BD

care by delivering individualized precision medicine that significantly improves health outcomes for all.

Gap #1 There is a lack of validated biomarkers to understand the heterogeneity of early disease development

Crohn’s disease (CD) and UC are complex diseases. Patients often alternate between acute periods of
inflammation and life debilitating symptoms and periods of remission, a state where there is no inflammation and
symptoms are either completely absent or reduced 3>%, Flares in disease activity can occur, even in the presence of
appropriate medical therapy®®’, and poorly controlled disease activity can result in, irreversible bowel damage and adverse
outcomes, such as surgery, loss of response to medication, and poor bowel function 383, Furthermore, the extent of
intestinal disease often extends over time and complications of disease can develop, such as fibrosis or fistulas, making
the disease even more difficult to treat'*°. Additionally, IBD can relate to other organs outside of the bowels in the form
of extraintestinal manifestations or correlated diagnoses such as primary sclerosing cholangitis or colorectal cancer7143,
While some patients respond well to treatment (medical or surgical) and enter in long-standing remission, in which there
are little to know symptoms or progression of disease, there are currently little data to predict who will have a more

benign disease course and can be spared the potential risks of more potent therapy. As the induction of remission within

1 year of onset is critical to preventing relapse ** better identification of disease stages and progression risks is critical to
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selecting the appropriate level of therapy for each patient and minimizing unnecessary medication risks, costs, and
complications of inadequately controlled disease.

Developing biomarkers to understand the mechanisms driving disease progression and phenotypic subtypes of
IBD will furthermore create new opportunities for drug discovery'?’. While biomarkers that elucidate the current state
of a patient provide value, the ideal biomarkers are prognostic and/or predictive. Beyond drug discovery, an ideal
biomarker has many other uses, such as serving as a surrogate endpoint for clinical trials or as a tool to enrich clinical trial
enrollment with the most relevant study subjects.

Clinical trials in IBD last for an insufficient time to properly capture the entire disease course; therefore,
biomarkers associated with phenotypic changes and disease complication help to capture the full value of a drug®.
Moreover, the optimal treatment sequence to sustain long-term remission and prevent disease progression is unknown.
Furthermore, as the field embarks upon newer disease concepts like disease interception and restoration, it becomes
necessary for the entire disease course of patients to be fully characterized with biomarkers to allow for novel

interventions at the relevant clinical or pre-clinical (prior to symptom onset) timeframes.

Call to Action 1: Identify and validate biomarkers to identify pre-clinical disease.

The recognition of a pre-clinical phase of IBD is an important shift in how we frame reducing the burden of disease
for future patients. Recent studies have shown that abnormal laboratory measures can pre-date IBD diagnosis by up to a
decade>¢-1%8  However, the predictive power of these biomarkers varies in strength and is likely limited by cohort size,
and tissue sampling®®,

To actualize disease interception, biomarkers that can identify a pre-clinical population are critical. It is important
to validate existing biomarkers. To our knowledge, there are currently a number of cohorts addressing this issue and
involved in identifying the pre-clinical phase: the PREDICTS study!*®, the GEM study#’, the Danish Register of Laboratory

150 While each has made individual strides, cross validating one

Results for Research'® and the Health’s Nurse Study
another’s biomarkers, when possible, will increase their usability. In addition to this cross validation, combining the

existing biomarkers in an integrated model could strengthen their predictive power. Furthermore, as underlying
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mechanisms for other immune mediated inflammatory diseases (IMID) have indicated that there are shared mechanisms
for disease initiation and activity, combining IBD specific biomarkers for the pre-clinical stage with those shared across
multiple IMID indications could be a useful strategy in finding the best set of biomarkers.

Lastly, while first degree relative studies have focused primarily on siblings, there is growing evidence that there
are potentially environmental factors from pregnancy and breastfeeding that could be identified as biomarkers to predict
the development of disease!#”152,

As all candidate biomarkers for pre-clinical disease are strongly associated with established disease, newly
diagnosed patients can be studied for biomarkers as a source of discovery. The pre-clinical cohorts can then be used to
validate these markers and to determine how long before disease presentation they appear.

