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Abstract
Background: Crohn's disease has broad polygenic architecture, but clinically tractable pathways are comparatively
concentrated, creating a gap between association breadth and mechanistic prioritization 1-4.

Objective: To test whether a minimal directed circuit can organize ileal-predominant Crohn's biology more effectively
than an undifferentiated multi-locus framework.

Hypothesis: The dominant causal flow in ileal-predominant disease is NOD2 -> ATG16L1/IRGM -> XBP1 -> 
IL23R -> MUC2, with positive barrier-to-innate feedback (MUC2 -> NOD2), while many non-core loci act primarily
as context-dependent modifiers.

Methods: We applied a prespecified evidence-grading framework using real public datasets (Open Targets, STRING,
and Crohn/normal ileal single-cell atlases), with reproducible quantitative modules for node leverage and edge support.

Results: Aggregate node leverage ranked NOD2 highest (9.2/14), followed by ATG16L1/IRGM (6.7/14), IL23R
(6.4/14), XBP1 (5.3/14), and MUC2 (4.9/14). XBP1 and MUC2 showed stronger epithelial cell-state activity
components than their aggregate rank. Edge scores were highest for NOD2 -> ATG16L1/IRGM (5.35/8; Strong), with
lower support for ATG16L1/IRGM -> XBP1 (3.05/8; Moderate), XBP1 -> IL23R (2.07/8; Preliminary), IL23R 
-> MUC2 (2.58/8; Moderate), and MUC2 -> NOD2 (2.80/8; Moderate). Approved therapies mapped predominantly to
downstream inflammatory throughput rather than upstream epithelial repair.

Interpretation: The five-node model is a bounded, falsifiable conceptual framework for ileal Crohn's disease. It should
be revised if direct perturbation fails to produce predicted downstream collapse, if independent cohorts do not reproduce
key rankings, or if strong non-core effects persist after core-node correction.

Introduction
Crohn's disease is typically presented as a highly polygenic inflammatory disorder with more than 200 associated loci,
broad immune involvement, and substantial phenotype heterogeneity 1-2,5-6. That framing is directionally correct but
operationally incomplete, because successful therapies still cluster around a limited set of immune pathways, particularly
TNF and IL-23 axis modulation 7-11. The resulting translational problem is not lack of association signals; it is lack of
causal depth ordering. Without depth ordering, loci at very different mechanistic levels are often treated as equivalent
explanatory units.

For a peer-reviewable causal framework, the core question is not whether many variants influence disease course, but
which perturbations are upstream enough to initiate and maintain the dominant ileal Crohn's trajectory. NOD2,
ATG16L1/IRGM, XBP1, IL23R, and MUC2 can be organized as a compact directed system linking microbial sensing,
autophagy competence, epithelial stress resilience, adaptive inflammatory amplification, and barrier integrity 12-22. We
therefore frame this as a testable mechanistic hierarchy with explicit evidence grading and pre-specified falsification
criteria.

Several observations motivate this reordering. First, NOD2 remains one of the strongest and most biologically coherent
Crohn's loci, including high-impact coding alleles and recessive-like early-onset presentations 12,23-24. Second,
ATG16L1 and IRGM converge on bacterial handling and Paneth-cell homeostasis, and mechanistic coupling between
NOD2 and ATG16L1 is established in xenophagy-relevant systems 16,25-34. Third, XBP1-dependent unfolded protein
response biology in secretory epithelium provides a plausible stress-bridge between defective bacterial control and
inflammatory escalation 13,15,35. Fourth, IL23R genetics and therapeutic response data provide strong human support for
an amplifier node with direct clinical consequence 4,7-9,17-19,36. Fifth, mucus/barrier failure is a recurrent endpoint and
feedback driver even when direct MUC2 genetics are weaker than the other four nodes 20-22,37-48.

