
 
Supplementary Materials Text S1: Detailed Description of underlying biology and 
its implementation in SEGMEnT.  
 
These materials provide a detailed description of the biological processes, modeling 

assumptions and implementation of the biological knowledge into SEGMEnT. These 

materials also provide descriptions of how the simulation experiments were performed. 

 
Overall Architecture: Cell types and Tissue Topology 

Cells 

Gut epithelial cells (GECs) are the primary agent in SEGMEnT as they are the minimally 

sufficient actors needed to represent all of the necessary interactions required to describe 

intestinal homeostasis and inflammatory processes. We choose GECs as the agents 

because cells are represented as discrete units of fixed size that can move, divide, 

differentiate, and communicate with each other and their environment through signaling 

events. A typical crypt in healthy ileal tissue will contain 500 epithelial cells; 

approximately 2000 cells occupy a typical villus. 

 Cells interact with each other solely through signaling, however they can impede 

each other’s motion; two cells are not allowed to occupy the same space, though they do 

not exert a true mechanical force on each other.  When reacting to inflammation and 

certain other signals, GECs are considered to have an abundance of receptors, and thus 

react proportionately to any amount of cytokine.  

 

Signaling Network 

Fig. 3 depicts the relationship between the process, topology, and output of SEGMEnT. 

All of the cellular ”decisions” occur in the crypt, shortly after stem cell proliferation. A 



fate is quickly chosen, and as the cell exits the proliferative zone of high Wingless-related 

integration site (Wnt) activity, it differentiates. The cell then continues to climb the villus 

(directed by the EphB receptor-Ephrin B ligand gradient) until it de-attaches from the 

base membrane and undergoes anoikis, a special type of apoptosis [89, 90]. 

  
Fig. S1 depicts the signaling pathway that controls GEC behavior in SEGMEnT. Wnt 

signaling self-stimulates in GECs and up-regulates Noggin. Wnt activity also prevents the 

destruction of β-catenin, which is responsible for defining a cell’s migratory path through 

the EphB/Ephrin-B signaling pathway. Noggin inhibits bone morphogenic protein (BMP) 

activity by binding to and neutralizing BMP molecules [32, 81]. BMP activity opposes 

Wnt activity through up-regulating Sonic Hedgehog Homolog (Hh) signaling. BMP 

activity also up-regulates Phosphotase and tensin homolog (PTEN), which indirectly 

causes apoptosis. The signaling molecules and their associated functions are listed in 

Table 1.  

 

Agent Details:  There are five cell types represented in the model: intestinal stem cells 

(ISCs), undifferentiated transit amplifying (TA) cells, differentiated enterocytes, 

neutrophils, and macrophages.  

 

Intestinal Stem Cells (ISC): Each crypt contains 4 ISCs in an azimuthally symmetric 

distribution located 4 cell lengths above the base of the crypt [32].   In order to maintain 

homeostasis, ISC’s divide asymmetrically approximately every 2 hours.  If an ISC 

undergoes necrosis, it typically leads to the total death of the crypt as SEGMEnT lacks a 

mechanism for ISC renewal.   



 

Transit Amplifying (TA) Cells: Undifferentiated cells follow a decreasing EphB receptor 

gradient as they migrate up the crypt with a speed of approximately 15 µm/hr.  TA cells 

divide probabilistically with P(divide) = 0.15/hr, thus, a TA cell created by an ISC will 

divide an average of approximately four times as it traverses 25 cell lengths (1 cell length 

= 10 µm).  This corresponds to a crypt that has a depth of 300 µm, typical in the human 

ileum.  TA cells are twice as susceptible to necrosis as differentiated enterocytes. 

 

Enterocytes: Differentiated enterocytes follow an increasing Ephrin-B ligand gradient as 

they migrate up the villus.  Enterocytes’ sole function is to interact with the signaling 

network.  Enterocytes respond to inflammatory signals with 0.25 the strength of an 

inflammatory cell. 