Overall, the past five years have been exceptionally fruitful for the identification of the pre-clinical
phase>162527,146148 'A¢ these cohorts continue to grow, new ones are developed, and new machine learning techniques
become available, the field should be able to build upon this work. Examples of improved technology include the ability
to screen one’s response to antigens using TCR sequencing and autobody profiling>52-1%4,

The above will help identify a population who are at-risk for the development of IBD. Knowing the risk of an
individual for developing IBD will enable targeted recommendations including increased monitoring for early diagnosis
and lifestyle changes that could impact future disease development and outcomes. Furthermore, the ability to identify
high CD-risk cohorts for clinical studies could increase our understanding of the disease pathogenesis and support the
identification of novel therapeutic targets and drug development for the prevention and improved treatment of IBD.

Without good pre-clinical biomarkers, interception is unlikely to be realized.

Call to Action 2: Identify and validate biomarkers to identify remission.

A strong biomarker of remission has several qualities including being non-invasive, stability in use across a diverse
range of disease phenotypes, age, race, and sex. Additionally, biomarkers should help predict, identify, or prognosticate
biological phenomena that are important to patients. Any biomarker that doesn’t fit all these criteria may still be useful

both in specific clinical situations or to help better understand disease.
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The current landscape in IBD biomarkers is anchored by two approved indicators of inflammation, C-reactive protein (CRP)

and fecal calprotectin®®

. While effective in distinguishing active disease from remission, their correlations with remission
fall short of negating the necessity for endoscopy. Recent AGA guidelines while recommending their clinical usage, states
that the evidence supporting biomarkers as alternatives to endoscopy in UC is, at best, very low to low*>. In both Crohn’s
disease and ulcerative colitis, these may be used to guide treatment decisions, although many clinicians will use these in
combination with, rather than in the place of, imaging and colonoscopy when changing, escalating, or de-escalating
therapy.

The critical need arises for better non-invasive biomarkers, ones that guide therapeutic decision-making but also
catalyze advancements in research. Discovery of such biomarkers can prove invaluable in scenarios where endoscopy
results are unavailable, facilitating the identification of patients in or out of remission within patient registries and cohorts.

Beyond their clinical applications, these biomarkers serve as crucial components in unraveling pathways leading to

remission, potentially unlocking new drug targets.

Call to Action 3: Identify and validate biomarkers for disease phenotype and progression.

Disease progression in IBD exhibits significant variability, influenced by factors such as disease location, treatment
history, genetics, phenotype, and likely many other unknown factors'*17:136144 These variations have tangible impacts on
patient quality of life, need for surgery, and the efficacy of prescribed medications. Biomarker discovery is essential for
patient stratification, drug discovery, prognostication, and to serve as surrogate endpoints in clinical trials.

Research questions that demand attention include the identification of biomarkers for stratifying and predicting
CD phenotypes (no complications, stricture, fistulizing disease, perianal disease) and biomarkers for the stratification and
prediction of IBD disease location and location extension in UC.

Several biomarker initiatives have been formed to address the need in this area including the Foundation for the
National Institutes of Health (FNIH) and the Stenosis Therapy and Anti-Fibrotic Research (STAR) Consortium on

Fibrostenotic Crohn’s Disease led by Cleveland Clinic, Mayo Clinic and Alimentiv, and the Perianal Crohn's Disease
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Consortium led by the London North West University Healthcare NHS Trust. The success of these and other IBD biomarker
initiatives will require the continued support and expansion of these studies by investigators and funders, and the rigorous

validation of newly identified biomarkers.

Call to Action 4: Identify and validate biomarkers to identify restoration of health and well-being as a predominant aim of
therapy

As patient’s in endoscopic remission often experience symptoms, biomarkers are necessary to identify
restoration: the state in which the gut is healed, reducing all disease burden from a patient 718, This initiative not only
aids in clinical differentiation but also delves into the mechanistic underpinnings of symptomatic remission.