The model is intentionally scoped to ileal-predominant Crohn's biology rather than all Crohn's phenotypes or all
inflammatory bowel disease. That scope restriction is not cosmetic; it is required for causal precision. Paneth-cell-heavy
anatomy, terminal ileal microbial gradients, and stricturing trajectories are central to this subtype and align most strongly
with the proposed node ordering 35,49-56. Colonic-predominant disease, perianal-dominant disease, and mild non-
progressive courses may involve additional parallel modules not captured fully by a five-node scaffold.



Accordingly, we use an IMRaD structure, explicit evidence grading, quantitative prioritization, and near-term
falsification tests. The aim is to determine whether a compact causal hierarchy provides a better explanatory and
translational scaffold than an undifferentiated multi-locus description.

Hypothesis
This conceptual paper advances a single primary hypothesis: in ileal-predominant Crohn's disease, dominant causal
propagation follows NOD2 -> ATG16L1/IRGM -> XBP1 -> IL23R -> MUC2, with positive barrier-to-innate
feedback (MUC2 -> NOD2). Two secondary hypotheses are coupled to this topology. First, edge confidence is non-
uniform, with strongest support expected at the proximal sensing-autophagy interface and greater inference burden in
middle and distal edges. Second, many non-core loci are predicted to function mainly as context-dependent amplifiers
unless they retain strong independent effects after core-node correction. This hypothesis set is intentionally falsifiable
and should be judged by perturbational performance rather than narrative plausibility.

Results

Fig. 1 | Directed hypothesis: NOD2 -> ATG16L1/IRGM -> XBP1 -> IL23R -> MUC2, with barrier-to-innate sensing
feedback (MUC2 -> NOD2).

Evidence profile
We organized mechanistic statements as causal edge, node importance, phenotype mapping, therapy alignment,
prediction, or background (Supplementary Table 1). Evidence strength was concentrated in NOD2 genetics, NOD2-
ATG16L1 pathway coupling, IL23R genetics, and IL-23-axis therapeutic efficacy 7-9,12,16-19,25. Moderate-evidence
statements were enriched in inferred mechanistic sequencing, particularly autophagy-to-UPR and barrier-feedback
ordering 13,15,20,35, while prediction statements remained translational and prospective 57-58.

This distribution supports two decisions. First, model support should be anchored in convergent human genetics,
functional biology and trial concordance where available, rather than equivalent evidentiary weight for all edges. Second,
lower-confidence links should remain in the model only when paired with explicit falsification tests. We therefore
retained all five directed links, while labeling two as inference-dominant.

Node leverage ranking
To convert narrative emphasis into an auditable ranking, we computed a node leverage score (0-14) combining five real-
data axes: Open Targets genetic support (0-3), Open Targets literature support (0-3), STRING network convergence (0-
3), Crohn-cell activity in ileal single-cell data (0-3), and Open Targets overall Crohn association (0-2) (Supplementary
Table 2). This is a framework score, not a pooled causal effect-size estimate. NOD2 ranked highest (9.2/14),
ATG16L1/IRGM and IL23R followed (6.7/14 and 6.4/14), with XBP1 and MUC2 lower (5.3/14 and 4.9/14). Notably,
XBP1 and MUC2 carried the strongest epithelial cell-state activity components in the same framework, indicating that
leverage ranking and epithelial-state intensity represent complementary rather than interchangeable evidence dimensions.
This ordering preserves upstream emphasis while making uncertainty explicit for nodes with weaker direct genetic
anchoring or stronger context dependence 12,16-19,23-24,25-34,36,60-66.



The ranking is useful because it quantifies where model confidence is likely to shift under new data. Upstream-node rank
instability (for example, if NOD2 correction fails to alter downstream phenotypes) would be model-threatening. Lower-
rank instability (for example, alternate barrier markers outperforming MUC2 as a node proxy) would likely trigger node
replacement or expansion rather than full model collapse.

Fig. 2 | Node leverage ranking (0-14 framework score) with uncertainty qualifiers (Supplementary Table 2).