 

Neutrophils, Macrophages: Upon exposure to damage-associated molecular pattern 

molecules (DAMPs), blood vessels start secreting neutrophils and macrophages.  Every 

15 minutes, a neutrophil or macrophage has the opportunity to adhere to the tissue 

outside of the blood vessel with a probability based on the amount of DAMP present: 

𝑃 𝑎𝑑ℎ𝑒𝑟𝑒 = 𝑐![𝐷𝐴𝑀𝑃] where 𝑐! = (10  𝑢)!!.  Neutrophils have a limited signaling 

network and only secrete reactive oxygen species (ROS) in response to pro-inflammatory 

stimuli, while macrophages utilize the full inflammatory signaling network.    

 

Neutrophils and macrophages clear necrotic debris through phagocytosis; a single 

neutrophil or macrophage can clear one cell’s worth of necrotic debris in approximately 



10 hours, though in plural, they typically clear a dead cell in less than one hour. 

Neutrophils and macrophages have finite lifetimes of 2 days, though can undergo 

apoptosis earlier than this if they aggregate sufficient Signal transducer and activator of 

transcription 3 (STAT3). 

 

Implementation of Signaling Networks 

 

Absolute measurements of signaling molecules are not required in SEGMEnT; relative 

chemokine concentrations dictate the system’s behavior, therefore, all signaling 

molecules are measured in arbitrary units. 

 

Morphogenesis Pathways (see Blue Components in Figure S1) 

Wnt-β-catenin:  The Wnt-β-catenin signaling pathway is one of the most fundamental 

signaling pathways in the gut [32].  As the functionality of non-canonical Wnt signaling 

is still a topic of open research, we restrict our modeling of Wnt signaling to the 

canonical Wnt signaling; that is, Wnt ligands 3,6, and 9B complex with their associated 

receptors: Frizzled 5,6, 7 and LRP5 and 6.  Wnt signaling is responsible for maintaining 

cells in an undifferentiated state, directing migratory paths, increasing cellular 

proliferation, and influencing cell lineage decisions [32-35]. 

 The origin of the Wnt source is unknown, though there is evidence that Wnt 

proteins originate in the mesenchyme directly adjacent to the base of the crypt [35].  It is 

also possible that undifferentiated cells can produce Wnt proteins as part of a self-

stimulation process.  In order to most accurately represent the current knowledge about 



Wnt signaling, SEGMEnT contains a single Wnt source at the base of the crypt.  This 

point source forms an exponentially decaying gradient of Wnt activity.  We allow this 

Wnt source to self-stimulate linearly based on the number of putative Wnt producing 

cells.  A further self-stimulation mechanism is introduced in which cells in Wnt-active 

tissue regions secrete Wnt proteins to their surrounding cells as well as form new Wnt 

receptors.   

 Recent studies have suggested that Wnt signaling also drives a time-delayed Wnt 

suppressor [79, 80]. Dickkopf-related protein 1 (Dkk1), a downstream target of β-catenin 

signaling, down-regulates Wnt activity by binding to and neutralizing Wnt receptors.  

This mechanism prevents infinite crypt growth with a self-stimulating Wnt source. 

 A cell’s immediate response to Wnt signaling is the inactivation of its β-catenin 

destruction complex.  This allows β-catenin to accumulate in the nucleus, bind to the 

lymphoid enhancer factor (LEF) or T cell factor (TCF) transcription factors, which leads 

to the activation of target genes. We use intra-cellular β-catenin as the marker for 

differentiation; when a cell exits an area with active Wnt signaling, the β-catenin 

destruction complex activates and begins to destroy that cell’s β-catenin.  When all of the 

β-catenin has been destroyed, the cell undergoes a differentiation process in which it 

becomes either an absorptive enterocyte or secretory goblet cell [32]. 

 Wnt signaling directs the cellular migratory paths through the construction of an 

EphB receptor/Ephrin-B ligand gradient [99, 100].  β-catenin up-regulates the formation 

of EphB receptors and down-regulates the expression of Ephrin-B ligands.  It is well 

known that EphB receptors and Ephrin-B ligands display a repulsive signaling 

interaction.  This repulsive interaction prevents differentiated cells from re-entering the 



crypt and establishes a migratory path from the base of the crypt to the tip of the villus.  It 

should be noted that EphB expression extends beyond the region where cells have 

accumulated β-catenin; this is possibly due to the continuing translation of EphB mRNAs 

after the transcription of their associated genes or structural instabilities generated by 

continued exposure to Ephrin-B ligand [100].  

