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2 Overall objectives

The MAMBA (Modelling and Analysis in Medical and Biological Applications) team is the
continuation of the BANG (Biophysics, Numerical Analysis and Geophysics) team, which itself was
a continuation of the former project-team M3N. Historically, the BANG team, headed by Benoit
Perthame during 11 years (2003-2013), has developed models, simulations and numerical algorithms
for problems involving dynamics of Partial Differential Equations (PDEs).

The dynamics of complex physical or biophysical phenomena involves many agents, e.g. proteins
or cells. The latter can be seen as active agents. Mathematically, agents can be represented either
explicitly as individuals with their dynamics modelled e.g. through branching trees and piecewise
deterministic Markov processes (PDMP), or as deterministic or stochastic differential equations, or
under certain conditions be grouped or locally averaged, in which case their dynamics is mimicked
by Ordinary or Partial Differential Equations (ODEs/PDEs).

Biology and medicine presently face the difficulty to make sense of the data newly available
by means of recent signal acquisition methods and to take appropriate actions through possible
treatment pathways. Modeling through agent-based or continuous models is a unique way to
explain (model) experimental or clinical observations and then compute, control and predict the
consequences of the mechanisms under study. These are the overall goals of Mamba.

3 Research program

3.1 Introduction

Data and image analysis, statistical, ODEs, PDEs, and agent-based approaches are used either
individually or in combination, with a strong focus on PDE analysis and agent-based approaches.
Mamba was created in January 2014. It aims at developing models, simulations, numerical
and control algorithms to solve questions from life sciences involving dynamics of phenomena
encountered in biological systems such as protein intra-cellular spatio-temporal dynamics, cell
motion, early embryonic development, multicellular growth, wound healing and liver regeneration,
cancer evolution, healthy and tumor growth control by pharmaceuticals, protein polymerization
occurring in neurodegenerative disorders, control of dengue epidemics, etc.

Another guideline of our project is to remain close to the most recent questions of experimental
biology or medicine. In this context, we develop many close and fruitful collaborations with
biologists and physicians.

We focus mainly on the creation, investigation and transfer of new mathematical models, meth-
ods of analysis and control, and numerical algorithms, but in selected cases software development
as that of CellSys and TiQuant by D. Drasdo and S. Hoehme is performed. More frequently, the
team develops “proof of concept” numerical codes in order to test the adequacy of our models to
experimental biology.

We have organized the presentation of our research program in three methodological axes
(Subsections 3.2, 3.3 and 3.4) and two application axes (Subsections 4.2 and 4.4). Evolving along
their own logic in close interaction with the methodological axes, the application axes are considered
as application-driven research axes in themselves. The methodological research axes are the
following.

Auzis 1 is devoted to work in physiologically-based design, analysis and control of population
dynamics. It encompasses populations of bacteria, of yeasts, of cancer cells, of neurons, of aggregating
proteins, etc. whose dynamics are represented by partial differential equations (PDEs), structured
in evolving physiological traits, such as age, size, size-increment, time elapsed since last firing
(neurons).

Axis 2 is devoted to reaction equations and motion equations of agents in living systems. It
aims at describing biological phenomena such as tumor growth, chemotaxis and wound healing.

Axis 8 tackles questions of model and parameter identification, combining stochastic and
deterministic approaches and inverse problem methods in nonlocal and multi-scale models.
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3.2 Methodological axis 1: Analysis and control for population dynam-
ics

Population dynamics is a field with varied and wide applications, many of them being in the core
of MAMBA interests - cancer, bacterial growth, protein aggregation. Their theoretical study also
brings a qualitative understanding on the interplay between individual growth, propagation and
reproduction in such populations. In the past decades, many results where obtained in the BANG
team on the asymptotic and qualitative behavior of such structured population equations, see
e.g. [152, 76, 108, 89]. Other Inria teams interested by this domain are Mycenae, Numed and
Dracula, with which we are in close contacts. Among the leaders of the domain abroad, we can cite
among others our colleagues Graeme Wake (New Zealand), Glenn Webb (USA), Jacek Banasiak
(South Africa), Odo Diekmann (Netherlands), with whom we are also in regular contact. Most
remarkably and recently, connections have also been made with probabilists working on Piecewise
Deterministic Markov Processes (F. Malrieu at the university of Rennes, Jean Bertoin at the ETH in
Zurich, Vincent Bansaye at Ecole Polytechnique, Julien Berestycki at Cambridge, Amaury Lambert
at College de France, M. Hoffmann at Paris Dauphine, Alex Watson in UCL, London and J. Bertoin
in Zurich), leading to a better understanding of the links between both types of results — see also
the Methodological axis 3.

We divide this research axis, which relies on the study of structured population equations,
according to four different applications, bringing their own mathematical questions, e.g., stability,
control, or blow-up.

Time asymptotics for nucleation, growth and division equations
Following the many results obtained in the BANG team on the asymptotic and qualitative behavior
of structured population equation, we put our effort on the investigation of limit cases, where the
trend to a steady state or to a steady exponential growth described by the first eigenvector fails to
happen. In [83], the case of equal mitosis (division into two equally-sized offspring) with linear
growth rate was studied, and strangely enough, it appeared that the general relative entropy method
could also be adapted to such a non-dissipative case. Many discussions and common workshops
with probabilists, especially through the ANR project PIECE coordinated by F. Malrieu, have led
both communities to work closer.

We also enriched the models by taking into account a nucleation term, modeling the spontaneous
formation of large polymers out of monomers [163]. We investigated the interplay between four
processes: nucleation, polymerization, depolymerization and fragmentation.

New perspectives are now to consider not only one species but several interacting ones, which
may exhibit complex interplays which may lead to damped oscillations or to infinite growth; these
are in collaboration with C. Schmeiser and within the Vienna associated team MaMoCeMa (J.
Delacour’s Ph.D) and with K. Fellner from Graz (M. Mezache’s Ph.D).

Cell population dynamics and its control

One of the important incentives for such model design, source of many theoretical works, is the
challenging question of drug-induced drug resistance in cancer cell populations, described in more
detail below in the Applicative axis 1, Cancer. The adaptive dynamics setting used consists
of phenotype-structured integro-differential [or reaction-diffusion, when phenotype instability is
added under the form of a Laplacian] equations describing the dynamic behavior of different cell
populations interacting in a Lotka-Volterra-like manner that represents common growth limitation
due to scarcity of expansion space and nutrients. The phenotype structure allows us to analyse
the evolution in phenotypic traits of the populations under study and its asymptotics for two
populations [142], [139, 138, 140]. Space may be added as a complementary structure variable
provided that something is known of the (Cartesian) geometry of the population [141], which is
seldom the case. A recent review of mathematical methods aiming at improving cancer treatments
has been published in Physics of Life Reviews [136].