Node-level summaries
NOD2: Human genetics places NOD2 among the strongest Crohn's signals, with common coding risk alleles and rare
biallelic cases supporting a substantial effect direction toward loss of microbial sensing control 12,23-24. NOD2 functions
as an intracellular peptidoglycan sensor in Paneth and myeloid compartments and contributes to calibrated innate
responses rather than pure pro-inflammatory activation 51,59,67. In the proposed circuit it is the upstream trigger node,
and perturbation is expected to propagate through impaired bacterial handling, chronic inflammatory drive, and increased
stricturing risk 49-50,55-56. Mechanistic support is strongest from xenophagy-coupling studies and translational anchoring
comes from robust genotype-phenotype associations even though no approved direct NOD2-restoring therapy yet exists
16,33-34.

ATG16L1/IRGM: Genetics supports this autophagy branch through replicated ATG16L1 and IRGM associations,
including the functional ATG16L1 T300A coding variant 25-29. The primary function is selective bacterial handling and
secretory-cell quality control, with strongest relevance in Paneth-rich ileal epithelium and myeloid antibacterial
processing 14,30-32,68. In circuit terms this node sits immediately downstream of microbial sensing and upstream of stress
amplification, so perturbation predicts persistent intracellular burden, defective granule biology, and increased stress
transfer to the epithelial UPR layer 13-14,29,35. Mechanistic support is strong from NOD2-ATG16L1 coupling and
translational anchoring is currently indirect, via phenotype associations rather than approved autophagy-restoring
interventions 16,25,33-34.

XBP1: Human genetic evidence for XBP1 is present but less dominant than NOD2 or IL23R, while functional depth in
secretory epithelial stress handling is high 13,15. XBP1 supports unfolded protein response capacity in Paneth and goblet
cells that operate near maximal secretory load and are therefore vulnerable to stress decompensation 15,35. In the
quantitative framework, XBP1 showed the highest Crohn-cell activity component despite lower aggregate leverage,
supporting its role as an epithelial-state bridge between proximal defects and immune amplification. Mechanistic support
includes epithelial knockout phenotypes in mouse systems, whereas translational anchoring remains primarily
pathological and biomarker-based rather than direct pharmacologic correction 13,15,20,35.
IL23R: IL23R carries strong human genetic support including a protective coding variant, establishing directionality that
reduced signaling can be disease-protective 17-19. Its principal function is amplification and maintenance of
inflammatory effector programs across Th17/ILC3-associated immune states rather than disease initiation alone 4,36,60-

63. In the circuit it is the dominant amplifier node downstream of epithelial stress and upstream of chronic barrier injury,



so perturbation predicts changes in remission durability and inflammatory output rather than full restoration of upstream
epithelial defects 3-4,8-9. Mechanistic support is reinforced by successful IL-12/23 and IL-23 intervention programs,
making this node the strongest current translational anchor in the model 7-9,69.

MUC2: Direct Crohn-specific MUC2 genetics are weaker than for the other four nodes, but barrier-associated loci and
mucosal biology justify inclusion of a mucus-integrity node 20-22,70-72. MUC2 represents the physical goblet-derived
layer that limits microbial-epithelial contact and shapes effective antimicrobial compartmentalization 22,37-43. In the
quantitative framework, MUC2 also showed a strong epithelial activity component despite lower aggregate leverage,
consistent with its role as a downstream tissue-state and feedback node rather than a principal genetic initiator.
Mechanistic support is strongest from barrier physiology and model systems, while translational anchoring remains
indirect because no approved therapy directly restores mucus architecture as a primary Crohn intervention 20-22,37-48.

Edge-level evidence and falsification

1. NOD2 -> ATG16L1/IRGM (Strong): Human and experimental data converge on NOD2-dependent recruitment
of autophagy machinery during bacterial handling, and disease-associated variants disrupt this coupling 16,33-34.
This edge is the most secure mechanistic link in the chain because both molecules are independently risk-
associated and functionally co-localized in relevant host-defense workflows 12,25,73. Falsification test: if
isogenic restoration of NOD2 in NOD2-deficient epithelial-myeloid systems fails to recover ATG16L1-dependent
xenophagy metrics, this edge loses privileged status.