 Wnt signaling also up-regulates the expression of Noggin, a BMP inhibitor [32, 

81].  Noggin functions by binding to and neutralizing BMP molecules. SEGMEnT 

models this with a Noggin point source at the base of the crypt.  Noggin is up-regulated 

by Wnt, however epithelial cells do not secrete Noggin, so this self-stimulation in limited 

to the source at the base of the crypt. 

 A cell begins with 30 u of Wnt receptors.  If a cell is engaged in active Wnt 

signaling, the cell produced Wnt receptors at a rate of 2 receptors/hr. When 1 u of Wnt 

ligand complexes with 1 u of Wnt receptors, the cell begins the transcription for 1 u of 

Dkk1, 0.2 units of Noggin, and 0.5 u of Wnt ligand.  Active Wnt signaling prevents the 

otherwise automatic destruction of β-catenin.  Active Wnt signaling also allows for the 

maintenance of EphB receptors – as long as the β-catenin destruction complex is 

inactivated, EphB receptors are created at a rate of 2 u/hr. 1 u of Dkk1 inhibits Wnt 

activity by binding to and neutralizing 1 u of Wnt receptors.  1 u of secreted frizzled-

related protein 1 (SFRP1) inhibits Wnt activity by binding to and neutralizing 1 u of Wnt 

molecule. 

 

BMP: BMP signaling serves to act as a balance against Wnt signaling [32].  BMPs are 

members of the TGF-β family and function by binding to the complex of BMP receptor 



type 1 and BMP receptor type 2 [81].  BMP signaling inhibits the ability of beta-catenin 

to accumulate in the nucleus [38, 82]. BMP signaling up-regulates differentiation and 

limits crypt growth by increasing the rate of β-catenin destruction via the up-regulation of 

Hh [45], and indirectly controls cell lifetimes and apoptosis through up-regulation of 

PTEN [32].  BMP molecules exist in a roughly even distribution throughout the epithelial 

tissue [38], though the receptors form a gradient beginning at the crypt-villus junction 

and maximizing at the tip of the villus.  In order to model this, we consider BMP 

receptors to be down-regulated by β-catenin in a similar manner to Ephrin-B ligand.   

 BMP molecule is continuously secreted into the environment such that the un-

inhibited concentration of BMP is approximately 200 u/µm2.  BMP receptors are created 

at a rate of 2 u/hr when the β-catenin destruction complex is inactivated.  When 1 u of 

BMP molecule is complexed with 1 u of BMP receptor, the cell begins the transcription 

process for 1 u of Hh and 1 u of PTEN. 1 u of Noggin binds to and neutralizes 1 u of 

BMP molecule. 

 

Hh: Hedgehog signaling separates differentiated cells from the proliferative crypt and 

serves to fine-tune the location of the crypt-villus junction [83].  Differentiated cells 

secrete Hh molecules into the mesenchyme.  Hh molecules bind to Patched 1 and 2 

receptors.  This induces expression of SFRP1, a molecule, which inhibits Wnt by binding 

to and neutralizing Wnt proteins [43, 44]. In SEGMEnT, we model this by allowing 

SFRP1 to diffuse downward from the villus to the base of the crypt (if a sufficient 

amount has been produced).  This forms an exponentially decaying gradient, and 

counteracts both the primary Wnt source as well as the secondary Wnt self-stimulation. 



 Hh signaling also provides a redundant apoptotic regulatory mechanism to assist 

the PTEN pathway.  Hh activity induces transforming growth factor beta (TGF-β) 

activity [58], which leads to the production of SMAD3, a known apoptotic agent [84-86]. 

 Hh receptors are considered to exist in abundance, and thus a cell can receive an 

arbitrary amount of Hh signal.  When 1 u of Hh molecule complexes with its associated 

receptors, the cell begins the transcription for 1 u of SFRP1, and causes the immediate 

release of 1 u of TGF-β, which leads to the transcription of 1 u of SMAD3. 