Modelling Mendelian and non-Mendelian inheritances in density-dependent popu-
lation dynamics
Classical strategies for controlling mosquitoes responsible of vector-borne disease are based on
mechanical methods, such as elimination of oviposition sites; and chemical methods, such as
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insecticide spraying. Long term usage of the latter generates resistance [86, 123], transmitted to
progeny according to Mendelian inheritance (in which each parent contributes randomly one of
two possible alleles for a trait). New control strategies involve biological methods such as genetic
control, which may either reduces mosquito population in a specific area or decreases the mosquito
vector competence [65, 133, 175]. Among the latter, infection of wild populations by the bacterium
Wolbachia appears promising (see also Applicative axis 2 below). Being maternally-transmitted, the
latter obeys non-Mendelian inheritance law. Motivated by the effects of the (possibly unwanted)
interaction of these two types of treatment, we initiated the study of modelling of Mendelian and
non-Mendelian inheritances in density-dependent population dynamics. First results are shown in
[151].

Control and macroscopic limits of collective dynamics
The term self-organization is used to describe the emergence of complex organizational patterns
from simple interaction rules in collective dynamics systems. Such systems are valuable tools to
model various biological systems or opinion dynamics, whether it be the collective movement of
animal groups, the organization of cells in an organism or the evolution of opinions in a large crowd.
A special case of self-organization is given by consensus, i.e. the situation in which all agents’ state
variables converge. Another phenomenon is that of clustering, when the group is split into clusters
that each converge to a different state. A natural question in this framework is that of control: can
the system be guided to a desired predetermined configuration? In the case when self-organization
is not achieved naturally by the system, can it be driven to it? On the contrary, in the case where
consensus and clustering are situations to be avoided (for example in crowd dynamics), can we
design control strategies to keep the system away from clustering?

Another natural question is that of the large population limit. When the number of agents
tends to infinity, the previous system of equations becomes unmanageable, a problem well-known
as the curse of dimensionality. A common answer to this issue consists of studying the macroscopic
limit of the system. It is then crucial to understand whether the limit system retains the properties
of the microscopic one.

Models of neural network
Mean field limits have been proposed by biophysicists in order to describe neural networks based
on physiological models. The various resulting equations are called integrate-and-fire, time elapsed
models, voltage-conductance models. Their specific nonlinearities and the blow-up phenomena
make their originality which has led to develop specific mathematical analysis [156], followed by
[149, 132, 157, 88]. This field also yields a beautiful illustration for the capacity of the team to
combine and compare stochastic and PDE modelling (see Methodological axis 3), in [93].

Models of interacting particle systems
The organisation of biological tissues during development is accompanied by the formation of sharp
borders between distinct cell populations. The maintenance of this cell segregation is key in adult
tissue homeostatis, and its disruption can lead tumor cells to spread and form metastasis. This
segregation is challenged during tissue growth and morphogenesis due to the high mobility of many
cells that can lead to intermingling. Therefore, understanding the mechanisms involved in the
generation and maintain of cell segregation is of tremendous importance in tissue morphogenesis,
homeostasis, and in the development of various invasive diseases such as tumors. In this research axis,
we aim to provide a mathematical framework which enables to quantitatively link the segregation
and border sharpening ability of the tissue to these cell-cell interaction phenomena of interest [75].
As agent-based models do not enable precise mathematical analysis of their solutions due to the
lack of theoretical results, we turn towards continuous -macroscopic- models and aim to provide a
rigorous link between the different models [75].

Models of population dynamics structured in phenotype The collaboration of Jean
Clairambault with Emmanuel Trélat and Camille Pouchol (from September last year assistant
professor at MAP5 Paris-Descartes, University of Paris), together now with Nastassia Pouradier
Duteil, has been continued and presently leads us to a possible quantitative biological identification
of the structuring phenotypes of the model developed in [162], through a beginning collaboration
with an Indian systems biologist (Mohit Kumar Jolly, IIS Bangalore). Our motivation in this
collaboration is to couple a physiologically based system of 6 ODEs developed by our Indian
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collaborator with our phenotype-structured cell population dynamics model [97, 99].

In the framework of the HTE project EcoAML 2016-2020, Thanh Nam Nguyen, Jean Clairam-
bault, Delphine Salort and Benoit Perthame, in collaboration with Thierry Jaffredo at IBPS-SU,
have designed a phenotype-structured integrodifferential model of interactions between haematopoi-
etic stem cells (healthy or leukaemic) and their supporting stromal cells [146]. In this model,
without diffusion, to our relative astonishment, our postdoctoral fellow T.N. Nguyen predicts in
particular that under special circumstances, a coexistence between healthy and leukaemic stem cell
subpopulations is possible. The explanation of such possible theoretical coexistence still remains to
be explained.

The idea of cooperation between cell subpopulations in a tumour is also studied using phenoytype-
structured models of cell populations by Frank Ernesto Alvarez Borges, PhD student of Stéphane
Mischler (Paris-Dauphine University), Mariano Rodriguez Ricard (University of Havana, Cuba)
and Jean Clairambault, in collaboration with José Antonio Carrillo (Oxford). A feature of these
models, in as much as conflicting continuous phenotypes (e.g., adhesivity vs. motility, or fecundity
vs. viability, or fecundity vs. motility ') are supposed to structure a unique cell population, is
that they can also represent the emergence of multicellularity in such a cell population, when two
subpopulations of the same population, i.e., endowed with the same genome and represented w.r.t.
relevant heterogeneity in the cell population by such conflicting phenotypes, are determined by two
different choices of the 2-d phenotype. This has been this year the object of a submitted article
associating Frank Ernesto Alvarez Borges, José antonio Carrillo (Oxford) and Jean Clairambault [8],
and this collaboration will be continued. In a simplified representation when the two phenotypes
are just extreme values of a 1-d continuous phenotype (e.g., 0 for total adhesivity and no motility, 1
for no adhesivity and complete motility) this situation may be related to the previously described
case, developed in [146], in which two extreme values of a convex function linked to proliferation
are occupied by the two extreme phenotype values (0 and 1), leading to the coexistence of two cell
subpopulations.

