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Abstract

Inflammatory bowel disease (IBD) is a chronic and relapsing disease with mul-
tiple underlying influences and notable heterogeneity among its clinical and
response-to-treatment phenotypes. There is no cure for IBD, and none of the cur-
rently available therapies have demonstrated clinical efficacies beyond 40%-60%.
Data collected about its omics, pathogenesis, and treatment strategies have grown
exponentially with time making IBD a prime candidate for artificial intelligence
(AI) mediated discovery support. Al can be leveraged to further understand or
identify IBD features to improve clinical outcomes. Various treatment candidates
are currently under evaluation in clinical trials, offering further approaches and
opportunities for increasing the efficacies of treatments. However, currently,
therapeutic plans are largely determined using clinical features due to the lack
of specific biomarkers, and it has become necessary to step into precision medi-
cine to predict therapeutic responses to guarantee optimal treatment efficacy.
This is accompanied by the application of AI and the development of multiscale
hybrid models combining mechanistic approaches and machine learning. These
models ultimately lead to the creation of digital twins of given patients deliv-
ering on the promise of precision dosing and tailored treatment. Interleukin-6
(IL-6) is a prominent cytokine in cell-to-cell communication in the inflamma-
tory responses’ regulation. Dysregulated IL-6-induced signaling leads to severe
immunological or proliferative pathologies, such as IBD and colon cancer. This
mini-review explores multiscale models with the aim of predicting the response
to therapy in IBD. Modeling IL-6 biology and generating digital twins enhance
the credibility of their prediction.

INTRODUCTION

Inflammatory bowel diseases (IBDs), comprising Crohn’s
disease (CD) and ulcerative colitis (UC), are complex,
multifactorial, multifaceted, remitting diseases; makes it
challenging to reliably predict the behaviors of key bio-
markers and clinical outcomes.! Research into IBD has

identified various factors and molecular agents involved in
its development, but our understanding of its etiology and
progression remains incomplete, and its treatment is far
from precise. CD is a segmental, transmural disease occur-
ring in any part of the gastrointestinal tract, whereas UC
mainly affects the rectal mucosal and submucosal layers,
with eventual extension to the colon. Current therapeutic
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approaches do not optimally integrate IBD heterogeneity
and complexity and fail to specifically and durably answer
related medical needs.

There has been a recent increase in interest in the ap-
plication of big data in gastroenterology, including IBD,
to better understand disease history, predictors of devel-
opment or severity, and treatment sensitivities. However,
this has presented with several of its own unique chal-
lenges, including how to process the data and create reli-
able classification and prediction algorithms.

Artificial intelligence (AI) refers to the ability of com-
puters to perform tasks requiring human intelligence,
such as learning, problem solving, and prediction. Al is
a very broad set of technologies with adaptative and an-
ticipatory capacity to deal with a defined problem. It in-
cludes machine learning (ML) and subsets as supervised,
unsupervised, reinforcement and deep learnings. AI algo-
rithms are developed using input data to train the predic-
tion model, and the more numerous and diverse the data,
the more accurate the resulting prediction model will be
in real-world clinical settings. Thus, Al can certainly bene-
fit precision medicine for IBD by improving diagnosis and
therapeutic approaches (Figure 1).2

Although antibody-based therapies against tumor ne-
crosis factor (TNF), interleukins (ILs), or integrins have
demonstrated efficacy in moderate-to-severe IBD, they
remain chronic inflammatory conditions with no known
cure. The occurrence of nonresponders and long-term
inefficacy rates for the currently available biological
treatments may be a consequence of targeting only one
signaling pathway. The current lack of biomarkers limits
clinicians to treatment selections based only on the cur-
rent clinical features of any individual patient.3 Thus, it
is necessary to promote the use of precision medicine via
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the production of improved predictive models that pheno-
type patients’ response to treatments to guarantee optimal
outcomes.*

This mini-review provides an overview of the existing
multiscale models in IBD and introduces that they opti-
mize treatment strategies by enhancing diseases’ pheno-
typing and discretizing the IL-6 pathway. The generation
of virtual digital twins is a notable asset into this demon-
stration of accuracy in prediction and in personalized
medicine.

