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Introduction

› Boolean models
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Introduction

› Boolean models

Calzone et al, 2010
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Introduction

› Boolean models

› Fixed points

› Depending on input values

› Can be stochastic (update mode)

› Possible phenotypes (cell fates)

Calzone et al, 2010
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Introduction

› MaBoSS : Continuous time boolean modelling

no TNF TNF
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For some problems, population dynamics are important : We need to consider heterogeneous

cell populations, cell divisions, death, mutations, and interactions.
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UPMaBoSS : Dynamic cell population modeling



UPMaBoSS : Dynamic cell population modeling
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UPMaBoSS : Dynamic cell population modeling

› We start from an existing MaBoSS model

› We add model nodes for division and death

› We add inter-cellular communication

› Chaining MaBoSS simulations, updating population and communication between each
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UPMaBoSS : Dynamic cell population modeling

population = population ∗ (1+p(divide))

population = population ∗ (1−p(dead))
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UPMaBoSS : Dynamic cell population modeling

› Cell fate model

We map the cell fates to population updates :

› Survival node : Cell division

› Apoptosis and NonACD : Cell death

Adapted from Stoll et al., 2022
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UPMaBoSS : Dynamic cell population modeling

› Cell fate model

TNF paracrine signaling :

› TNF activation will depend on $TNF_induc

parameter

› $TNF_induc will depend on population size

of non-dead NFkB active cells

Stoll et al., 2022
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UPMaBoSS : Dynamic cell population modeling

› Cell fate model

› Study the effect of TNF paracrine signaling
Stoll et al., 2022
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UPMaBoSS : Dynamic cell population modeling

› Cell fate model

Stoll et al., 2022

› Study the resistance to TNF treatment

17



Immunogenic Cell Death



UPMaBoSS : Dynamic cell population modeling

› Immunogenic Cell Death
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UPMaBoSS : Dynamic cell population modeling

› Immunogenic Cell Death

Checcoli et al., 2020
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UPMaBoSS : Dynamic cell population modeling

› Immunogenic Cell Death

Checcoli et al., 2020
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UPMaBoSS : Dynamic cell population modeling

› Immunogenic Cell Death

› Experimental, Data analysis, Modeling done by Andrea

› Will shed light on the triggering of ICD by different immunotherapies

Andrea Checcoli Gautier Stoll Jonathan Pol Denis Thieffry Laurence Calzone
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UPMaBoSS : Dynamic cell population modeling

› Perspectives

› A simple yet powerful framework for population modeling

› Available as a part of pyMaBoSS

› One hyper parameter : update time step

› PopMaBoSS : Toward a full probabilistic population modeling framework
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For some problems (interaction with microenvironment, tissue organisation), we need spatial

information

› Tumor composition

› Tumor growth

› Nutrients (Necrosis)

› Killer cells

› Resistant cells
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PhysiBoSS : Multi-scale, agent based modeling framework

› Agent based modeling

We simulate multiple agents with defined behaviours. In our case we mainly have cells that :

› Can proliferate/die

› Can grow/shrink

› Can move in space

› Can interact with other agents

⇒ Simple behavior for each agent, where complex phenomena can emerge in the system
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PhysiBoSS : Multi-scale, agent based modeling framework

› Agent based modeling

› Lattice-based

› Each site correspond to one agent (Ex: NetLogo, Chaste)

› Agents can span several sites (Ex: CompuCell3D)

› Multiple agents can occupy one site (Ex: COMETS)

› Lattice-free

› Vertex models, where space is dynamically divided between agents (Ex:

Chaste)

› Center-based models, where agents are defined by their center position,

and their volume (Ex: PhysiCell).

Daly et al., 2019
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PhysiBoSS : Multi-scale, agent based modeling framework

› Modeling molecules diffusing

› We want to represent molecules floating around

› These molecules can diffuse inside the environment

› These molecules can interact with agents
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Multiscale Modelling Framework
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Multiscale Modelling Framework
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Project structure
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Project structure
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Model definition

› Reducing the dependency on

writing C++ code

› XML definition to encode for basic

properties

› Graphical interfaces being

developed for setting properties,

simulation

› No way to easily use boolean

models
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Model builder
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Output

› MAT files with raw data for each cell

› SVG files of 2D cut

› Raw data can be used with Paraview, or

programmatically
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell : Jupyter notebooks
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PhysiBoSS : Multi-scale, agent based modeling framework