The principle of structuring cell population heterogeneities by a hidden phenotype has also
been applied, in collaboration with Camille Pouchol (Université Paris Cité) and Zineb Kaid, PhD
student at Tlemcen University, to study the interactions between a tumour cell population and
a population of immune cells, NK-lymphocytes and CD8+ T-lymphocytes. The tumour cell
population heterogeneity is defined by a continuous malignancy phenotype related to its potential
of de-differentiation or transdifferentiation, whereas the heterogeneity within the immune cell
population is coded by a continuous anti-tumor aggressiveness phenotype, which is drastically
decreased by tumour cells in the process of immunotolerance, resulting in so-called “exhausted
T-cells”. This process is fought by so-called Immune Checkpoint Inhibitors, a new class of drugs used
in cancer immunotherapy, with some limited, nevertheless remarkable, success in clinical oncology,
in particular in the treatment of melanoma. We have studied these tumour-immune interactions in
the perspective of representing and later optimising the impact of such immunotherapies, a ongoing
work which is reported in a preprint [53].

Collaborations

e Nucleation, growth and fragmentation equations: Klemens Fellner, university of Graz, Austria;
Piotr Gwiazda, Polish Academy of Sciences, Poland; Christian Schmeiser, university of Vienna,
through the associated team MaMoCeMa.

e Cell population dynamics and its control: Tommaso Lorenzi, former Mamba postdoc, now at
the University of St. Andrews, Scotland, maintains a vivid collaboration with the Mamba
team. He is in particular an external member of the HTE program MoGlImaging (see also
Applicative axis 1). Emmanuel Trélat, Sorbonne Université professor, member of LJLL and
of the CAGE Inria team, is the closest Mamba collaborator for optimal control. Benedetto
Piccoli, Professor at Rutgers University (Camden, New Jersey), is collaborating on the analysis
and control of collective dynamics. Nathalie Ayi, Sorbonne University, is participating in the
development of graph-limit methods.

Las proposed by John Maynard Keynes and E6s Szathmary in their book “The major transitions in evolution”

(OUP 1995) as a condition of the emergence of multicellularity under environmental pressure
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e Mendelian inheritance and resistance in density-dependent population dynamics: Pastor
Pérez-Estigarribia, Christian Schaerer, Universidad Nacional de Asuncion, Paraguay.

¢ Neural networks: Delphine Salort, Professor Sorbonne Université, Laboratory for computations
and quantification in biology, and Patricia Reynaud, University of Nice, Maria Caceres,
University of Granada.

e Models of interacting particle systems: Pierre Degond, Imperial College London; Julien
Barré, APMO, Orléans; Ewelina Zatorska, University College London; Sara Merino from the
university of Vienna (through the associated team MaMoCeMa).

3.3 Methodological axis 2: Reaction and motion equations for living
systems

The Mamba team had initiated and is a leader on the works developed in this research axis. It is a
part of a consortium of several mathematicians in France through the ANR Blanc project Kibord,
which involves in particular members from others INRIA team (DRACULA, COMMEDIA). Finally,
we mention that from Sept. 2017 on, Mamba benefited from the ERC Advanced Grant ADORA
(Asymptotic approach to spatial and dynamical organizations) of Benoit Perthame.

We divide this research axis, which relies on the study of partial differential equations for space
and time organisation of biological populations, according to various applications using the same
type of mathematical formalisms and methodologies: asymptotic analysis, weak solutions, numerical
algorithms.

Aggregation equation
In the mathematical study of collective behavior, an important class of models is given by the
aggregation equation. In the presence of a non-smooth interaction potential, solutions of such
systems may blow up in finite time. To overcome this difficulty, we have defined weak measure-valued
solutions in the sense of duality and its equivalence with gradient flows and entropy solutions in
one dimension [129]. The extension to higher dimensions has been studied in [91]. An interesting
consequence of this approach is the possibility to use the traditional finite volume approach to design
numerical schemes able to capture the good behavior of such weak measure-valued solutions [122,
130].

Identification of the mechanisms of single cell motion
In this research axis, we aim to study the mechanisms of single cell adhesion-based and adhesion
free motion. This work is done in the frame of the recently created associated team MaMoCeMa
(see Section 9) with the WPI, Vienna. In a first direction [170] with N. Sfakianakis (Heidelberg
University), we extended the live-cell motility Filament Based Lamellipodium Model to incorporate
the forces exerted on the lamellipodium of the cells due to cell-cell collision and cadherin induced
cell-cell adhesion. We took into account the nature of these forces via physical and biological
constraints and modelling assumptions. We investigated the effect these new components had in
the migration and morphology of the cells through particular experiments. We exhibit moreover
the similarities between our simulated cells and HeLa cancer cells.

In a second work done in collaboration with the group of biologist at IST (led by Michael Sixt
Austria), we developed and analyzed a two-dimensional mathematical model for cells migrating
without adhesion capabilities [131]. Cells are represented by their cortex, which is modelled as an
elastic curve, subject to an internal pressure force. Net polymerization or depolymerization in the
cortex is modelled via local addition or removal of material, driving a cortical flow. The model
takes the form of a fully nonlinear degenerate parabolic system. An existence analysis is carried
out by adapting ideas from the theory of gradient flows. Numerical simulations show that these
simple rules can account for the behavior observed in experiments, suggesting a possible mechanical
mechanism for adhesion-independent motility.

Free boundary problems for tumor growth
Fluid dynamic equations are now commonly used to describe tumor growth with two main classes
of models: those which describe tumor growth through the dynamics of the density of tumoral
cells subjected to a mechanical stress; those describing the tumor through the dynamics of its
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geometrical domain thanks to a Hele-Shaw-type free boundary model. The first link between these
two classes of models has been rigorously obtained thanks to an incompressible limit in [155] for a
simple model. This result has motivated the use of another strategy based on viscosity solutions,
leading to similar results, in [134].

Since more realistic systems are used in the analysis of medical images, we have extended these
studies to include active motion of cells in [154], viscosity in [159] and proved regularity results
in [144]. The limiting Hele-Shaw free boundary model has been used to describe mathematically
the invasion capacity of a tumour by looking for travelling wave solutions, in [158], see also
Methodological axis 3. It is a fundamental but difficult issue to explain rigorously the emergence of
instabilities in the direction transversal to the wave propagation. For a simplified model, a complete
explanation is obtained in [135].