MODELING IN BIOLOGY

The biological system is a complex ensemble of entities
of an individual, which are independent but function as
a whole. Models bring confidence in and mastering of a
therapeutic ligand and its biological target in the context
of a specific disease. A major output of the models are vir-
tual patients and virtual studies that are mimicking actual
clinical trials (Figure 2). A virtual digital twin is an in sil-
ico individual representation that dynamically reflect her
or his biological system status across different treatments
and times.

Biological modeling has a long history.” Early model-
ing was using reductional approaches and models were
largely based on mathematical equations. Since then, the
emergence of more sophisticated computational technol-
ogies and computational systems biology approaches have
resulted in significant progress in multiscale modeling ob-
jectives. Popular modeling techniques in computational im-
munology include ordinary differential equations (ODEs),
stochastic differential equations (SDEs), partial differential
equations (PDEs), and agent-based models (ABMs). ODE is
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the backbone of most models, but it has some limitations in
capturing cell population dynamics assuming deterministic,
average behavior by each individual cell, whereas biological
systems act stochastically. Given this limitation, ODE mod-
els may fail to accurately reflect the complexity of in vivo
systems. Therefore, the use or combination of ABMs may be
considered to be more appropriate.® The ENteric Immunity
SImulator (ENISI) models and platforms comprise such
techniques, although there are several other tools for this
type of application including COmplex PAthway Simulator
(COPASI), virtual cell, and the ValueLayer.

ENISI is likely the best and most succinctly described ex-
ample of a multiscale model structure and its capabilities.
It simulates gut mucosal immune responses and models
four scales: tissue, cellular, intracellular, and intercellular
response. At the tissue scale, the related compartments of
the immune system include the lumen, epithelium, lamina
propria, lymph nodes, and blood. At the cellular level, this
system evaluates the activity and function of the epithelial
cells, macrophages, dendritic cells, neutrophils, B cells, T
cells, and bacteria and can even model subtypes based on
the immune response and microenvironment. The intracel-
lular scale model protein signaling reactions during immune
response, and the intercellular scale refers to the cytokines
implicated in the engagement of cellular receptors and trig-
gering of signaling in cells.

Only multiscale models are providing the needed level
of granularity to represent the individual biological com-
plexity in IBD as well as to foster the required credibility of
the model for treatment strategy and decision.

IL-6 BIOLOGY

As being a master player into the biological complexity
observed in IBD, the inhibition of the IL-6 signaling is a

relevant therapeutic target and deserves full attention in
modeling IBD. Several treatment candidates with differ-
ent modes of action and interaction are under evaluation.

The IL-6 is a pleiotropic cytokine known to play a cen-
tral role in both inflammation and immune regulation,
with data linking its expression to pivotal roles in both
innate and adaptive immune responses. IL-6 production
and signaling are increased in IBD-inflamed mucosa,
and IL-6 is the main inducer of C-reactive protein (CRP).
Serum levels of IL-6 and its complex with its soluble re-
ceptor (sIL-6R) are elevated in both UC and CD and are
well-correlated with CRP levels.’

Cytokines exert a wide range of biological effects, and
their dysregulation may result in a variety of autoimmune
and inflammatory disorders, including IBD. Cytokines
are grouped into families based on their structure, spec-
ificity, and composition of their receptor complexes. The
IL-6 family currently includes eight cytokines using a
common signaling receptor subunit, glycoprotein 130
(gp130) kDA.® The cytokines in the IL-6 family signal via
two mechanisms: classic signaling and trans-signaling. In
classic signaling, IL-6 binds to a specific cell membrane
receptor, whereas during trans-signaling, IL-6 binds to
its soluble receptor. This trans-signaling drives the IL-6
pro-inflammatory activities, whereas classic signaling
(membrane bound IL-6) drives their anti-inflammatory
activities. Different therapeutic strategies have been eval-
uated which either neutralize the classic pathway using
monoclonal anti-IL-6 receptor antibodies, such as tocili-
zumab, or target IL-6 trans-signaling using compounds
like 01amkicept.9’10 Molecules, such as anti-TNF, anti-
other ILs, anti-integrins, and JAK-inhibitors also impact
the IL-6-CRP pattern through different, often indirect,
mechanisms.