Crucial research questions include collaboration with clinical researchers and patients to define restoration
clinically, and stratifying patients based on drug-dependent versus drug-independent restoration. Projects exploring
additional biomarkers associated with gut barrier function, gut pain, and comparative analyses of the restored gut, pre-
clinical gut, and non-IBD gut serve as pivotal steps towards achieving this goal.

In conclusion, these calls to action underscore the necessity for a multifaceted approach to biomarker research in
IBD. The anticipated outcomes encompass improved clinical differentiation and decision making, enhanced understanding
of disease mechanisms, and the identification of novel therapeutic targets, collectively contributing to a more

comprehensive and effective management of IBD.

Call to Action 5: Find and validate biomarkers for EIM and comorbidities.

Beyond inflammatory complications in the gut, IBD is linked to many extra-intestinal manifestations (EIMs) and
associated comorbidities'*™1%3, In many cases the morbidity and mortality of these complications are more significant than
the core disease and therefore it is imperative to find and validate biomarkers that identify those at risk of, and progressing

to, EIMs.
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Certain extraintestinal manifestations persist beyond mucosal healing. In tandem, IBD patients frequently exhibit
strongly correlated comorbidities such as colorectal cancer (CRC) and primary sclerosing cholangitis (PSC), presenting a
pronounced unmet need in current clinical understanding2143,

The research questions that warrant attention encompass the discovery and validation of biomarkers, both novel
and existing, with the predictive capacity for EIMs, CRC, PSC, and post-operative complications. Biomarkers will be key to
understanding progression, prediction, prevention, and treatment. The anticipated outcomes aspire to contribute

significantly to the holistic management of IBD, bridging the existing gaps in our understanding and paving the way for

improved clinical strategies.

Gap #2 There is a lack of validated biomarkers that aid in therapeutic decision making.
The increase in therapeutic options gives more choice to clinicians when selecting the optimal therapy for their
patients. Despite the range of choice, there are no consensus guidelines on how to choose the optimal treatment for the

t137.15%-162_ An optimal treatment may include a specific diet, lifestyle, medication, or surgery that provides

individual patien
safe therapeutic efficacy in a manner that aligns with the patient’s goals. Once a therapy is chosen, additional questions
arise!®3: when should the therapy be modified, increased, or de-escalated? When a treatment fails, which therapy has the
best chance of succeeding next?

Hence, there is a gap in the ability of healthcare providers to make informed and effective decisions on treatment
selection, modification, and sequencing. This can be addressed by finding biomarkers that correlate strongly with the
success or failure of certain treatments, and by better understanding which patients will maintain durable remission or
restoration after discontinuation of medication. In this section we outline the actionable steps to address these gaps,

what outcomes would be achieved in the next 5 years and how they build towards achieving interception, remission, and

restoration in IBD.

Call to Action 1: Identify and validate biomarkers to help identify the optimal treatments for the individual patient.
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Many biomarkers and algorithms claim to predict response to drugs>*>%114155164 However, none are consistently
used in the clinic. This is due in part to the quality of the biomarkers that have been presented and the other part is due
to the complexity and lack clarity on how to bring these tools/biomarkers into the clinic. This section will focus on the lack
of quality biomarkers from a scientific perspective.

When evaluating a biomarker for choosing an optimal treatment, there are many considerations. One
consideration is to focus on biomarkers directly related to a specific mechanism of action. This can be done by avoiding
biomarkers that simply describe disease severity and by running studies that directly compete two different drug classes
side-by-side. Moreover, it is critical to understand how a patient’s treatment journey might influence biologic processes
and the success of later treatments. Finally, as the current treatment options do not alleviate all symptoms and
complications, choosing the right treatment requires understanding the patient’s goals.

The above will provide clinicians and patients with the biomarkers they need to collaborate on the appropriate

treatment plan. The ideal chosen drug will be a drug that gets patients into restoration.

Call to Action 2: Identify and validate biomarkers for predicting the loss of response to a treatment or the need to modify
the treatment.