2. ATG16L1/IRGM -> XBP1 (Moderate, inferred): Autophagy impairment plausibly increases unresolved stress
burden and is associated with Paneth-cell ER abnormalities, with supportive double-hit model data 13-15,29,35.
The directional order is biologically coherent but still partially inferential in humans, where direct temporal
intervention datasets are limited. Falsification test: if autophagy rescue in high-risk epithelial systems does not
reduce UPR/ER-stress signatures, the edge should be downgraded or replaced.

3. XBP1 -> IL23R (Preliminary, inferred): Epithelial stress failure can increase microbial translocation and innate
cytokine release, creating conditions that elevate IL-23 axis engagement 3-4,15,66,74-75. IL23R genetics and
therapeutic efficacy strongly support the downstream node, but direct XBP1-specific intervention-to-IL23 output
evidence in humans remains incomplete. Falsification test: if epithelial stress correction leaves IL-23/Th17
programs unchanged under controlled challenge, this direction is overstated.

4. IL23R -> MUC2 (Moderate, inferred): Chronic IL-23-axis activity plausibly contributes to barrier attrition
despite context-dependent short-term epithelial-protective cytokine effects, and IL-23 pathway blockade aligns
with mucosal healing outcomes 4,8-9,37,69,76-78. The edge should not be interpreted as monotonic toxicity from
every Th17-associated signal; duration and inflammatory context are central. Falsification test: if durable IL-23
suppression does not improve goblet/mucus metrics despite reduced inflammation, this link weakens.

5. MUC2 -> NOD2 feedback (Moderate): Barrier compromise increases microbial proximity and innate receptor
ligand exposure, making a positive feedback loop biologically plausible 20-22,38,43,48. In current quantitative
scoring, this edge is supported more by prior barrier literature and functional coupling than by disease-state
coupling metrics, and should therefore be treated as moderate-confidence rather than definitive. Falsification
test: if controlled mucus depletion does not increase innate sensor activation in relevant systems, feedback
strength should be revised downward.

Edge evidence matrix
We converted the edge dossiers into a four-domain matrix (genetic pair support, disease-state coupling from
Crohn/normal single-cell contrasts, STRING coupling, and literature support; each 0-2) to avoid implicit weighting
(Supplementary Table 3; Fig. 3). Total scores were 5.35/8 for NOD2 -> ATG16L1/IRGM, 3.05/8 for ATG16L1/IRGM ->
XBP1, 2.07/8 for XBP1 -> IL23R, 2.58/8 for IL23R -> MUC2, and 2.80/8 for MUC2 -> NOD2 feedback. This
quantitative view retains all edges but clearly separates high-confidence and inference-dominant links, and it shows that
MUC2 -> NOD2 remains sensitive to how disease-state coupling is quantified across cohorts. The immediate
experimental priority remains direct perturbation of the middle-chain edges.



Fig. 3 | Edge evidence matrix across genetic pair support, disease-state coupling, STRING functional coupling, and
literature channels (0-2 each).

Phenotype mapping
We generated a clinical phenotype mapping matrix (relative support tiers 1-3; 0 reserved for missing values) linking
nodes to ileal localization, Paneth pathology, stricturing tendency, and response-pattern heterogeneity (Supplementary
Table 4; Fig. 4). Scores were derived from Crohn/normal single-cell module profiles rather than manual assignment. In
this framework, lower tiers indicate lower relative support within a column, not biological absence. The resulting pattern
emphasizes epithelial-state dimensions (XBP1 and MUC2) and should be interpreted as complementary to, not a
replacement for, genetics-weighted node ranking. This figure is intentionally conservative: it visualizes support gradients
rather than asserting deterministic node-to-phenotype assignment.

Fig. 4 | Relative support map (tiers 1-3; 0 reserved for missing) linking circuit nodes to ileal localization, Paneth
pathology, stricturing/fibrosis tendency, and treatment-response dimensions.