PhysiBoSS : Multi-scale, agent based modeling framework

Gaëlle Letort
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PhysiBoSS : Multi-scale, agent based modeling framework

Ponce de Leon et al, 2022
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiBoSS started from a fork of PhysiCell 1.1.0 (Nov 2017)

› First meetings (Curie, BSC, IU) to merge PhysiBoSS into PhysiCell (Feb 2019)

› PhysiBoSS 2.0 was merged into PhysiCell 1.9.0 (July 2021) as an add-on

Ponce de Leon et al, 2022

› PhysiBoSS 2.2.0 release in september (stochastic time step, automatic mapping)
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PhysiBoSS : Multi-scale, agent based modeling framework

› We take signals as inputs, and modify behaviors according to outputs

› Each cell runs one single (stochastic) simulation every intracellular_dt
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PhysiBoSS : Multi-scale, agent based modeling framework

› Model definition (MaBoSS BND and CFG

files)

› Intracellular dt

› Scaling, time stochasticity, ...

› Initial values

› Parameter values

› Mutants

› Mapping
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PhysiBoSS : Multi-scale, agent based modeling framework

Inputs : Signals to MaBoSS nodes

› Oxygen inhibits the node A

› The node A will be

› inactive when oxygen > 10

› active when oxygen < 10

Outputs : MaBoSS nodes to Behaviours

› node C activates Apoptosis

› The apoptosis rate will be set to :

› 5 if the node C is active

› 0 if the node C is inactive

› The apoptosis rate will take 5 dt to reach 5
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PhysiBoSS : Multi-scale, agent based modeling framework

› Jupyter-GUI
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell-model-builder
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PhysiBoSS : Multi-scale, agent based modeling framework

› Cell fate model

Calzone et al, 2010

46



PhysiBoSS : Multi-scale, agent based modeling framework

› Cell fate model

Letort et al, 2019
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PhysiBoSS : Multi-scale, agent based modeling framework

› Cell fate model

Goals:

› Develop a simple model of TNF treatment

› Using PhysiBoSS 2.x

› Using PhysiCell’s signals and behaviors
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell model of spheroid

› Simple model of tumor spheroid

› Exponential growth

› template, spheroid 3D, physiboss-cell-lines
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell model of spheroid

From template

› Latest version of main.cpp and custom.cpp

› Building Signals and Behaviors dictionnaries

custom.cpp
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell model of spheroid

From spheroid 3D

› Cell definition

› Create sphere

› Controlled by user param

custom.cpp
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PhysiBoSS : Multi-scale, agent based modeling framework

› PhysiCell model of spheroid

From PhysiBoSS cell lines

› Makefile

› Export of intracellular data

Makefile

main.cpp
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding TNF to the microenvironment
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding TNF to the microenvironment
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding TNF to the microenvironment

main.cpp

⇒ Activating TNF only after 1000min
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding the Boolean model

› Boolean model

› TNF concentration as input for TNF node

› Apoptosis node triggers apoptosis

› NonACD node triggers necrosis
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PhysiBoSS : Multi-scale, agent based modeling framework

› Choosing intracellular_dt

Short intracellular dt

› Integrate transient activation of some nodes

› Needs a well curated model

Long intracellular dt

› Wait for steady state of the model

› Doesn’t integrate possible issues with transient effects
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PhysiBoSS : Multi-scale, agent based modeling framework

› Choosing intracellular_dt
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PhysiBoSS : Multi-scale, agent based modeling framework

› Choosing intracellular_dt

⇒ To avoid NonACD – Apoptosis, we choose 24h
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PhysiBoSS : Multi-scale, agent based modeling framework

› Results with constant TNF
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› Results with constant TNF
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PhysiBoSS : Multi-scale, agent based modeling framework

› Results with constant TNF
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PhysiBoSS : Multi-scale, agent based modeling framework

› Time stochasticity

› time_stochasticity = 0.0
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PhysiBoSS : Multi-scale, agent based modeling framework

› Time stochasticity

› time_stochasticity = 0.2
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PhysiBoSS : Multi-scale, agent based modeling framework

› Time stochasticity
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PhysiBoSS : Multi-scale, agent based modeling framework

› Time stochasticity
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PhysiBoSS : Multi-scale, agent based modeling framework