Loss of response rates for IBD therapy can be nearly 50% depending on the study®>1¢®, Many studies have shown
that proper therapeutic drug monitoring can predict longer term success of the current medications, especially in certain

169

populations!®”1%8  However, trough levels of medication are not the sole reason for secondary non-response %°. Recent

studies have shown that molecular data, rather than clinical features, can predict secondary loss of response to anti-TNF
bi0|0gicsl63'170'171.

The ideal biomarkers for non-response must be easy to routinely measure and predate significant increase in
disease activity. Additionally, biomarkers that indicate the need for an adjunct therapy, medication escalation, or the use

of an entirely different therapy are critical. Improved foundational real-world data is critical to this endeavour. For

example, having a strong database of PK/PD data that can serve as a benchmark for therapeutic drug monitoring across
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various phenotypes and patient demographics would provide clinicians with strong tools to help treatment decisions for
patients. However, specific biomarkers that predict loss of response will provide the most clinical utility.

The above will allow clinicians to monitor their patients’ responses to a drug and potentially stratify their patients
who will benefit most from therapeutic drug monitoring. Monitoring the patient’s drug response will help guide patients
from active disease to remission and finally restoration. High fidelity biomarkers should also be able to identify when

patients are slipping from restoration to remission or remission to active disease.

Call to Action 3: Identify and validate biomarkers for predicting disease stability after treatment de-escalation

A consistent patient question and request revolves around reducing their medication dose and eventually
terminating the need for medication. In fact, the patient provided definition of a cure for IBD includes no need for
medication. This is an aspiring target for all clinicians and researchers. Studies show that significant numbers of patients
remain in clinical remission after ceasing anti-TNF therapy, with one study demonstrating over 40% remain in remission

d¥’2173_ This invites an opportunity to better understand the heterogeneity of drug-induced

for a 5-year follow-up perio
remission to help predict which patients can de-escalate their medication.

As taking patients off a drug can lead to relapse, it is critical that these biomarkers are well validated across diverse
populations. Types of biomarkers that could aid in this endeavour include biomarkers that predict disease stability after
de-escalation of a drug; these might be dependent on therapeutic drug monitoring. Other biomarkers that have clinical
value allow physicians to predict whether a patient will remain in restoration after termination of a drug. Finally, after
termination of a therapy, routine monitoring is necessary to ensure that a patient has and will remain in this restored
state.

The impact of these types of biomarkers will help guide discussions between doctors and patients about the
relative risks and benefits of reducing medication dosage or going off advanced therapies altogether. Having biomarkers

that carefully delineate whether a restored gut will be compromised after discontinuation is critical to shared decision

making.
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Gap #3 There is an unrealized value of biosamples and of biosample-derived data due to the lack of generation and
integration of multimodal data.

The opportunity to access, generate, and glean insights from large and disparate data sources has never been
greater. Advances in technology (both hardware and software) have made an impact in IBD and other diseases2%174175,
However, the potential impact on precision medicine in IBD is far from realized?®%’8,  The best data collection,
generation, and analytic capabilities and technologies are not enough to maximize value from data and samples. The data
must be easily shared between teams with cross-functional expertise. Also, data must be collected to ensure
interoperability with other data sources. Lastly, the best collected data cannot be used to its full value without broad and
informed patient consent.

Recent technological improvements in proteomics, RNA-sequencing, and imaging have allowed scientists to
explore biological phenomena at unprecedented detail. Such advancements have greatly increased the resolution by
which we can generate and/or test hypotheses. This has also generated new data types that can be integrated into our
more global understanding of disease.

Similarly, the technical capacity to process large datasets has improved such that we are no longer limited to
smaller data sets or analyses of singular data types. Additionally, new statistical and bioinformatic approaches are
ushering in a new era where we can exceed the human brain’s ability for pattern recognition. This has encouraged
scientists to set up larger cohorts of patients to create more data. These datasets represent a gold-mine of information
for precision medicine strategies. Despite these incredible advances, it is imperative that we have a strong biological

understanding of all biomarker panels and not simply blindly follow the outcome of a statistical algorithm.

Call to Action #1: Emphasize research that effectively uses archival data and samples in biomarker discovery.