Such different binding patterns lead to different tran-
scriptional signatures, IL-6 inhibition phenotypes, and



ARTIFICIAL INTELLIGENCE IN IBD

| 827

biological effects. Tocilizumab and olamkicept have differ-
ent blood transcriptome signatures. Sarilumab and tocili-
zumab bind with different affinities and express different
kinetics and levels of CRP reduction. Olamkicept, vedol-
izumab, and infliximab have different mucosal transcrip-
tome signatures.'®*2

The prototypical and multifunctional aspects of the
IL-6 require a multiscale modeling approach to better
phenotype the patients for better treatment strategies and
clinical benefits.

MODELS REVIEW

This paper included an exhaustive literature review using
Medical Subject Heading (MeSH) terms across three data-
bases: PubMed, EMBase, and the Cochrane Library from
inception with the search date terminated on October 7,
2021. MeSH terms focused on a combination of keyword
and free words, including IBD, UC, CD, IL-6, model,
platform, AI, computer-aided, neural network, ML, deep
learning, hybrid computational, and multiscale. Studies
that used AI for IBD diagnosis or prediction, IBD sever-
ity assessment, IBD treatment response, and clinical out-
come prediction were all selected for final inclusion and
reviews. Animal models or Al applications and models
with no objective measures of efficacy were excluded.
This search yielded nine multiscale models using Al
in IBD which met the inclusion and exclusion criteria
(Table 1)."*"*! Eight of these (89%) were published within
the past 10 years (2011 or later) and five of them (55%)
within the past 5 years (2016 or later). Four were not in-
cluded here as they were focused on a single scale, were
developed for a non-IBD pathology, were designed to ex-
plore the genetic architecture of these conditions rather

TABLE 1 Brief summary of the current models in use

Lead author Year Multiscale Disease
Moya C.1 2011 No NAFLD
Peter L.'* 2017 Yes IBD
Park A."° 2020 No CD
Iwakiri R.' 2021 Yes CD
Rogers K. 2021 Yes IBD
Wendelsdorf K.*® 2010 Yes IBD
Dwivedi G." 2014 Yes CD

Mei Y. % 2015 Yes IBD
Balbas-Martinez V.2 2018 Yes IBD

ASCPT

than their cytokine biology, or were not published in
extenso.'* ¢

Multiscale quantitative models are required to properly
explore the dynamics of the immune system. Such mod-
els should integrate the most current knowledge about
each immune system for the specific disease to be used
for mechanistic assessment, and there should preferably
be some comparison between several potential and/or
already available therapeutic strategies in terms of target
selection, candidate optimization, and dosage(s) selec-
tion. However, working models should balance the details
required for the model with the quality and quantity of
available data to accurately incorporate such details. That
is why these models can only be as complex as the avail-
able reliable data allows.

Modeling IBD as a network and equation simplifies
complex multi-signal pathways and helps identify treat-
ment responders and nonresponders as no two patients
behave identically.

Rogers et al. recently reported the successful develop-
ment of an IBD ODE-based mathematical model and its
application to CD with a focus on cytokines and biomark-
ers.!””* The observed and model-predicted longitudinal
changes in CRP and IL-6 under different treatment con-
ditions illustrate the need, relevance, and limitations of
such simplification.!” However, because the simplification
from Rogers et al. more accurately considers the ability of
the model to simulate both UC and CD using the same
underlying mechanisms but different initial conditions,
including the absence of intestinal epithelial barrier, the
absence of spatial consideration at the tissue level, and
a reduced number of compartments (colon and blood),
some limitations in prediction may occur.?

The suite of causal biological network models as-
sembled by Ruiz Castro et al. offers a comprehensive

IL-6 biology Digital

included twins Treatment evaluated

Yes No None

Yes No None

Yes No Anti IL12, anti TNFa

Yes Yes Vedolizumab

Yes Yes Brazikumab, infliximab, PF-04236921,
ustekinumab

Yes No None

Yes No Tocilizumab

Yes No None

Yes No Ustekinumab

Abbreviations: CD, Crohn’s disease; IBD, inflammatory bowel disease; NAFLD, non-alcoholic fatty liver disease; PF-04236921, anti-IL-6 antibody.
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visualization of the underlying IBD processes. It includes
four independent models: intestinal permeability, barrier
defense, inflammation, and wound healing. Their net-
work highly objectifies existing divergences in the under-
lying molecular mechanisms of UC and CD. Most of these
divergences appear in the barrier defense and wounding
healing models, which is consistent with clinical data that
suggest that patients with UC are likely to experience in-
creased barrier and inflammation recovery dysfunction
than patients with CD. It is also worth noting that this
model identified PPARG, IFN, and IL-6 associated pat-
terns as particularly important to the regulation of both
diseases.**