 

Inflammatory Pathways (see Orange Components in Figure S1) 

PTEN/PI3K/Akt: The PTEN/PI3K pathway is primarily responsible for regulating 

apoptosis and villus height [32, 87, 88].  Phosphatidylinositide 3-kinase 

(PI3K) is directly responsible for the activation of Akt, the molecule responsible for 

cellular adhesion to the underlying matrix.  PI3K phosphorylates Phosphatidylinositol 

4,5-bisphosphate (PIP2) into Phosphatidylinositol (3,4,5)-triphosphate (PIP3), leading to 

the activation of Akt. PTEN inhibits PI3K/Akt activity by converting PIP3 to PIP2, thus 

interrupting the Akt activation process [79].  PTEN is up-regulated by BMP activity, thus 

when BMP activity reaches some critical value, PI3K activity is sufficiently dampened 

that the cell can de-attach from the villus and die.   It has been demonstrated that cells 

become more loosely bound as they migrate up the villus; when they detach, the cells 

undergo anoikis, a special type of apoptosis [89, 90]. By regulating apoptosis, the 

PTEN/PI3K pathway also controls villus height. We posit that PTEN is up-regulated by 

inflammation (for which we use STAT3 as a proxy), and it is this up-regulation that is 

responsible for the known down-regulation of Hh [101]. 



 Each cell is considered to start with 250 units of Akt and PI3K.  Each unit of 

PI3K corresponds to an active unit of Akt.  Absent external signaling, a cell will maintain 

its level of PI3K.  1 u of PTEN eliminates 1 u of PI3K, leading to the inactivation of 1 u 

of Akt.  1 u of Akt is inactivated by 1 u of Mothers against decapentaplegic homolog 3 

(SMAD3), 1 u of tumor necrosis factor alpha (TNF-α), or 1 u of Stat3.  This inactivation 

can be prevented by either Interferon gamma (IFN-γ) or nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) where 1 u of either will protect 1 u of Akt.  If all of 

a cell’s Akt is inactivated, the cell undergoes apoptosis and is removed from the 

simulation. 

 

TLR4: In SEGMEnT, toll-like receptor 4 (TLR4) signaling represents the beginning of 

the inflammatory cascade.  TLR4 signaling increases cellular survivability by directly up-

regulating PI3K and NF-κB; TLR4 signaling also guides cell’s to death by necrosis or 

apoptosis through the direct up-regulation of RIP and the indirect up-regulation of TNF-α 

and the recruitment of inflammatory cells, which secrete various interleukins causing a 

buildup of STAT3 [57]. TLR4 receptors are activated by DAMP.  1 u of activated TLR4 

receptors causes the production of 1 u of receptor interacting protein (RIP) and 1 u of NF-

κB. 

 

TNF-α: TNF-α plays a central role in the inflammatory module to SEGMEnT.  TNF-α is 

produced by all cell types represented in the model, though primarily by the 

inflammatory neutrophils and macrophages [58].  TNF-α serves to: induce either 

apoptosis or necrosis, depending on the corresponding amount of RIP1 [58, 59]; inhibit 



cellular proliferation through the up-regulation of Dkk1 [60]; up-regulate itself through 

the indirect activation of NF-κB [58]; and down-regulate itself through the induction of 

interleukin-10 (IL-10) [93]. TNF-α signaling is mediated through its associated receptors, 

tumor necrosis factor receptor 1 and 2 (TNFR1 and TNFR2).  SEGMEnT considers both 

of these receptors to exist in abundance and thus a cell will respond to any amount of 

TNF that exists within the reach of the cell’s receptors.  Self-inhibitory mechanisms 

within the inflammatory signaling network prevent any runaway TNF-signaling from 

sustained inflammation.  1 u of TNF-α causes the production of 0.75 u of IL10, 1 u of 

IL13, 1 u of RIP, 1 u of NF-κB, and 1 u of Dkk1.  1 u of IL10 will inhibit the production 

of 1 u of TNF-α. 

 

IFN-γ: IFN-γ plays seemingly contradictory roles in the model.  IFN-γ inhibits cellular 

proliferation via the induction of Dkk1, but also inhibits apoptosis by enhancing the 

activity of PI3K [98]. 