Coupling of diffusion and growth

The growth of an organism is triggered by signaling molecules called morphogens that diffuse in
the organism during its development. Meanwhile, the diffusion of the morphogens is itself affected
by the changes in shape and size of the organism. In other words, there is a complete coupling
between the diffusion of the morphogens and the evolution of the shapes. We are working on the
elaboration of a mathematical framework for diffusion equations on time-evolving manifolds, both
theoretically and in collaboration with developmental biologists, for the special case of the diffusion
of Gurken during the oogenesis of Drosophila.

Migration of cells in extracellular matrix
A single cell based model has been developed that reproduces a large set of experimental observations
of cells migrating in extracellular matrix based on physical mechanisms with mimimal internal cell
dynamics. This includes individually migrating cells in micro-channels of different size, and their
collective dynamics in case of many cells, as well as the impact of cell division and growth. The
model explicitly mimics the extracellular matrix as the cells as deformable objects with explicit
filopodia.

Collaborations

e Shanghai Jiao Tong University, joint publications with Min Tang on bacterial models for
chemotaxis and free boundary problems for tumor growth.

o Imperial College London, joint works with José Antonio Carrillo on aggregation equation.

e University of Maryland at College Park, UCLA, Univ. of Chicago, Univ. Auténoma de
Madrid, Univ. of St. Andrews (Scotland), Politecnico di Torino and Politecnico di Milano,joint
works on mathematics of tumor growth models.

o Joint work with Francesco Rossi (Universita di Padova, Italy) and Benedetto Piccoli (Rutgers
University, Camden, New Jersey, USA) on Developmental PDEs.

o Cooperation with Shugo Yasuda (University of Hyogo, Kobe, Japan) and Vincent Calvez
(EPI Dracula) on the subject of bacterial motion.

o Cooperation with Nathalie Ferrand (INSERM), Michele Sabbah (INSERM) and Guillaume
Vidal (Centre de Recherche Paul Pascal, Bordeaux) on cell aggregation by chemotaxis.

o Nicolas Vauchelet, Université Paris 13

3.4 Methodological axis 3: Model and parameter identification combin-
ing stochastic and deterministic approaches in nonlocal and multi-
scale models

Direct parameter identification is a great challenge particularly in living systems in which part of
parameters at a certain level are under control of processes at smaller scales. Mamba developed and
addressed model and parameter identification methods and strategies in a number of mathematical
and computational model applications including growth and fragmentation processes emerging in
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bacterial growth and protein misfolding, in liver regeneration [113], TRAIL treatment of HeLa cells
[77], growth of multicellular spheroids [128], blood detoxification after drug-induced liver damage
[169, 119].

This naturally leads to increasingly combine methods from various fields: image analysis,
statistics, probability, numerical analysis, PDEs, ODEs, agent-based modeling methods, involving
inverse methods as well as direct model and model parameter identification in biological and
biomedical applications. Model types comprise agent-based simulations for which Mamba is among
the leading international groups, and Pharmocokinetic (PK) simulations that have recently combined
in integrated models (PhD theses Géraldine Celliere, Noémie Boissier). The challenges related
with the methodological variability has led to very fruitful collaborations with internationally
renowned specialists of these fields, e.g. for bacterial growth and protein misfolding with Marc
Hoffmann (Paris Dauphine) and Patricia Reynaud-Bouret (University of Nice) in statistics, with
Philippe Moireau (Inria M3DISIM) in inverse problems and data assimilation, and with numerous
experimentalists.

Estimation methods for growing and dividing populations
In this domain, all originated in two papers in collaboration with J.P. Zubelli in 2007 [153, 103],
whose central idea was to used the asymptotic steady distribution of the individuals to estimate
the division rate. A series of papers improved and extended these first results while keeping the
deterministic viewpoint, lastly [83]. The last developments now tackle the still more involved
problem of estimating not only the division rate but also the fragmentation kernel (i.e., how the
sizes of the offspring are related to the size of the dividing individual) [105]. In parallel, in a
long-run collaboration with statisticians, we studied the Piecewise Deterministic Markov Process
(PDMP) underlying the equation, and estimated the division rate directly on sample observations
of the process, thus making a bridge between the PDE and the PDMP approach in [110], a work
which inspired also very recently other groups in statistics and probability [78, 125] and was the
basis for Adélaide Olivier’s Ph.D thesis [148, 127] and of more recent work [147][111] (see also
axis b).

Data assimilation and stochastic modeling for protein aggregation

Estimating reaction rates and size distributions of protein polymers is an important step for
understanding the mechanisms of protein misfolding and aggregation (see also axis 5). In [67], we
settled a framework problem when the experimental measurements consist in the time-dynamics of
a moment of the population.

To model the intrinsic variability among experimental curves in aggregation kinetics - an impor-
tant and poorly understood phenomenon - Sarah Eugéne’s Ph.D, co-supervised by P. Robert [116],
was devoted to the stochastic modeling and analysis of protein aggregation, compared both with
the deterministic approach traditionally developed in Mamba [163] and with experiments.

Parameter identification in multi-level and multi-scale models of liver

Several projects are pursued on multiscale, multilevel modeling of liver regeneration and its
consequences with integration of an increasingly amount of data. So far the most promising strategy
working was for every additional data set, first testing whether the model would be able to simulate
it without any modifications, and to modify the model if necessary by inclusion of further biological
mechanisms or information. A key unsolved problem is that biological data seem often not perfectly
reproducable, and measurements at different times may differ from each other. This can result from
slightly different experimental settings or conditions, or different measurement methods. While for
testing of qualitative mechanisms this is usually sufficient, the quantitative difference is sometimes
of the order of the effect which makes a quantitative modeling very challenging. For ammonia
detoxification during fibrosis, extensive simulations have been performed varying multiple clinically
relevant parameters. The basis model needed to integrate multiple data sets and could only be
modelled if modifications in tissue microarchitecture, adaptations of intracellular enzyme activities,
and possible aging effects were taken into account (ongoing project close to finalization).