When looking forward with technology, we must also look at the capabilities it gives us to improve and benefit
from previously generated datasets and collected biosamples. For example, FFPE slides and blocks have been stored for
decades and proteomics and spatial technologies have begun to leverage these samples”®8, Similarly, vision machine

learning gives the ability to revisit these histology slides — whether to score them more quickly and with greater uniformity
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or even to pick out insights invisible to the naked eye #1182, Many other sample types are banked for years, such as DNA,
and blood.

To stay on the cutting edge of technology while ensuring reproducibility and a high standard of value, these
activities will need to be collaborations among biotechnology companies, basic scientists, and clinicians. These efforts are
not without limitation: archival samples might have degraded quality or be associated with incomplete or unverifiable
clinical data. Additionally, it is important to highlight other barriers to working with these data, including that clinically
collected samples are not always available for research purposes or not always collected at time of events important for
research.

Incorporating historical datasets can increase statistical power in studies that focus on small populations, such as
those who develop PSC or CRC. Some of these historical datasets are likely to come from clinical trials. Efforts should be
made into the democratization of these data and biosamples. Resources like IBD Plexus, Vivli and Datavant are making
large strides to helping with the accessibility of disparate data sources”!8-1%, Reducing barriers and providing incentives
for pharmaceutical companies to share their data is critical to fully realizing the potential of biomarker discovery. There
are great strengths in increasing interoperability between the longitudinally and applicability of RWD sets and the depth
and standardization of clinical trials.

The above research characteristics will ensure that we appropriately leverage historical learnings, data, and
samples. This gives us the opportunity to properly validate former learnings and build on them as we look to create new

cohorts in the future.

Call to Action #2: Emphasize research that uses state-of-the-art technologies in biomarkers discovery.

New biomarkers will likely require new technologies, both on the software and hardware side. Integrating existing
and creating new tools is a critical success factor in ensuring that we are extracting the most value out of the existing
samples and data. For example, bioinformatics tools like xCell and SQUID have helped oncology research extract single
cell level insights from bulk RNA-seq data by deconvoluting data using benchmarked scRNA-seq datasets'®:18  While

these can also be applied to IBD samples, they likely will not always capture the correct cell types as they were generated
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from different tissue for a different purpose. IBD specific bioinformatics tools would help scientists discover new
biomarkers. Utilizing and creating state-of-the-art bioinformatics and machine learning tools to discover new biomarkers
is critical. Bioinformatics and statistical tools should extend to RNA sequencing, proteomics, metabolomics, genomics, and
to the microbiome.

Additionally, new sequencing platforms and imaging modalities need to be used to uncover new biomarkers that
might get lost using cruder methodologies. This becomes particularly important as we further realize the importance of
rare immune cell subtypes and new CD8+ cell populations in gut barrier function repair®®®. Once a discovery is made using
a potentially expensive, invasive, or time-consuming technology, efforts should be made to find strong correlates with a
more accessible biomarker that is easier to obtain.

Completing projects with the above technologies and resources will give scientists the data and tools to fully

maximize the use of existing data and samples by digging deeper into the biology underlying disease.

Call to Action #3: Emphasize research that integrates multimodal data in biomarker discovery.

Most current biomarkers and biomarkers studies are singular in modality. For example, CRP is a single protein in
the blood, fecal calprotectin is a single protein in the stool, and ulcers/erosions are visualized through endoscopy. To
define more complex disease states like the pre-clinical and restoration stages of IBD, we will likely need to rely on
information from several sources. Additionally, predictive biomarkers are likely to require information from different
biochemical pathways.

These sources could include some combination of different ‘omics from various tissues, one or more imaging
modalities as well as patient characteristics, symptoms, and clinical outcomes. For example, an interception algorithm
may include the presence of a first-degree relative with disease, presence of a specific immune reaction, a microbial shift
in the gut, and a deficiency of a specific nutrient. Restoration will likely require a similar comprehensive evaluation of the
patient.