› Creating pulses of TNF
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› Creating pulses of TNF
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PhysiBoSS : Multi-scale, agent based modeling framework

› Creating pulses of TNF
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core

Letort et al., 2019
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core

BND file

CFG file
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core
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PhysiBoSS : Multi-scale, agent based modeling framework

› Adding tumor necrotic core
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PhysiBoSS : Multi-scale, agent based modeling framework

› Add IKK/cFLIP mutant population

Letort et al., 2019
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PhysiBoSS : Multi-scale, agent based modeling framework

› Add IKK/cFLIP mutant population

› New cell definition

› Copy from default

› Add mutations to the intracellular model
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PhysiBoSS : Multi-scale, agent based modeling framework

› Add IKK/cFLIP mutant population
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PhysiBoSS : Multi-scale, agent based modeling framework

› Add IKK/cFLIP mutant population
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PhysiBoSS : Multi-scale, agent based modeling framework

› Add IKK/cFLIP mutant population
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Conclusion

› A small example showing what PhysiBoSS can do

› Parameterization is not easy

› New bugfixes and things learned while preparing it

› This model will be included into PhysiCell’s next version !

https://github.com/PhysiBoSS/PhysiBoSS

development branch, sample project simple-spheroid-tnf
83



Multiscale model of the different modes of invasion



Conclusion

› Multiscale model of the different modes of invasion

› Starts from a spheroid tumor

› Surrounding cells start evading

› Different migration modes :

› Single

› Collective

› Trail

M. Ruscone et al., in preparation85



Conclusion

› Multiscale model of the different modes of invasion

› A substrate of the microenvironment

› A barrier for the cells

› Cell-ECM contact triggers signalling

› Cells produce metaloprotease to destroy ECM

M. Ruscone et al., in preparation
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Conclusion

› Multiscale model of the different modes of invasion

› 7 input nodes and 7 output nodes

M. Ruscone et al., in preparation
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Conclusion

› Multiscale model of the different modes of invasion

› Comparison with Figure 6.a from "MT1-MMP and P63 in DCIS to IDC transition" C. Lodillinsky

et al

Red cells have p63 node OFF Green cells have p63 node ON

M. Ruscone et al., in preparation
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Conclusion

› Multiscale model of the different modes of invasion

› up/down-regulation induced by light

› reproduce collective extrusion of cells

M. Ruscone et al., in preparation
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Conclusion

› Multiscale model of the different modes of invasion

› Performing sensitivity analysis

› Improvement of ECM representation

› Work on PhysiBoSS model fitting

Marco

Ruscone

Gaelle

Letort

Arnau

Montagud
Laurence

Calzone

Andrei

Zinovyev
Philippe

Chavrier

Olivier

Destaing
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PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2



Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

› Build a multi-scale model of COVID infection

› Using PhysiCell formalism + PhysiBoSS addon

› Starting with existing model from PhysiCell creators

› With mechanistic Boolean models produced by the COVID-19 Disease Maps community
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

› PhysiCell model representing SARS-CoV-2 infection

› Developed by a consortium led by Paul Macklin’s lab

› Represents Virus, Epithelial cells, CD4, CD8,

Macrophages, Dendritic cells, Neutrophils

› Good phenomenological model

› Lacks mechanistic details

M. Getz et al. (2021)
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

M. Ostaszewski et al. (2021)
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

› Epithelial cells Apoptosis model from Anna Niarakis’ lab (40 nodes)

› Macrophage model from Martin Kuiper’s lab (157 nodes)
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

WT FADD KO
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

50% M inhibition 80% M inhibition 95% M inhibition

› 100% inhibition blocks the activation of the immune system

› 50% inhibition has little effect compared to no inhibition

› More inhibition adds more delay to the immune system activation
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Conclusion

› PhysiBoSS-COVID : Lung tissue infection by SARS-CoV-2

› Update to latest version of SARS-CoV-2 tissue simulator

› Improve cell-type-specific boolean models

› Model personalization with patient’s data

› Simulate possible treatments
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Conclusion

› PhysiBoSS started as a fork of PhysiCell, even before it was published

› 5 years later, PhysiBoSS is now tightly included into PhysiCell ecosystem

› Writing models is getting easier !

› Feel free to send me questions/issues/suggestions

https://github.com/PhysiBoSS/PhysiBoSS

vincent.noel@curie.fr 100
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