Collaborations

e Marc Hoffmann, Université Paris-Dauphine, for the statistical approach to growth and division
processes, Miguel Escobedo, Bilbao and Magali Tournus, Marseille, for the deterministic
approach.
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« Philippe Moireau, Inria M3DISIM, for the inverse problem and data assimilation aspects [73],
[66]

4 Application domains

4.1 Introduction

The team has three main application-driven research axes. Applicative axis 1 focuses on cancer, an
application on which almost all team members work, with various approaches. A main focus of
the team is to study cancer as a Darwinian evolutionary phenomenon in phenotype-structured cell
populations. Optimal control methods take into account the two main pitfalls of clinical cancer
therapeutics, namely unwanted toxic side effects in healthy cell populations and drug resistance
in cancer cell populations. Other studies concern telomere shortening, and multi-scale models.
Applicative axis 2 is devoted to growth, evolution and regeneration in populations and tissues.
It involves protein aggregation and fragmentation models for neurodegenerative diseases (prion,
Alzheimer), organ modeling, mainly of the liver, its damages induced by toxic molecules, and
its regeneration after toxic insult. Applicative axis 3 is new and encompasses works related to
epidemiology, both for infectious and vector-borne diseases.

4.2 Applicative axis 1: Focus on cancer

The MAMBA team designs and analyses mathematical models of tumor growth and therapy, at
the cell population level, using agent-based or partial differential equations, with special interest in
methodologies for therapeutic optimization using combined anticancer drug treatments. Rather
than, or not only, modeling the effect of drugs on molecular targets, we represent these effects
by their functional consequences on the fate of healthy and cancer cell populations: proliferation
(velocity of the cell division cycle, decreasing it, e.g., by antagonizing growth factor receptors),
apoptosis, cell death or senescence. Our goal in doing this is to circumvent the two main issues
of anticancer therapy in the clinic, namely unwanted toxic side effects in populations of healthy
cells and emergence of drug-induced drug resistance in cancer cell populations. This point of
view leads us to take into account phenomena of transient and reversible resistance, observed in
many cancer cell populations, by designing and analyzing models of cell populations structured
in continuous phenotypes, relevant for the description of the behavior of cell populations exposed
to drugs: either degree of resistance to a given drug, or potential of resistance to drug-induced
stress, proliferation potential, and plasticity. Such modeling options naturally lead us to to take
into account in a continuous way (i.e., by continuous-valued phenotype or relevant gene expression)
the wide phenotypic heterogeneity of cancer cell populations. They also lead us to adopt the point
of view of adaptive dynamics according to which characteristic traits of cell populations evolve
with tumor environmental pressure (drugs, cytokines or metabolic conditions, mechanical stress
and spatial conditions), in particular from drug sensitivity to resistance. This position is original
on the international scene of teams dealing with drug resistance in cancer. Recently, we have also
extended our approach to the study of Tumour-Immune System interac

Modeling Acute Myeloid Leukemia (AML) and its control by anticancer drugs by
PDEs and Delay Differential equations
In collaboration with Catherine Bonnet (Inria DISCO, Saclay) and Frangois Delhommeau (St
Antoine hospital in Paris), together with DISCO PhD students José Luis Avila Alonso and Walid
Djema, this theme has led to common published proceedings of conferences: IFAC, ACC, CDC,
MTNS [68, 70, 71, 82, 102, 69]. These works study the stability of the haematopoietic system
and its possible restabilization by combinations of anticancer drugs with functional targets on cell
populations: proliferation, apoptosis, differentiation.

Adaptive dynamics setting to model and circumvent evolution towards drug resis-
tance in cancer by optimal control
We tackle the problem to represent and inhibit - using optimal control algorithms, in collaboration
with Emmanuel Trélat, proposed Inria team CAGE - drug-induced drug resistance in cancer cell
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populations. This theme, presently at the core of our works on cancer modeling with a evolutionary
perspective on tumor heterogeneity, is documented in a series of articles [94, 95, 138, 139, 141].
Taking into account the two main pitfalls of cancer therapy, unwanted side effects on healthy cells
and evolution towards resistance in cancer cells, it has attracted to our team the interest of several
teams of biologists, with whom we have undertaken common collaborative works, funded by laureate
answers to national calls (see ITMO Cancer HTE call).

This theme is also at the origin of methodological developments (see Research axis 1). In
collaboration with Shensi Shen from Institut Gustave Roussy and Francois Vallette from Université
de Nantes, we aim to develop simple non-spatial models to understand the mechanisms of drug
resistance acquisition -and loss- in melanoma and glioblastoma. The models are systematically
compared with in vitro and in vivo data generated by our collaborators and treated via image
processing techniques developed in the team.

Senescence modeling by telomere shortening
In many animals, aging tissues accumulate senescent cells, a process which is beneficial to protect
from cancer in the young organism. In collaboration with Teresa Teixeira and Zhou Xu from IBCP,
we proposed a mathematical model based on the molecular mechanisms of telomere replication and
shortening and fitted it on individual lineages of senescent Saccharomyces cerevisiae cells, in order
to decipher the causes of heterogeneity in replicative senescence [84].

Biomechanically mediated growth control of cancer cells other cell types

Model simulations indicate that the response of growing cell populations on mechanical stress follows
a simple universal functional relationship and is predictable over different cell lines and growth
conditions despite the response curves look largely different. We developed a hybrid model strategy
in which cells were represented by coarse-grained individual units calibrated in a high resolution cell
model and parameterized each model cell by measurable biophysical and cell-biological parameters.
Cell cycle progression in our model is controlled by volumetric strain, the latter being derived
from a bio-mechanical relation between applied pressure and cell compressibility. After parameter
calibration from experiments with mouse colon carcinoma cells growing against the resistance of an
elastic alginate capsule, the model adequately predicts the growth curve in i) soft and rigid capsules,
ii) in different experimental conditions where the mechanical stress is generated by osmosis via a
high molecular weight dextran solution, and iii) for other cell types with different growth kinetics.
Our model simulation results suggest that the growth response of cell population upon externally
applied mechanical stress is the same, as it can be quantitatively predicted using the same growth
progression function [137]. This model has now been extended to compare the efficiency of different
culturing methods, monolayer growth, multicellular spheroids growth and growth within elastic
capsules. The methodology of culturing is relevant in terms of cell yield and cell homogeneity.