To this end, research should be prioritized that develops tools to integrate genetic, transcriptomics, proteomic,

microbiome, imaging, and clinical data together. Recent work has indicated that a systems biology approach can
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differentiate patients who follow slight differences in biology!®. Integrating these biological endotypes with clinical and
patient reported outcomes is critical to define these endotypes into something meaningful for the patient. While tools are
critically important, none of this can happen without infrastructure that allows for linkage of the multimodal datasets.
Support of research infrastructure and large databases that have built out harmonization techniques to link multi-modal

data such as IBD Plexus and UK Biobank is important and may facilitate integration.

Gap #4 There is a lack of standardized and pragmatic processes for navigating regulation, thereby slowing down
biomarkers from reaching the clinic.

Despite dozens of biomarker candidates, fecal calprotectin and C-reactive protein are currently the only
biomarkers that have received FDA approval for their use in diagnosing IBD*°. This represents a major gap in reducing
the burden of disease and addressing patient unmet need.

There are multiple obstacles to bringing any novel biomarker to clinical practice. This gap focuses on the non-
scientific challenges. First and foremost, biomarker candidates must be developed then validated in large, diverse, and
well characterized cohorts!®*. The validation process must be standardized and accessible to all researchers conducting
biomarker studies through validation cohorts. Next, there are many practical, strategic, operational, access, and
regulatory obstacles that must be addressed. Once defined, these considerations need to be integrated into every
aspect of bringing a biomarker candidate into the clinic. It is unlikely that one group can overcome this gap on its own
and therefore developing strategic partnerships with industry, regulatory bodies, payers, and clinical trialists to optimize
biomarker approval for bedside use is critical. These key partnerships will allow for the prioritization of the development
and subsequent approval of clinical tools to monitor symptoms and predict disease progression in an objective,
practical, and patient-centric manner.

Research should be funded and conducted in accordance with the steps outlined to ensure high quality of
biomarkers are clinic ready®*. Briefly, after biomarker identification, an assay must be developed to measure biomarker
concentrations. Next, the tests need to go through analytical validation where performance metrics such as reliability,

precision, accuracy, and reproducibility are measured. After a strong test is in place, the test needs to be associated with
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a clinically meaningful outcome. Finally, the utility must be evaluated — comparing the test to existing best practice and
cost-effectiveness. While these steps are in some ways linear, all should be considered together for the most efficient

development.

Call to action #1: Increase the utilization of validation cohorts.

Biomarker research is often siloed to the investigators and institutions conducting the study or clinical trial.
Making validation cohorts accessible to researchers is the first step. The usage of the data must be clearly defined to
ensure 1) reproducibility 2) a lack of bias in interpretation and 3) all aspects of the biomarker are properly validated. While
institutes like C-path and the FNIH have been successful in other diseases areas to get biomarkers into the clinic, there is
work outside of regulatory bodies needed to accelerate the candidate biomarkers earlier in development, these activities

191192 |BD Plexus and the Character Consortium®® are making major

may be best targeted by a disease specific consortium
headway in these areas.

When developing cohorts, it is important to ensure that cohorts are diverse, fit for purpose and well-characterized
clinically. When a researcher is undertaking a biomarker discovery project, there should already be a validation cohort in
mind, such that the study is designed so that it can be effectively validated. This provides an opportunity to those running
validation cohorts to play a leadership role in both defining and performing biomarker validation. This ensures the process
is unbiased and uniformly applied.

Furthermore, funding agencies often do not support validation studies, and journals are turned off by the lack of
novelty. This slows important validation work, which is often expensive and requires a strong mix of technical, biological,

and clinical skillsets. Centralizing the utilization of validation cohorts is one solution to help ensure that the pipeline of

biomarker candidates moves along.

Call to action #2: Emphasize standardized biomarker discovery across the entire clinical development spectrum.
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To discover and validate biomarkers for the ambitious use described in this manuscript, biomarker discovery must
be emphasized at all stages of drug development, from target identification through clinical trials. To fully realize precision
medicine, every drug must have a companion diagnostic to predict its efficacy and safety!+1%,

Research and funding should prioritize biomarker identification during target identification. Once a target is
identified, large transcriptomic and proteomic datasets should be leveraged to look for potential biomarkers that correlate
strongly with the expression of the target. This ensures that precision medicine strategies are incorporated early in the

process of drug development. This has many advantages to the asset and to the patient population, as the biomarker is

already validated when it comes to patient enrichment for clinical trials.