A compromised gut epithelial barrier is also a widely
recognized predictor of disease relapse and remission,
and one recent Al-assisted approach has helped to iden-
tify potential barrier-protective agents.”> Similarly, as
different molecules inhibit the different IL-6 signaling
pathways in different ways, evaluating these differ-
ences among existing therapies, such as tocilizumab,
sarilumab, olamkicept, or tofacitinib, with PF-04236921
may have helped to demonstrate the full relevance of the
simplification. It would have also facilitated improved
adjustments of these algorithms as needed. Beyond
efficacy, differences in the mechanisms of action are
important for safety, especially when gastrointestinal
perforation occurs.’

The model of Rogers et al. also facilitates in silico eval-
uation of multiple treatment strategies, including combi-
nation therapies, which is a notable step forward in terms
of benefit to patients for these kinds of applications. This
provides a glimpse into the expected heterogeneity of dif-
ferent therapeutic classes and may be useful in identifying
potential therapeutic synergies.'’

The generation of digital twins, a realistic virtual popu-
lation, brings better confidence to the predictions, clinical
trial simulations, and analyses.?® One example of this is
the use of one set of digital twins to help produce a series
of novel therapies for CD.'®** Here, a digital twin was cal-
ibrated to match an individual (real) patient, and virtual
populations were then produced to correspond to specific
variations within the mechanistic model while maintain-
ing the majority of the model as a duplicate. This facilitated
much more nuanced evaluations of specific pathological
processes. The parameters that are likely to differ among
patients were determined using a sensitivity analysis,
which allowed the researchers to identify the most influ-
ential parts of each of the selected dynamics (biomarkers,
mucosal healing histology or imaging, and clinical scores)
and their impact on treatment response for inclusion in
the model. Thus, these models usually produce novel
core virtual population libraries for each disease using
literature-based estimates for parameter ranges, clinical

case reports, and experience from IBD practitioners to de-
velop more comprehensive clinical evaluation models.

It is also worth noting that when we move beyond
single-scale models, there are very few alternatives to the
Rogers mechanistic and multiscale models at the cellular
level, which explore IL-6 biology in IBD.'**! Wendelsdorf
et al. developed a colonic inflammation model describing
the interaction, traffic, and differentiation of immune,
dendritic, and epithelial cells in response to cytokines and
bacteria in the lumen, lamina propria, and lymph nodes.
The proposed in silico model of IBD considered various
cytokines, such as IL-6, IL-10, IL-12, and TNF-a, and was
designed to better understand gut homeostasis in healthy
subjects. Focus was given to identifying the critical motifs
of mucosal immunity, but none of them was specifically
related to UC or CD or IL-6 biology. No treatment candi-
dates were tested, although the model was later used to
elaborate on an ABM counterpart, the ENISI 8

Interestingly, the dimensionless mathematical model
proposed by Park et al. was derived from Wendelsdorf
et al., simplified by Lo et al., and is substituted with an
additional compartment for drug intervention. The IL-6
pathway is integrated within the mathematical model to
evaluate the dynamics of the immune system of patients
with CD treated with biologics. However, only anti-TNFa
and anti-IL-12 agents, which are known to inhibit the pro-
inflammatory cytokines (Infy, TNFa, IL-2, IL-6, IL-12, and
IL-21), have been evaluated using this model. No formal
conclusion has been drawn on the efficacy of these drugs,
but the model can identify the key beneficial compounds
in a therapeutic assay based on the individual features of
the patient’s immune system, most notably the ratio of pro
to anti-inflammatory cytokines."

Dwivedi et al. constructed an ODE-based multiscale
model of IL-6 signaling in CD, comprising three struc-
tural modules. The first module describes the IL-6 medi-
ated cellular signal transduction and is embedded into the
second module, which is made up of the target organs—
the gastrointestinal tract and liver. These two organs are
connected by a third compartment, which facilitates the
exchange of various serum soluble molecules. The third
module is the general monoclonal antibody PK model.
Data from a previous study evaluating tocilizumab in
CD were used to validate this model.” As developed, the
model allowed Dwivedi et al. to evaluate four different
IL-6 signaling therapeutic strategies, including IL-6, IL-
6Ra, IL-6/sIL-6Ra, and sgpl130Fc as antagonists of IL-6
trans-signaling. The results demonstrated that IL-6 inhibi-
tion and the dose-response characteristics of each strategy
were clearly distinct. One notable limitation of this model
is that it underestimates the CRP response to the evalu-
ated therapies because of the limited data available to
train and validate the model and the limited consideration



ARTIFICIAL INTELLIGENCE IN IBD

| 829

of the cell and cytokine networks involved within CD
physiopathology.