Bio-mechanical models of tissue growth

The degenerate Cahn-Hilliard equation is a standard model to describe living tissues. It takes into
account cell populations undergoing short-range attraction and long-range repulsion effects. In this
framework, we consider the usual Cahn-Hilliard equation with a singular single-well potential and
degenerate mobility. These degeneracy and singularity induce numerous difficulties, in particular
for its numerical simulation. To overcome these issues, we propose in [hal-02274417] a relaxation
system formed of two second order equations which can be solved with standard packages. This
system is endowed with an energy and an entropy structure compatible with the limiting equation.
Here, we study the theoretical properties of this system; global existence and convergence of the
relaxed system to the degenerate Cahn-Hilliard equation. We also study the long-time asymptotics
which interest relies on the numerous possible steady states with given mass.

Free boundary multiphase models of tumor growth
Multiphase mechanical models are now commonly used to describe living tissues including tumour
growth. The specific model we study here consists of two equations of mixed parabolic and hyperbolic
type which extend the standard compressible porous media equation, including cross-reaction terms.
We study the incompressible limit, when the pressure becomes stiff, which generates a free boundary
problem. We establish the complementarity relation and also a segregation result. Several major
mathematical difficulties arise in the two species case which are addressed in [87]. Firstly, the
system structure makes comparison principles fail. Secondly, segregation and internal layers limit
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the regularity available on some quantities to BV. Thirdly, the Aronson-Bénilan estimates cannot
be established in our context. We are lead, as it is classical, to add correction terms. This procedure
requires technical manipulations based on BV estimates only valid in one space dimension. Another
novelty is to establish an L! version in place of the standard upper bound.

Philosophy of cancer

The quite natural idea that cancer is a disease of the control of coherent multicellularity, expressed
when cohesion of tissues and coherence of (unknown, except maybe for the case of a centralised
circadian clock) synchronising signals fail to ensure it, by a regression towards unicellularity, stopping
in this “reverse evolution path” at a coarse, incoherent multicellularity state  continues to be
developed and popularised by Jean Clairambault in seminars and workshops, and published in
review articles [97, 99] and conference proceedings [96]. This view, and the investigation of the
immune system in the design of such coherence of all multicellular organisms * is naturally inscribed
in a philosophy of cancer perspective, and from a mathematical viewpoint, to multicellularity genes
- and links between them and unicellularity genes - seen as a hyperstructure * above structures
consisting of the genes of unicellularity, i.e., those that make a single cell a coherent living system,
such hyperstructure being failed in cancer; this view is presently under development with colleagues
from universities of the Paris region, together with Nils Baas at NTNU, Trondheim, Norway).
This perspective, that makes use of category theory as a structuring point of view to apprehend
multicellularity and cancer, is also meant to endow us with an innovative methodology to apply
topological data analysis (TDA) to investigate cancer genome data.

Modelling of TMZ induced drug resistance

Temozolomide (TMZ) is a standard chemotherapy treatment in patients with glioblastoma. Resis-
tance to this drug is correlated to the presence of a specific enzyme, which activity in cancer cells
creates a drug-induced cell death resistant phenotype. Understanding the transition of cancer cells
to a resistant phenotype is still a topic of research where multiple hypothesis have been studied:
From an adaptive process to an inherent resistance to treatment. It has been recently shown
that if TMZ treatment does not significantly induce cell death in glioblastoma, it still generates a
response in terms of the spatial arrangement of cell aggregates. Moreover, the coupling of TMZ with
irradiation has been shown to generate a better response in patients compared with using irradiation
alone. Therefore, understanding the mechanisms of glioblastoma reaction to TMZ treatment could
open new therapeutic avenues. In the frame of the post-doctorate of Gissell Estrada Rodriguez, we
developed a 2D mathematical model in [63], suggesting a new possible mechanism for TMZ induced
rearrangement of cancer cells (see section new results).

Modelling of the Epithelial-Mesenchymal Transition (EMT)

Understanding cell-fate decisions remains a major research challenge in developmental biology. In
particular, the forward and backward epithelial-mesenchymal cellular transitions (EMT-MET) play
a crucial role in embryonal development, tissue repair and cancer metastasis. The epithelial cell
phenotype (E) is characterized by strong cell-to-cell adhesion, while the mesenchymal phenotype
(M) is characterized by a strong cellular motility. Recent research has shown that there even
exists a third hybrid phenotype (E/M) with mixed characteristics, that enables collective cell
migration. EMT and MET play a crucial role in cancer metastasis, for instance when cancer cells
from a primary tumor gain the ability to migrate through the bloodstream or lymph system to
distant organs and then recover their adhesion to form secondary tumors. Thus, understanding
the dynamics of MET and EMT is crucial for decoding metastasis and for designing effective
therapeutics.

Collaborations

¢ AML modelling: Catherine Bonnet, DISCO Inria team, Saclay, and Frangois Delhommeau,
INSERM St Antoine (also collaborator in the INSERM HTE laureate project EcoAML, see

2Metazoa 1.0, as theorised by PCW Davies and CH Lineweaver in their article “Cancer tumors as Metazoa 1.0:
tapping genes of ancient ancestors”, Physical Biology 2011, that popularised the so-called atavistic hypothesis of
cancer

3this latter point partly, nevertheless nicely, developed in Thomas Pradeu’s book “The limits of the self”, OUP
2012

4See on this point, e.g., Nils Baas: “On the philosophy of higher structures”, Int. J. General Systems 2019
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below).

o INSERM HTE laureate project MoGllmaging, headed by E. Moyal (Toulouse): Francois
Vallette, CRCNA and INSERM Nantes

e« INSERM HTE laureate project EcoAML, headed by Francois Delhommeau, INSERM St
Antoine: Frangois Delhommeau, Thierry Jaffredo (IBPS), Delphine Salort (LCQB-IBPS)

o Adaptive dynamics to model drug resistance and optimal control to circumvent it:
Alexandre Escargueil, Michele Sabbah (1 PhD thesis in common), St Antoine Hospital, Paris

Emmanuel Trélat (1 PhD thesis in common) at Inria team CAGE and Laboratoire Jacques-
Louis Lions at Sorbonne Université.

Frédéric Thomas at CREEC, Montpellier.

Tommaso Lorenzi (Univ. of St Andrews).
o Telomere shortening: Teresa Teixeira and Zhou Xu (IBCP, Paris).