Call to action #3: Define practical, regulatory, and economic considerations

Biomarkers are more than just science; they need to be a usable tool that a physician can deploy within the
healthcare system to better understand a patient’s disease. Ensuring practical and economic considerations are
captured is important. There is a growing push to move disease monitoring out of the clinic, and into the home of the
patient. This makes disease monitoring easier, faster, and gives the patients the flexibility to measure biomarkers right
at the point of symptoms. For example, an inexpensive biomarker test that can be measured at home is likely to be the
only way to test for disease interception on a large scale. Another example is measuring and identifying a flare.
Obtaining patient samples right at flare initiation is more difficult to do in a hospital setting. When contemplating at
home biomarker tests, it is critical to ensure that there is no sacrifice of quality and that at home biomarkers are held to
the same standards as those used in the clinic.

Practical considerations must be contemplated at all stages of discovery, validation, and development including
the time to test result, the invasiveness of the test, and the relationship between the biomarker and other existing tests.
From a regulatory perspective, it is important to start building the Full Qualification Package for the FDA7:1%, This
includes fully understanding the context of use and developing solid methodologies including a statistical analysis plan.
Finally, economic considerations must be considered. Conducting a health economic assessment will determine the full

value of the biomarker to the patient as well as cost to payers.
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Biomarker discovery and validation are scientifically complex and arduous, it is critical to ensure that all the non-

scientific considerations are in place to not bring unnecessary delays after the scientific criteria are satisfied.

Call to action #4: Devise and use standardized protocols for sample and data collection and obtaining informed consent in
clinical cohorts.

As our technology changes our ability to work with different sample types and larger datasets, we need to use
that information to guide how biomarker research is conducted in cohorts. Our tools to allow use of larger datasets have
allowed us to combine datasets together to increase the diversity beyond the original patients and increase statistical
power. However, for this to be realized we need uniform datasets that can be easily integrated!®®. Cohorts need to be
devised in a way that allows this to be done easily and reliably. This requires a lot of collaboration with clinical
researchers. Additionally, as we look towards studying interception, we likely will need to tap into data and samples
collected for the studying of other diseases and biological processes. Therefore, having standardized informed consent
for the broad use of samples is critical. Finally, to combat batch effect of molecular data processing, it is critical that all
researchers operate with standardized protocols for the collection, storage, and processing of samples. Consortium like
Accelerated Medicine Partnerships (AMP) and other NIH resources represent a great framework for how to ensure that
the data being collected and processed will benefit all researchers 2°°-2°2 |n addition, IBD Plexus selected central
reference labs to enable standard use of technologies and protocols when generating molecular to not only mitigate
against batch effects but ensure researchers using the data and samples trust that the derived biosample data is of
highest value and is reusable!”’?,

Standardized clinical definitions and measurements strategies for the phenotyping of patients is critical to help
compare biomarker discovery and validation efforts across different cohorts. Furthermore, the pre-analytical handling of
any patient samples must be uniform as small changes can result in large batch effects in downstream analyses!®* These

efforts would be aided with a unified biomarker readiness checklist with predefined standard operating protocols for

sample collection, storage, and assay development.
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Conclusion

Huge interest in precision medicine has developed in recent years, in parallel with technological advances,
biobank development, and introduction of a choice of new therapies to the clinic. It is increasingly clear that a scientific
basis for choice of therapy in each person with IBD is needed. In parallel, new therapeutic strategies have accelerated
positive patient outcomes in several disease areas. There however, remain several gaps to achieving the goal of
personalising care for each person with IBD. No biomarker has been introduced into routine use since the introduction
of faecal calprotectin. The reasons for the slow progress to date are wide-ranging this is likely to reflect the complexity
and heterogeneity of disease; as resources and technologies advance, there is real hope that the application of new and
existing datasets with evolving analytic tools in large well-characterized cohorts will result in discovering and validating

biomarkers to unmet patient needs.
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