 

NF-κB/IκB: NF-κB also plays a central role in SEGMEnT’s inflammatory module.  NF-

κB’s primary function is to inhibit apoptosis [92]. NF-κB activity can be induced in 

SEGMEnT by TNF signaling, TLR4 signaling, or contact with reactive oxygen species 

(ROSs) secreted by inflammatory cells [57, 91].  The up-regulation of TNF serves to 

create a self-propagating inflammatory loop, which is balanced out by the down-

regulation of NF-κB by RIP and nuclear factor of kappa light polypeptide gene enhancer 

in B-cells inhibitor (IκB).  IκB production is induced by NF-κB activity and prevents 

runaway inflammation due to forward-feedback interactions with other elements of the 



inflammatory network. 1 u of NF-κB leads to the production of 1 u of TNF-α, 1 u of IFN-

γ, 1 u of IL-6, and 0.75 u of IκB.  1 u of IκB prevents the transcription of 1 u of NF-κB. 

 

JAK/STAT3: STAT3 is phosphorylated and activated by Janus kinase (Jak).  STAT3 

induces the expression of several regulatory subunits of PI3K, which then reduces the 

overall level of Akt activity, and in doing so, increases the likelihood that the cell will 

undergo apoptosis [61, 62]. 1 u of JAK is created in response to 1 u of IL-6, IL-10, IL-13, 

or IL-15.  1 u of JAK leads to the production of 1 u of Stat3.  1 u of Stat3 leads to the 

production of 4 u of PTEN. 

 

RIP Kinase: RIP Kinase is another molecule that plays contradictory roles in the model.  

RIP1 induces cell death through necrosis, but at the same time up-regulates NF-κB 

expression, increasing a cell’s survivability [94, 95].  RIP is secreted in response to TNF 

exposure or TLR4 signaling [94].  RIP binds to TNF receptors and in doing so change the 

form of cell death from apoptosis to necrosis [96].  Biologically, the polyubiquitination of 

RIP is induced upon RIP binding to the TNF receptor, TNFR1.  This causes the 

activation of NF-κB.  When this ubiquitination is reversed, the functionality of RIP is 

changed to promote cell death through necrosis [95, 97]. 1 u of RIP prevents the 

transcription of 1 u of NF-κB. 1 u of RIP has a necrotic contribution of 1 (when 

combined with an equal amount of TNF-α.  1 u of ROS has a necrotic contribution of 10.  

When an enterocyte has a necrotic value of 100, it undergoes necrosis. 

 



Interleukins: IL-6, IL-10, IL-13, and IL-15 are represented in the model.  This class of 

molecules is secreted primarily by inflammatory cells in response to TLR4 signaling.  IL-

10 acts as an anti-inflammatory agent by inhibiting the activity of TNF-α.  IL-10 

signaling is regulated by TNF as well as TLR4 signaling [62].  IL-6 disposes a cell 

towards apoptosis by up-regulating the expression of STAT3 [98, 102].  IL-13 is also 

stimulated by TNF signaling and encourages apoptosis [103].  IL-15 prevents apoptosis 

through an up-regulation of IFN-γ [104]. IL-6, IL-10, IL-13, and IL-15 are secreted at a 

constant rate (unless modified by external signaling) of 2u/hr by inflammatory signals in 

response to TLR4 signaling. 

 

Signaling Time Delays: The delay from signaling event to its effect is a result of 

transcriptional, translational, and transportation delays [105, 106]. Experiment is 

combined with accepted measurements regarding these delays to estimate signaling time 

delays. mRNA is transcribed at a rate of 20 nucleotides/sec; there is an approximately 5 

minute delay as the RNA is transferred from the nucleus to the cytoplasm; the translation 

rate when synthesizing the target protein is 6 nucleotides/sec; each intron requires 5-10 

minutes to remove. As these well-known delays are not sufficient to reproduce 

experiment, an experimental delay from the Wnt signaling event to β-catenin related 

transcription of 5-8 hours is added. Delays used in SEGMEnT are shown in Table 3. 

 

Diffusion of Secreted Mediators 

SEGMEnT implements a 1st order discrete approximation to the diffusion equation: 

!"(!,!)
!"

= 𝐷∇!𝜙(𝑥, 𝑡).   



As we are on a 2d grid, this becomes:  

!"(!,!)
!"