¢ Biomechanical control of cancer cells: Pierre Nassoy, Bioimaging and Optofluidics Group,
LP2N — UMR 5298. IOGS, CNRS & University of Bordeaux; TreeFrog Pharmaceutics, 30
Avenue Gustave Eiffel Batiment A, 33600 Pessac

o EMT: Camille Pouchol (Université de Paris), Mohit Kumar Jolly (Indian Institute of Science,
Bengalore)

4.3 Applicative axis 2: Growth, evolution and regeneration in popula-
tions and tissues

The applications in this category span very different subjects from amyloid diseases, wound healing,
liver regeneration and toxicity, up to bacterial growth and development of organisms. As the
applications, the methods span a wide range. Those concerning identification of models and
parameters with regard to data have partially been outlined in axis 3. Focus in this axis is on the
model contribution to the biologically and/or medically relevant insights and aspects.

Liver-related modelling is partially performed within the INRIA team MIMESIS (Strasbourg)
with the focus on real-time, patient-specific biomechanical liver models to guide surgery and
surgeons. Internationally, spatial temporal liver related models are developed in Fraunhofer MEVIS
(Bremen), by T. Ricken (TU Dortmund), and P. Segers group (Leuven).

Different from these, Mamba has a strong focus on spatial-temporal modeling on the histological
scale, integration of molecular processes in each individual cell, and single-cell (agent) based
models [112]. Works by Schliess [169, 119] have been highlighted in editorials.

Mathematical modeling of protein aggregation is a relatively recent domain, only a few other
groups have emerged yet; among them we can cite the Inria team Dracula, with whom we are
in close contact, and e.g., the work by Jean-Michel Coron (Sorbonne Université) and Monique
Chyba (Hawaii, USA) in control, and Suzanne Sindi (USA) for the modeling of the yeast prion. We
have interactions with all these groups and organized a workshop in June 2017, gathering both the
biophysics and applied mathematics communities.

Amyloid disease
Application to protein aggregation in amyloid diseases is a long-standing interest of Mamba, dating
back to 2010 [90], and developed through the collaboration with n rHuman Rezaei’s team at Inra.
More recently, with Wei-Feng Xue in Canterbury, we investigated the intrinsic variability among
identical experiments of nucleation [106, 117], Sarah Eugéne’s Ph.D subject (co-supervised by
Philippe Robert) [116].

In collaboration with Tom Banks first [74, 73] and then Philippe Moireau, we developed
quantitative comparisons between model and data. Through data assimilation and statistical
methods [67], we proposed new models and mechanisms.
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Wound healing: adipose tissues
After injury, if regeneration can be observed in hydra, planaria and some vertebrates, regeneration is
rare in mammals and particularly in humans. In this research axis, we investigated the mechanisms
by which biological tissues recover after injury. We explored this question on adipose tissue, using
the mathematical framework recently developed in [161]. Our assumption is that simple mechanical
cues between the Extra-Cellular Matrix (ECM) and differentiated cells can explain adipose tissue
morphogenesis and that regeneration requires after injury the same mechanisms. We validated this
hypothesis by means of a two-dimensional Individual Based Model (IBM) of interacting adipocytes
and ECM fiber elements [160]. The model successfully generated regeneration or scar formation as
functions of few key parameters, and seemed to indicate that the fate of injury outcome could be
mainly due to ECM rigidity.

Following these encouraging results, the team is currently taking a step further in the model
validation and confrontation to experimental data. The first direction concerns the development
of a 3D framework to validate the mechanisms observed in 2D, in the frame of the PhD of P.
Chassonnery, co-directed by D. Peurichard and L. Casteilla (RESTORE, Toulouse).

Influence of cell mechanics in embryonic bile duct lument formation: insight from
quantitative modeling

In vitro construction of hepatic tissue for regenerative therapy consists in recapitulating mech-
anisms of embryonic development. However, implementing those mechanisms in a spatially and
temporally coordinated way remains difficult. Specifically, the construction of bile ducts and in
particular the controlled formation of luminal structures formed by cholangiocytes is a challenge.
The team works on a high resolution individual-based computational model which can help in
unravelling the mechanisms of initial bile duct lumen formation. Guided by the quantification of
morphological features and expression of genes in developing bile ducts from embryonic mouse
liver, hypotheses for the mechanisms of biliary lumen formation were generated and tested with the
model. Our simulations with a hybrid simulation technology as developed in ref. [137] suggest that
successful bile duct lumen formation primarily requires the simultaneous contribution of several
mechanisms discussed in the literature.

Mathematical modelling of axolotl regeneration
Tissue response after injury/amputation induces one or two alternatives: scar formation versus
regeneration (complete recovery of tissue shape and functions). In most mammals, regeneration is
considered largely impaired for the benefit of a fibrotic scar after injury automatically associated
with dysfunctions, but complete regeneration has been largely described and investigated in animal
models such as zebra fish, salamander, or axolotl. Despite several processes regulating regeneration
have been identified at different scales -from diffusing molecules and cellular gene expression
patterns up to tissue mechanics-, how these mechanisms individually or collectively play a role in
the regulation of regenerative processes remains poorly understood. In order to give insights into
the mechanisms of tissue regeneration, Valeria Caliaro started an Inria PhD project in october
2019, in collaboration with Osvaldo Chara, internationally recognized group leader of SysBio in
Argentina. This project focuses on the role of cell proliferation in space and time along the two first
phases of regeneration after injury: (i) initiation of a regeneration response, (ii) tissue patterning
during regenerate growth. The first part of the project aims at building an agent-based model
featuring few key mechanisms regulating cell proliferation after injury. By introducing heuristic
rules which rely on Prof O. Chara expertise, we propose a 2D-ABM using methodologies borrowed
from socio-dynamics and collective behavior studies (based on many interacting agent systems).
While the focus is made on proliferation-based mechanisms, other mechanisms responsible for
collective behavior such as volume exclusion, diffusion or aggregation are taken into account. The
resulting model will provide a synthetic tissue model which will serve to investigate regeneration
in cellular systems, focusing on cell proliferation properties. The second part of the PhD will be
devoted to the derivation of continuous models from the agent-based formalism. This will provide a
large scale ‘synthetic tissue’ model to explore the role of large scale effects in general tissue models.