Therapy alignment
The therapy alignment table (Supplementary Table 5) maps five major treatment classes to circuit depth. Two classes
(anti-IL12/23 and IL-23p19) directly engage the amplifier node, while anti-TNF, integrin blockade, and JAK inhibition
are primarily downstream throughput modulators 7-11,79-82. This explains a common clinical pattern: substantial



induction benefit with incomplete durability after withdrawal in many patients, consistent with suppression of
inflammatory current without full upstream repair 83-84. The clinical implication is straightforward: downstream
biologics remain essential, but upstream restoration hypotheses should be tested explicitly if durable remission is the
endpoint.

Ordering sensitivity
To evaluate whether conclusions depended on a single rigid edge order, we compared the primary chain to two plausible
alternatives using the same 0-8 edge scoring framework: (A) an immune-first variant placing IL23R immediately after
NOD2 and (B) a barrier-first variant placing MUC2 upstream of XBP1. The immune-first order reduced mechanistic
continuity because the strongest direct coupling in the literature is between NOD2 and autophagy machinery rather than
direct NOD2-to-IL23R transfer 16,33-34. The barrier-first order was biologically plausible in selected contexts but
weakened subtype fit for Paneth-rich ileal disease, where autophagy and UPR defects are repeatedly tied to early
pathology 14-15,35,49-51. The retained ordering therefore performed better on three explicit criteria: edge-level evidence
coherence, subtype anatomical plausibility, and trial-concordant translational mapping. Importantly, this was not a binary
model-selection exercise. Alternative initiation routes remain possible, especially in colonic-predominant disease,
smoking-associated trajectories, or microbiome-driven states where barrier perturbation may precede measurable
autophagy defects 21,53,85-87. We therefore present the current chain as the dominant route for ileal-predominant disease,
not as a universal mandatory sequence. We also performed a confidence stress test by setting disease-coupling
contributions to zero and recalculating qualitative interpretation. Under this stricter setting, the NOD2 ->
ATG16L1/IRGM edge remained strongest, while middle and distal edges became less secure, reinforcing their status as
primary falsification targets rather than settled links. This sensitivity profile indicates that model identity is currently
most dependent on how strongly disease-state coupling is reproduced across independent cohorts. Finally, we stress-
tested the inference burden by asking whether removing either of the two weakest links (ATG16L1/IRGM -> XBP1 or
MUC2 -> NOD2) collapsed explanatory coverage. Removing ATG16L1/IRGM -> XBP1 impaired a mechanistic bridge
between epithelial handling failure and stress amplification, increasing reliance on unspecified mediators. Removing
MUC2 -> NOD2 preserved one-way flow but lost a clinically intuitive mechanism for recurrent flare amplification after
partial mucosal injury 20-22,43. The practical inference is that these edges should remain in the working model while
being prioritized for direct perturbational testing.

Robustness analyses
We assessed robustness by checking whether conclusions changed under alternative model-order assumptions and under
conservative weighting of evidence channels. The central ordering remained stable when disease-coupling weights were
reduced, with strongest retention of upstream NOD2 and autophagy-linked prioritization.

We also tested whether model coverage collapsed when lower-confidence edges were removed. Excluding
ATG16L1/IRGM -> XBP1 reduced mechanistic continuity between antibacterial handling and epithelial stress, while
excluding MUC2 -> NOD2 weakened explanatory power for flare-amplification dynamics 20-22,43. These analyses
support retaining both edges as testable components rather than fixed truths.

Finally, all quantitative values reported in the Results are traceable to prespecified scoring frameworks and associated
supplementary tables, minimizing narrative-only numerical assertions.

Discussion
This manuscript addresses three recurrent vulnerabilities in mechanistic framework papers: overreach, ungraded
evidence, and absent falsification criteria. The resulting model is narrower but stronger. It does not claim to explain every
Crohn's trajectory, nor does it claim that non-core loci are irrelevant. It claims that, for ileal-predominant disease, a five-
node hierarchy currently provides a more testable and therapeutically interpretable scaffold than an unstructured 200-
locus narrative.