The model developed by Dwivedi et al. is circum-
scribed to the IL-6 mediated immune pathway, whereas
inflammation is led by a network of cytokines, not a sole
contributor. More recent models include and simulate ad-
ditional pathways.?*! The complexity of the IL-6 network
was further explored by fusing experimental data and dy-
namic computational modeling.”’” Results highlighted the
dependencies among the IL-6, the Janus Kinase (JAK),
and the transcription factor signal transducer and activa-
tor of transcription (STAT) signaling, reinforcing the ne-
cessity of individualized and computer-aided approaches
in treatment strategies.

Mei et al. reported the development of an ENISI-based
multiscale model of gut inflammation but did not explic-
itly consider UC or CD. The proposed platform is derived
from the CD4+ T cell differential model and implements
six cytokines as inputs (IL-6, IL-12, and TGF-f) and out-
puts (IL-10, IL-17, and INFy). Although this model has
been set up to run in silico simulations, IBD clinical situ-
ations and treatment candidate evaluations have not been
reported.”’

Balbas-Martinez et al. proposed a systems pharmacol-
ogy (logic) model that considers 43 nodes and 298 qual-
itative interactions within the lymph nodes, the blood,
and the lymph circulatory system irrigating the intestinal
cells, and the gut lumen. This network integrates multiple
ILs, including IL-6, and several specific cells, such as fi-
broblasts, macrophages, and naive CD4+ T cells, making
it more inclusive than many others. This model has also
been validated using the clinical trial results for infliximab,
ustekinumab, fontolizumab, secukinumab, basiliximab,
and daclizumab in IBD. The outcomes of these challenges
were similar to those of the clinical studies’ outputs, but
not as detailed.*

Full details of the computational platform for predict-
ing the time course of mucosal healing in CD developed by
Iwakiri et al. are not yet available, but they present some
similarities with Rogers et al., in that they both integrate
a response classifier with digital twin simulations.'®’
Whereas trained using vedolizumab, a gut selective agent,
the model also considers CRP as an essential biomarker
and factor, confirming the central role of IL-6 biology in
such predictive models.

CONCLUSIONS

Al, and, more specifically, multiscale hybrid computa-
tional and ML models or platforms, may foster improved
drug development and bring increased accuracy to the
design of clinical studies, which may facilitate the best

ASCPT

possible understanding of the clinical benefits of these
technologies. This improved accuracy may help health au-
thorities to further consider in silico clinical trials during
drug registration processes, especially for precision medi-
cine. This is a necessary step for overcoming the treatment
plateau observed with specific biological therapies.

Standards for mechanistic model accuracy and credi-
bility evaluation should be established to value in silico
methods in drug development and evaluation and to aid
precision medicine to deliver the optimal clinical benefit
to patients.

The models proposed by Rogers et al. and Iwakiri et al.
are the latest generation of hybrid platforms combining
mathematics and ML. They include libraries consisting
of thousands of virtual patients simulated over a period
of multiple years, providing the highest accuracy for
predicting the efficacy of various therapeutic strategies.
Capturing the causal relationships between biology and
disease, hybrid multiscale computational and ML models
focus on data interpretation and simultaneously provide
a natural way of incorporating continuous time variables,
which are critical for generating a time-resolved picture of
how patients respond to different treatment scenarios, in-
cluding combination treatments. Anchoring ML in physi-
ology also improves prediction interpretability and overall
efficacy.

Other types of predictive computational tools are also
available. However, most of them do not explore how pa-
tients develop the specific outcomes they predict nor do
they allow for what-if treatment strategies and scenario
simulations.

This review suggests that multiscale multicomponent
mechanistic models combined with ML and digital twin’s
generation provide the best approach to gain the needed
understanding of biology and various omics leading to dif-
ferent treatment outcomes and to predict the response in
patients with IBD to treatments.
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