≈ 𝐷 𝜙!!!,! 𝑡 + 𝜙!!!,! 𝑡 + 𝜙!,!!! 𝑡 + 𝜙!,!!! 𝑡 − 4𝜙!,!(𝑡)  , 

where 𝐷 is the diffusion constant.  We have adopted the notation 

 𝜙!!!,! 𝑡 = 𝜙 𝑥 + ∆𝑥,𝑦, 𝑡  .  This leads to the final approximation: 

𝜙!,! 𝑡 + Δ𝑡 = 𝜙!,! 𝑡 + 𝐷∆𝑡[𝜙!!!,! 𝑡 + 𝜙!!!,! 𝑡 + 𝜙!,!!! 𝑡 + 𝜙!,!!! 𝑡 − 4𝜙!,! 𝑡 ]. 

 

We approximate the diffusion constant for all molecules to be 100 µm2s-1, equal to that of 

BMP-2 molecule [107]. 

 

Simulation Details 

A 0.64 mm2 section of ileal tissue comprising 8 crypts and 8 villi was simulated for all 

simulation experiments. 

 

Wnt Inhibitor 

SEGMEnT simulates a Wnt inhibitor by decreasing the amount of Wnt produced by the 

Wnt source at the base of the crypt by 25% per hour, decreasing the amount of Noggin 

produced at the Wnt source by 25% per hour, and eliminating the ability of intestinal 

cells to have self-stimulating Wnt activity.  

 

Hh Inhibitor 

SEGMEnT simulates an Hh inhibitor by removing the ability to synthesize Hh from the 

differentiated enterocytes.  This allows the crypt to grow by eliminating the Wnt 

inhibitor, SFRP1.  Villus height is maintained by the redundant PTEN apoptosis pathway. 



 

PTEN Inhibitor 

SEGMEnT simulates a PTEN inhibitor by removing the ability to synthesize PTEN from 

the differentiated enterocytes.  This forces the Hh pathway to become the sole regulator 

of villus height. 

 

Local Mucosal Wound 

To simulate tissue injury/trauma SEGMEnT applies 10 u of DAMP and 10 u of ROS to 

the villi in the simulation.  This causes the immediate necrosis of all affected cells.  Blood 

vessels register the inflammation, causing macrophages and neutrophils to activate and 

begin to clear the necrotic tissue. 

 

Intestinal Ischemia/Reperfusion 

Ischemia is represented by deactivating all blood vessels in the affected tissue; this results 

in a 70% decrease in ISC proliferation, a 90% decrease in TA cell proliferation, a 10% 

increase in inflammatory potential per hour in GEC’s.  During the ischemic period, TA 

cells and differentiated enterocytes increase their inflammatory response [108] such that 

their response has 0.8 the strength of an inflammatory cell. Crypts rapidly shrink after the 

onset of ischemia, due primarily to the retarded proliferation [108-110]. Ischemic GECs 

produce and secrete fatty acid binding protein (FABP). This compound accumulates 

during the ischemic period, and upon reperfusion acts to initiate sloughing of associated 

GECs [55]. Upon reperfusion ischemic cells produce a series of pro-inflammatory factors 

(platelet activating factor (PAF), interleukin-8 (IL-8) and various endothelial adhesion 



factors) currently aggregated as “neutrophil aggregation factor,” that attracts and 

activates neutrophils and initiates the inflammation seen with reperfusion. In the absence 

of sloughing the ischemic/necrotic GECs remain on the villus for a longer length of time, 

continuing to secrete damage associated molecular pattern molecules (DAMPs) and 

neutrophil aggregation factors in response to the reperfusion inflammation until they have 

been removed via phagocytosis. Inflammatory cytokines thus generated build up in the 

crypt until the undifferentiated cells begin to necrose.  After a critical mass of cells has 

necrosed, the inflammation becomes self-sustaining (i.e., “cytokine storm”). Upon 

reperfusion, proliferation rates return to normal and the system enters a period of crypt 

hyperplasia as there are fewer differentiated cells to antagonize the Wnt differentiation 

pathway through Hh.  As the villus regrows, the crypt returns to a normal size and the 

system returns to homeostasis.  

 

Colonic Metaplasia of the Ileum 

Simulation of the pathogenesis of colonic metaplasia in SEGMEnT is based on the 

hypothesis that there is a chronic low-level inflammatory stimulus to the enteric mucosa 

[27], and implemented as the presence of DAMP as a stimulus to GEC TLR4 receptors. 

10 u of DAMP are applied to each cell on the villus, and this is maintained indefinitely. 
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