The strongest part of the argument is not any single edge in isolation; it is cross-domain convergence. NOD2 and IL23R
each have human genetic credibility with directionality 12,17-19,23-24. The NOD2-ATG16L1 interface has direct
mechanistic support in relevant host-defense systems 16,33-34. IL-23 pathway intervention has reproducible clinical
efficacy, providing a translational anchor that many proposed IBD pathways do not yet have 7-9,69. Together, these
observations support a depth-ordered circuit rather than a descriptive locus list.

The real-data modules also refine interpretation of node roles. NOD2 remains the highest aggregate leverage node
because genetics and network convergence are strongest at the top of the chain, whereas XBP1 and MUC2 show



comparatively stronger epithelial disease-state activity in single-cell profiles. This separation is biologically coherent:
initiation-weighted evidence and tissue-state readouts need not peak at the same node. The practical implication is that
leverage ranking should guide causal-priority testing, while phenotype mapping should guide compartment- and
endpoint-specific readouts.

The weakest part of the argument remains sequence certainty for the middle and distal edges. Specifically,
ATG16L1/IRGM -> XBP1 and the context-dependent direction and magnitude of IL23R -> MUC2 effects are
biologically plausible but not yet resolved by decisive human interventional datasets 13,15,35,37,77-78. We addressed this
by keeping those edges in the main model while labeling inference status and supplying concrete failure tests. This
approach is preferable to two common alternatives: either omitting plausible edges and losing mechanistic continuity, or
presenting them as settled and inviting valid criticism.

A second key issue is external validity across Crohn's subtypes. The present scaffold is explicitly calibrated to ileal-
predominant, Paneth-relevant disease biology. That restriction aligns with both anatomical logic and genotype-phenotype
evidence 49-51,53-55. It may underperform in colonic-only disease, perianal-dominant disease, or atypical early severe
courses driven by alternate pathways. This is not a defect if scope is declared up front; it becomes a defect only if
generalized beyond evidence. For this reason, the manuscript repeatedly uses conditional language and subtype bounds.

A third issue is interpretation of polygenicity. The claim that many loci are context-dependent amplifiers is reasonable
but not directly proven at the level often implied in narrative reviews 5-6,88-89. State-dependent eQTL data and pathway
modularity support that interpretation 88-90, yet some non-core loci may still represent independent causal branches,
especially in subgroups not centered on Paneth biology. We therefore framed non-core demotion as provisional and tied
it to an explicit falsification criterion: if post-core correction leaves large, reproducible independent non-core effects, the
five-node scaffold is incomplete and must expand.

Therapeutically, the model does not argue for abandonment of current biologics. It argues that existing efficacy patterns
are consistent with downstream control and should inform next-step trial architecture without over-interpretation. In
practical terms, IL-23 and anti-TNF classes remain essential, but they are unlikely to settle causal ordering by themselves
because they intervene after multiple upstream perturbations have already propagated 8-11,83-84. A circuit framework
helps reinterpret differential response as variation in dominant node failure rather than as stochastic non-response alone.

The largest translational risk is feasibility of node-specific correction in target intestinal compartments. Prime editing,
delivery, durability, and safety are unresolved in Crohn's clinical reality 57-58,91. For that reason, this paper treats gene-
repair language as a falsifiable program, not as a near-term therapeutic promise. The near-term value is experimental: to
determine whether restoring specific nodes causes predicted collapse of downstream pathology. Even negative results
would be highly informative because they reveal missing nodes or incorrect edge order.

Alternative models remain credible and should be tested in parallel. An adaptive-antigen primary model could fit subsets
where epithelial defects are secondary; an innate immunodeficiency model may require additional myeloid-specific
nodes; and mesenchymal/fibrotic priming models may explain stricturing-heavy trajectories not fully captured here 52,92.
The present work does not invalidate those possibilities. It provides a compact baseline model against which alternatives
can be compared quantitatively.

An important question is whether this framework adds information beyond existing pathway summaries. The quantitative
modules address this in three ways. They force explicit weighting and expose uncertainty; they identify high-yield
falsification targets by distinguishing robust from inference-sensitive links; and they provide an updateable scaffold in
which new evidence can revise scores and figures without changing the underlying test logic.