Quantitative cell-based model predicts mechanical stress response of growing tumor
spheroids
Model simulations indicate that the response of growing cell populations on mechanical stress
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follows the same functional relationship and is predictable over different cell lines and growth
conditions despite experimental response curves look largely different. We developed a hybrid model
strategy in which cells are represented by coarse-grained individual units calibrated with a high
resolution cell model and parameterized by measurable biophysical and cell-biological parameters.
Cell cycle progression in our model is controlled by volumetric strain, the latter being derived
from a bio-mechanical relation between applied pressure and cell compressibility. After parameter
calibration from experiments with mouse colon carcinoma cells growing against the resistance of an
elastic alginate capsule, the model adequately predicts the growth curve in i) soft and rigid capsules,
ii) in different experimental conditions where the mechanical stress is generated by osmosis via a
high molecular weight dextran solution, and iii) for other cell types with different growth kinetics
from the growth kinetics in absence of external stress. Our model simulation results suggest a
generic, even quantitatively same, growth response of cell populations upon externally applied
mechanical stress, as it can be quantitatively predicted using the same growth progression function
C.
Bacterial population growth

We exploited all the methods developed to estimate the division rate of a population (see axis 3) to
address a seminal question of biology: is it a size-sensing or a timing mechanism which triggers
bacterial growth? In [165], we showed that a sizer model is robust and fits the data well. Several
studies from other groups came at the same time, showing a renewed interest on a question dated
back to Jacques Monod’s PhD thesis (1941). Of special interest is the “adder” model, for which we
are currently developing new estimation methods [111].

A quantitative high resolution computational mechanics cell model for growing and
regenerating tissues
Mathematical models are increasingly designed to guide experiments in biology, biotechnology,
as well as to assist in medical decision making. They are in particular important to understand
emergent collective cell behavior. For this purpose, the models, despite still abstractions of reality,
need to be quantitative in all aspects relevant for the question of interest. Considered was as
showcase example the regeneration of liver after drug-induced depletion of hepatocytes, in which
the surviving and dividing hepatocytes must squeeze in between the blood vessels of a network to
refill the emerged lesions. Here, the cells’ response to mechanical stress might significantly impact
the regeneration process. We present a 3D high-resolution cell-based model integrating information
from measurements in order to obtain a refined and quantitative understanding of the impact of
cell-biomechanical effects on the closure of drug-induced lesions in liver. Our model represents
each cell individually and is constructed by a discrete, physically scalable network of viscoelastic
elements, capable of mimicking realistic cell deformation and supplying information at subcellular
scales. The cells have the capability to migrate, grow, and divide, and the nature and parameters
of their mechanical elements can be inferred from comparisons with optical stretcher experiments.
Due to triangulation of the cell surface, interactions of cells with arbitrarily shaped (triangulated)
structures such as blood vessels can be captured naturally. Comparing our simulations with those
of so-called center-based models, in which cells have a largely rigid shape and forces are exerted
between cell centers, we find that the migration forces a cell needs to exert on its environment to
close a tissue lesion, is much smaller than predicted by center-based models. To stress generality of
the approach, the liver simulations were complemented by monolayer and multicellular spheroid
growth simulations. In summary, our model can give quantitative insight in many tissue organization
processes, permits hypothesis testing in silico, and guide experiments in situations in which cell
mechanics is considered important [137].

Liver regeneration and disease: towards a full virtual liver model at histological
scale
In our work towards a full virtual liver model at histological level, a number of steps were performed.
The models under points (1)-(4) focus on either a single or a few liver lobules. A liver lobule is the
smallest repetitive functional and anatomical building block of liver, while (5) addresses a much
larger organisational building block of the liver, a liver lobe that consists of thousands to hundreds

5)iedekerke:hal-01956017
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of thousands of lobules depending on the species. A second strand (6), (7) addresses image analysis,
which in most cases forms the entrance to modeling as it provides the data necessary to generate
model hypotheses and to parameterize a model.

(1) Cell types: In a former work by Hoehme et. al. ( [126]) a model of liver regeneration after
drug-induced damage was established considering hepatocytes and blood vessels. This model has
now been expanded to include all relevant cell types, including hepatocytes, blood vessels, hepatic
stellate cells, Kupffer cells, invading macrophages and other immune cells. Thereby it is now possible
to study perturbations in the temporal scenario of damage and regeneration after signaling events
or cells types are knocked down individually or collectively. This model is currently compared to
respective perturbation experiments. In addition, alternative mechanisms at the level of molecularly
intermediated cell-cell communication discussed in the vast medical and biological literature have
been implemented and are systematically assessed for their biological consequence at the tissue
level. This permits an in-silico testing of alternative hypotheses contributing to a more efficient
identification of informative future experiments.

(2) Liver disease: Degenerative liver diseases such as liver fibrosis and cirrhosis develop out of a
disturbed balance of degenerative and regenerative processes. The model under (1) has thereby
been extended by the formation of extracellular matrix, mimicked as fiber networks, to capture
the disease process leading to liver fibrosis. In that process characteristic streets form that modify
the mechanics, perfusion behavior and detoxification capacity of the liver. The model is now used
to simulate disease pathways emerging from different administration schemes of drugs that are
knowning to long-term lead to hepatocellular cancer.

(3) Consequence of liver fibrosis: Whole-slide scans from fibrotic liver in a mouse model has
been analysed at different time points after emergence of the disease with regard to the degree of
excess matrix to mimic the possible consequences of fibrotic inclusions on perfusion and function of
liver within a multiscale model that considers ammonia detoxification in each individual hepatocyte
as well as blood flow and transport processes in the liver lobule. This model has now be confronted
on multimodal data in healthy liver, liver after a toxic dose of a drug, and fibrosis. The requirement
to explain simultaneously all data sets in the same model imposes significant challenges for which
solutions are currently explored.

(4) Bile flux: Bile flux has been for decades believed to be controlled by convection at the level
of liver lobules as well as at the level of the entire organ. By a methodology based on correlative
imaging for quantitative intravital flux analysis no directed advection was detectable in bile canali-
culi at the resolution limit. Instead, after active transport across hepatocyte membranes bile salts
within the liver lobules are transported in the canaliculi by a diffusion-dominated process. Only
in the interlobular ducts i.e., at super-lobular level, diffusion is augmented by advection. In silico
simulations of bile transport in real 3D bile network microarchitectures can quantitatively explain
the data assuming diffusive transport as sole mechanism.

(5) Liver regeneration after partial hepatectomy (partial organ removal): Partial hepa-
tectomy is an adequate therapy in case of diseases or events that destructed only part of the liver.
A typical case is a primary tumor or a metastasis affecting only a single liver lobe. Within an
biophysical agent-based model capturing many aspects of the cell mechanics we studied regrowth
of liver after partial organ removal in mouse cali