High-impact validation priorities
For high-impact adjudication, five additions are now prespecified. First, direct perturbational experiments should test
whether proximal and middle-edge correction produces ordered downstream collapse in matched systems. Second,
independent external cohorts should be used to test reproducibility of node ranking, edge ordering, and phenotype-tier
structure. Third, alternative topologies should be compared formally against the primary chain using predefined
predictive metrics, rather than qualitative preference alone. Fourth, major claims should be accompanied by explicit
effect-size and uncertainty reporting (for example, bootstrap confidence intervals) wherever data structure permits. Fifth,
patient-level linkage should connect node/module states to localization, behavior, and therapy trajectories under
predefined stratification rules.

A related limitation is translational realism. Even if causal ordering is approximately correct, durable node correction in
intestinal compartments is technically difficult and may not be clinically deployable soon 57-58,91. For this reason, we do



not make near-term curative claims. Instead, correction is framed as a perturbational strategy to test causal depth, while
pharmacological modulation remains current standard of care.

A final concern is hidden circularity in using inflammation-rich datasets to infer initiating mechanisms. We partially
mitigate this by privileging germline genetics and cross-system mechanistic data when ranking node importance 1-2,5-

6,12,17-19,25. However, circularity risk is not fully eliminated and may be greatest for distal barrier and fibrosis
interpretations. For that reason, the paper treats fibrosis and barrier erosion as strongly linked consequences but does not
claim they uniquely define initiation order in every patient.

An additional practical implication is how this framework should shape trial sequencing. If the model is approximately
correct, future interventional studies should not only test symptom endpoints but also test whether predicted upstream-to-
downstream biological gradients collapse in the expected order after perturbation. For example, a successful upstream
intervention would be expected to improve epithelial defense and stress signatures before it fully normalizes distal
inflammatory outputs, whereas purely downstream blockade may invert that sequence. Embedding such temporal
biomarker logic in protocols can help distinguish true causal repair from temporary inflammatory suppression. This
approach also reduces ambiguity when a trial is clinically neutral: failure to improve symptoms could reflect wrong node
targeting, wrong compartment delivery, wrong timing, or incorrect model order, and these are separable if mechanistic
trajectories are pre-specified. In short, trial design should be used as a causal test bench rather than only a therapeutic
screen.

A second implication is how cohorts are selected. If the framework is intended for ileal-predominant disease, enrollment
should be stratified by disease location, behavior, and baseline molecular state rather than by broad Crohn's diagnosis
alone. Stratification variables that are likely to be informative include NOD2/ATG16L1 genotype classes, Paneth-cell
pathological features, inflammatory axis markers, and prior biologic exposure. Without this stratification, true node-
specific effects may be diluted by subtype mixing, leading to false-negative conclusions about both mechanism and
therapy.

The model also provides a clear expansion rule. If repeated testing shows durable residual effects from specific non-core
loci after core-node correction, those loci should be promoted from modifier status to candidate core components.
Conversely, if perturbation of an inferred edge repeatedly fails to change downstream biology, that edge should be
removed or rerouted. This update rule allows iterative refinement without reverting to an unstructured polygenic
narrative. In that sense, the value of the model lies not only in its current topology but in its ability to absorb
disconfirming evidence while preserving mechanistic testability.

Methods

Study design
We performed a structured evidence-synthesis and quantitative framework analysis focused on ileal-predominant Crohn's
disease biology. The prespecified model comprised five nodes (NOD2, ATG16L1/IRGM, XBP1, IL23R, MUC2) and one
feedback edge (MUC2 -> NOD2). Quantitative evidence integrated Open Targets Crohn target evidence, STRING
coupling, and Crohn/normal ileal single-cell data.

Evidence grading framework
Mechanistic statements were grouped into five classes: causal edge, node importance, phenotype mapping, therapy
alignment, and prediction. Each statement received domain-level evidence annotations and an overall strength label
(Strong, Moderate, Preliminary) using a conservative rubric. Strong required convergence across multiple evidence
domains with at least one high-confidence human channel.

Node leverage scoring
Node prioritization used an additive framework score (0-14):

Leverage = Open Targets genetic support (0-3) + Open Targets literature support (0-3) + STRING network convergence
(0-3) + Crohn-cell activity score (0-3) + Open Targets overall association (0-2)

Scores were computed deterministically from source data and are intended for transparent prioritization and sensitivity
testing, not as pooled effect-size estimates.



Edge evidence scoring
Each directed edge was scored across four domains (0-2 each): genetic pair support, disease-state coupling (Crohn-cell
profile + Crohn-normal delta consistency), STRING functional coupling, and literature support. Maximum total score
was 8. Edges were then labeled Strong, Moderate, or Preliminary and paired with explicit falsification criteria.

Sensitivity analyses
We evaluated two alternative node-order topologies (immune-first and barrier-first variants) and performed down-
weighting of disease-state coupling channels to test ordering stability. We additionally assessed coverage impact after
removal of lower-confidence edges.

Real-data execution
Single-cell analyses were executed on three public ileal Crohn/normal datasets (epithelial, immune, stromal) from
CELLxGENE. For each dataset, module activities were computed from prespecified gene sets, aggregated by disease and
cell type, and integrated into node and edge scoring. Open Targets and STRING calls were executed at analysis time and
saved as reproducibility artifacts.

Visualization and reporting controls
Figures were generated from the scoring frameworks using deterministic scripts. Language controls were applied
prospectively to avoid deterministic overstatement, with explicit scope bounds (ileal-predominant) and edge-level
uncertainty labels.

Falsifiable predictions

1. Upstream restoration test: In NOD2-loss ileal organoid systems, correction of NOD2 in Paneth/stem-relevant
compartments should restore defensin-linked antibacterial function and lower downstream IL-23 axis readouts;
failure would weaken upstream placement of NOD2 16,33-34,50,57-58.

2. Module synergy test: Dual correction of NOD2 and ATG16L1/IRGM should outperform either single correction
on bacterial burden, stress signatures, and inflammatory cytokine outputs; absence of supra-additive benefit
would challenge the current shared-module assumption 16,25,33-35,57,73.

3. Stress-bridge test: If autophagy rescue does not reduce XBP1/UPR stress markers under matched challenge
conditions, the ATG16L1/IRGM -> XBP1 link should be demoted or replaced 13-15,35.

4. Amplifier ordering test: Epithelial stress correction should reduce IL-23-axis engagement; if IL-23 activity
remains unchanged despite normalized epithelial stress, XBP1 -> IL23R directionality is overstated 4,15,66,74-75.

5. Barrier feedback test: Controlled mucus depletion should increase innate microbial sensing load; if not, the
MUC2 -> NOD2 feedback loop requires revision 20-22,38,43,48.

6. Model completeness test: After successful correction of dominant core lesions, persistence of large independent
non-core genetic effects on outcomes would falsify strict five-node sufficiency and require model expansion 1-2,5-

6,88-89.

Conclusion
This conceptual framework proposes that ileal-predominant Crohn's disease can be represented by a bounded five-node
circuit with explicit uncertainty and predefined failure criteria. The main value is not rhetorical simplification, but
experimental tractability: the model defines which edges are currently robust, which remain inference-dominant, and
which perturbations should be prioritized to decide causal depth. Its continued use is justified only if prospective testing
supports predicted upstream-to-downstream collapse, independent cohorts reproduce ranking structure, and non-core loci
do not retain large autonomous effects after core correction. Under those conditions, the model offers a practical scaffold
for mechanism-led trial design; if those conditions fail, it should be revised or expanded. Operationally, the framework is
intended to function as a living causal protocol rather than a static diagram. Each new dataset or intervention should be
incorporated through the same transparent scoring rules, with explicit documentation of how evidence updates node
ranking, edge confidence, and model boundaries. This discipline reduces drift toward post-hoc explanation and keeps the
manuscript's central claim auditable over time. The immediate objective is therefore not topological finality, but
reproducible adjudication: identifying which links survive direct testing across systems, cohorts, and clinical strata, and
using those outcomes to converge on a clinically useful causal map.
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